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@ Limited angle electric rotary actuator.

@ An electric rotary actuator for producing rotation through
a limited angle comprises a rotor winding (30) made of a
plurality of thin loop coils (31) arranged in a continuous cylin-
drical framework as part of a rotor shell. The rotor shell lies in
an annular flux gap defined by stator magnet assembly (13)
and a flux return means. Each pair of adjacent axially extend-
ing limbs of adjacent loop coils lies opposite to and cooper-
ates with a respective stator pole face. This winding arrange-
ment helps to optimise the torsional resonance characteris-
tics of the rotating mass.
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LIMITED ANGLE ELECTRIC ROTARY ACTUATOR

Technical Field of the Invention

The present invention relates to electric rotary

actuators for producing rotation through a limited angle.

Background Art

A typical application for such an actuator is the
positioning of the heads of a magnetic disk file over
selected information bearing tracks on the disks. The total
angular range of movement necessary to move the heads across
all the tracks is typically of the order of fifteen degrees.
To minimise the time to access a given track it is desirable
that the actuator should have a high torgue/inertia ratio.
Because the movement has to be controlled with great
precision by a servo system it is also desirable that the
actuator should have a very linear response to drive current
and that the structure should be free of resonant modes which
could affect the stability of the servo system.

A state of the art rotary actuator for this application
is described in UK patent 1342495 and in an article by
J S Heath in the IBM Journal of Research and Development
(July 1976, pages 389 to 397). This actuator is of the
so~called swinging arm type which comprises a voice coil on
one end of a pivotally mounted head/arm assembly, When
energised, the voice coil moves, within a magnetic flux gap,
in an arc to which its axis is always tangential to cause ro-
tation of the head/arm assembly about the pivot. This type
of actuator does not provide balanced torque about the pivot,
leading to reactions in the pivot bearings which can cause
resonant vibration in the actuator body. These vibratiens
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can produce misregistration between heads and tracks or cause
undesirable resonances in the servo system. Nor is the
torgue/inertia ratio of the swinging arm actuator as high as
it could be sinte part of the moving coil, at one extremity
of the moving mass, is not active in producing torgue. It is
also difficult to provide effective magnetic shielding of the
swinging arm actuator, which is important in magnetic infor-

mation storage applications such as a disk file,

Torque balance can be achieved in a truly rotary ac-
tuator, more like a conventional electric motor, in which the
rotor is coaxial with the axis of rotation of the head/arm
assembly or other load.

One such rotary actuator is described in an article
"Limited Rotation Motor™ by P Y Hu (IBM Technical Disclosure
Bulletin, Volume 16, Number 7, December 1973, page 2259).
This article describes a way of converting various known
types of d.c. motor to limited rotation devices and shows one
motor with a tubular printed circuit armature having longi-
tudinal strip windings over the entire surface of a former.
Power is supplied through flexible straps to fixed taps on
the armature so that a fixed path of current flow is
created. The path is such that the current interacts with a
stator magnetic field to cause the limited rotation. Because
of the need for a former, this type of motor does not
maximise-the current density in the flux gap. Furthermore
the rotor must be considerably longer than the magnetic flux
gap length to accommodate the offsetting of the windings at
the rotor ends. This increase in length will lower the
torsional resonance frequency of the rotor.

Another rotary actuator is described in an article
"Meter Movement Rotary Actuator" by H G Dickie and A R Hearn

»
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(IBM Technical Disclosure Bulletin, Volume 22, Number 1, June
1979, page 355). This actuator resembles a rugged moving
coil meter with a broadened coil. The actuator has a cylin-
drical shell rotor. connected coaxially to a torque trans-
mitting output shaft. The rotor wire is wound over the top
and bottom of a hollow sided cylindrical former so that there
is only wire and no former material in the working magnetic
gap. For efficiency and to avoid out of plane forces, the
wire must be wound as near to the axis as possible. This is
difficult to achieve in practice and leads to a considerable
build up of wire above and below the former. The torsional
stiffness of the rotating portion of this actuator is not
high because of the unsupported thin sheet of wire in the gap
and because output torque is transmitted through a relatively
thin output shaft. Thus the torsional resonance frequency
may be lower than that which can be tolerated by a high per-
formance sexrvo system. ‘

A rotary actuator for an entirely different application,
is shown in UK patent 980487 (Sperry Rand). This patent
shows a "torquer" and a "pickoff" for a gyroscope in which a
cylindrical shell rotor has, deposited on a cylindrical
former, two diametrically opposed square pancake coils the
axial limbs of which interact with the poles of an internal
permanent magnet stator. The torquer restores a gyroscope
containing drum to a predetermined orientation fixed by pick-
off coils also on the rotor. The torsional rigidity of the
torquer is almost entirely that of the former which by its

presence in the gap reduces the motor efficiency.
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Disclosure of the Invention

According to the present invention there is provided an
electric rotary’ actuator for producing rotation through a
limited angle, comprising: a stator having a common cylin-
drical surface around which is a plurality of circum-.
ferentially disposed magnetic pole faces of alternate
polarity; a flux return means for forming a magnetic circuit
together with the stator which circuit includes a magnetic
flux gap of annular cross section between the circum-
ferentially disposed pole faces and the return means; and a
non-magnetic cylindrical shell rotor having an electrically
conductive winding and being located in the flux gap co-
axially therewith; characterized in that:- the rotor winding
comprises a plurality of loop coils, which are thin in com-
parison to their transverse dimensions, and which are
arranged edgewise in a substantially continuous cylindrical
structure so that each pair of adjacent axially extending
portions of adjacent coils lies opposite a respective one of

the circumferentially disposed stator pole faces.

The novel rotor winding has several advantages, the pri-
mary one being its structural rigidity which reduces or
removes the need for former material in the flux gap, per-
mitting a smaller and thus more efficient gap to be em-
ployed. This form of winding also has the major advantage of
increasing the torsional resonance frequency of the rotor.
This is partly a conségquence of the increased rigidity and
partly a consequence of the very efficient use of axial
height resulting from the lattice-~like winding structure.
This winding structure has non-active portions which do not
contribute to the motor torgue taking up only a minimum pro-
portion of the axial height of the winding. Because the ac-
tive current element over any stator pole face comprises two
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contiguous limbs of adjacent loop coils, the width of each
limb is only half what it would need to be if one coil alone
provided the active current element. Consequently the non
active (i.e. circumferentially disposed) portions of the loop
coils which add to‘the height of the winding are also halved
in widthand the height is thus further reduced.

A preferred feature of the loop coils is that they are
of substantially rectangular form. This maximizes the above
stated height advantage and also is magnetically most
efficient since all of the active portions are axially dis-
posed and thus orthogonal to both the gap field and the
direction of motion. This also reduces the forces tending to
distort the motor. It is further preferred that the coils
should be contigquous, e.g. butted or overlapped to increase

rigidity and minimise gap dimensions.

This type of rotor winding facilitates a substantially
self supporting structure and it is preferred that such a
structure be employed so that the axial portions of the coils
extend across the entire radial thickness of the rotor shell

and are not supported in the gap by any backing former.

It is preferred that a cup shaped partial former should
constitute one end of the rotor shell and be rigidly con-
nected to the rotor windings. Such a former can advan-
tageously include insert portions located within and con-
forming to the inner dimensions of the loop coils and flush

therewith, thus further increasing torsional rigidity.

It is another preferred feature of the invention that,
where such a former is employed, it is rigidly directly
connected to a load. support plate for supporting the load to

be driven. This type of connection dispenses with the need

1
[l
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for a torgue transmitting shaft between rotor and load which
would have a considerable effect on the overall torsional
resonance frequency of the rotating mass. Such connection is
facilitated by the winding structure which does not require
the turns to be taken over the top and bottom surface of the
cylinder.

A shaft and bearings for mounting the rotor is, however,
desirable purely for centering purposes but is not employed
to transmit torque.

The preferred overall arrangement of an actuator
according to the invention is that it should have an external
rotor and internal stator comprising a number of axially ex~-
tending radially magnetised permanent magnet segments around
a central magnetically permeable core. Such an arragnement
is well shielded magnetically. An outer flux return path is
provided by a cylindricai shroud which is preferably slotted

between the magnets.

Brief Description of the Drawings

Figure 1 is a partly cut away view of a rotary actuator
according to the present invention;

Figure 2 is a vertical section through the motor of
Figure 1;

Figure 3 shows in opposite halves horizontal sections
through the motor of Figure 1 at different levels;

Figure 4 shows a sectional view through a further embodi-

ment of a motor according to the present invention;

..

1
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Figure 5 shows the rotor winding employed in the motor
of Figure 4; and

Figure 6 shdws the stator employed in the motor of
Figure 4.

Detailed Description

The actuator illustrated in Figures 1, 2 and 3 comprises
a rotor, generally designated 10, a stator generally desig-

nated 11 and an external housing generally designated 12.

The stator as best seen in Figure 2 and the lower half
of Figure 3 comprises six permanent magnet segments 13 bonded
to the external surface of a cylindrical soft iron magnetic
core 14. The magnet segments are located on the core and
spaced from each other by a separator cage 15 made of a non-
magnetic plastics material. The magnet segments 13 are
radially magnetised with alternate polarity, the core 14 pro-
viding the inner return path for the magnetic flux.

The stator 11 is supported by the external housing 12
which includes a cylindrical shroud 20 of soft magnetic
material surrounding the stator and defining an annular mag-
netic flux gap 21 therebetween, The shroud forms the outer
return path for magnetic flux from the magnets and includes
axial slots 22 to concentrate the flux directly over the
magnets., These slots also allow cooling air to pass through

the motor. The shroud also provides good magnetic shielding
for the actuator.

The shroud 20 is bolted, as is the core 14, to a
mounting collar 23, omitted from Figure 3 for clarity. A
lock plate 24 is attached to the base of the mounting cqllar.
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The rotor 10 of the motor has an armature winding 30 of
novel construction. The winding comprises six loop coils 31
of substantially rectangular form arranged in a cylindrical
lattice structure in the flux gap 21. Each loop coil is
randomly wound from self bonding thermoplastic coated copper
wire around a rectangular frame between side plates to form a
rectangular pancake coil. The coil is several turns of
copper wire thick and is heat bonded together. The bonded
coils are then disposed around a cylindrical mandrel and
heated to soften the thermosplastic after which they are bent
to conform to the cylindrical surface required for the
rotor. Six such coils are then assembled into a cylindrical
lattice and edge bonded rigidly together with epoxy resin.

In tﬁis arrangement, the axial edges of adjacent coils
are butted together and, after bonding, the coils form a sub-
stantially self supporting structure. Each contiguous pair
of axial limbs of adjacent coils faces one of the magnet
segments 13. In operation, current flows in the same
direction in the adjacent limbs. The magnets are broader
circumferentially than the pair of adjacent coils limbs so
that during movement of the rotor within its permitted
angular range, each pair of limbs always overlies its res-
pective bar magnet. This improves the linearity of response
of the motor since the'limbs never extend into the fringing

field at the vertical edges of the magnets.

Because of the self supporting natudre of the winding 30
no backing support for the working portion of coils 31 need
be provided. The magnetic flux gap 21 needs only to be
sufficiently wide to accommodate the radial thickness of the
winding plus sufficient clearance for free rotation thus per-
mitting the greatest possible flux density to be achieved.

3
L
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A major advantage of the cylindrical lattice winding is
that it reduces the axial height of the rotor. If the pair
of limbs of adjacent coils were a single limb of a single
coil, that coil‘would be as wide at the top and bottom as the
pair of limbs in the described arrangement. Thus the axial
height would be increased. Alternative winding techniques
employing a return path over the top and bottom of a cylin-
drical rotor would also tend to build up the overall height.

A further advantage of the lattice structure is the
increased structural rigidity resulting from the continuous
frame of coil metal around the cylindrical surface. Both the
height reduction and the increased rigidity contribute to an
increase of torsional resonance frequency which is important
for servo system stability.

The rotor does include a partial former 32 to give
additional rigidity to the structure and to provide a means
for transmitting the torque produced to a load. The former
comprises an end cap whose rim 33 is bonded to the upper hori-
zontal (non-active) portions of loop coils 31. Inserts 34
depend from the rim 33 and occupy the space within the centre

of loop coils 31 to give increased torsional rigidity to the
rotor shell.

At its centre, former 32 is located on the uppermost
rounded portion of a spindle 40. The spindle 40 includes a
roughly triangular load platform 41 cast integrally there-
with. The former 32 is bolted to the load platform at three
points to provide a rigid, torque transmitting connection.
This type of mechanical connection is facilitated by the
winding 30 being confined to the cylindrical surface of the
rotor. With such a connection the spindle shaft portion 42

plays only a centering role and is not used to transmit:any
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torque. This further increases the torsional resonance fre-
quency of the overall rotating mass, including the load, over
that which could be achieved if torque were transmitted
through a shaft,..The load platform 41 supports a load, such
as the head/arm assembly of a magnetic disk file, which can
be located on the platform by locating pins and bolted to it
at several points. For optimum performance, the entire
rotating mass inclﬁding the load should be dynamically
balanced. Another feature of the load platform is a pro-
jection 44 which moves between two limit stops (not shown) to
restrict movement to the predetermined angular range.

The spindle shaft 42 is mounted for rotation in bearings
45 and 46. The upper bearing 45 is fixed in place in core 14
while the lower beariﬁg 46 is floating. Axial preload of
bearing 46 is provided by coil spring 47 and radial preload
by a bowed leaf spring 48. Thus the whole rotor assembly 10
is mounted for rotation on spindle shaft portion 42 and trans-
mits torque to a load by way of spindle load platform 41.

A spindle retract spring 43 consisting of a single
helical turn is bolted at one end to the core 14 and at the
other to an extension arm 49 which is fixed to the spindle
and rotates therewith. When the motor is not energised, the
retract spring 43 urges the spindle and hence the whole rotor
to one extreme of its permitted range of movement as limited
by the projection 44 and limit stops. The retract spring 43
also provides a conductive path to ground the spindle 4Q
electrically. |

It remains to describe the electrical connection of the
winding 30 with particular reference to Figure 2 and to the
upper half of Figure 3. The basic element of connection is a
disc shaped connector card 50 having a pattern of print?d

»
-
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circuit type conductors 51 thereon. The card 50 is supported
by and rotates with former 32. Each conductor 51
electrically connects a pair of adjacent coils by way of coil
termination wires 52 so that all six coils 31 are connected
in series. The printed circuit conductors terminate electri-
cally in printed terminals 53. To each of these terminals 53
is soldered one wire of a 2 core flexible cable 54 which
forms an almost complete helical loop about the connector
card 50 and is loosely supported by former 32 which includes
channel guide portions for this purpose. The flexible cable
is supported slightly above the plane of the connector card
but is carried down through the card between terminals 53 and
its split wires brought up again through the card to the
centres of terminals 53 for soldering.

At its other end, the flexible cable is clamped for
strain relief on the upper edge of shroud 20 and led down a
channel in the side of the shroud to terminate in a connector
block 55 fixedly mounted on collar 23. External electrical

connection is made to the actuator through terminals 56 on
block 55.

As the rotor 10 rotates carrying the connector card 50
with it, the flexible cable 54 coils and uncoils slightly to
permit free movement within the predetermined angular limits
of motion.

Turning now to Figures 4 to 6, there is shown a further
embodiment of a rotary actuator according to the invention.
This actuator employs the same basic winding principle as
that of Figures 1 to 3 but is of less rugged construction.
It is suitable for applications where the load inertia and
accelerations required are lower.
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As shown in Figure 4, the actuator rotates an output
shaft 101.by movement of an ironless rotor 102 of special
construction.

Figure 5 :shows, the principle of construction of rotor
102 from. four or more:.flat circular pancake: coils 103.
During assembly, these coils are wound iand-loosely bonded to
permit handling when- removed from a winding mandrel. They
are then formed. around a cylindrical mandrel with adjacent
edges overlapping:, and.rigidly bonded together with an end
support .cap,-104., This cap is rigidly attached to the
actuator. shaft 101, .as -shown in the assembled.actuator of
Figure 4.

The magnetic circuit. of the actuator comprises a four
pole permanent magnet stator 105 (shown separately in Figure
6) and a flux return path including a cylindrical steel
shroud 106. The stator 105 and shroud 106 are mounted on a
complementary portion 107 of the machine casing in which the
actuator is employed. Flexible leads 108 provide electrical
connection to the pancake coils to allow rotation within the
limited angular range indicated by the arrow 109 of Figure
6. The coils are connected in series with alternate
directions of current flow so that, at the four areas of
overlap of the coil, the currents are additive, as indicated
by the arrows in Figure 5.

75 The actuator of Figures 4 to 6, like that of Figures 1
to 3, has a high torque/inertia ratio and a linear response
over the limited range of movement indicated by arrow 109.
Like the actuator of Figures 1 to 3, that of Figures 4 to 5
also has advantages of compactness and high torsional

resonance.

.-

0031876
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It will be realised that although a specific application
to disk file head positioning has been metnioned, rotary ac-
tuators according to the invention may be employed in other
fields. The two ‘actuators described in Figures 1 to 6 may
also be modified in a number of ways without departing from
the principles of the invention. For example, the number of
poles may be any even number and need not be four or six.

The stator magnets'need not be permanent but could be electro-
magnets. The coil windings for either motor could be a

single thickness of rectangular or trapezoidal section wire
wound in a spiral. This could increase the current density

in the gap but must be balanced against increased inertia.

The wire material need not be copper but could be any

suitable conductor such as aluminium. Rather than producing

a separate former and bonding it to the coil lattice, the

former could be injection moulded around the coil so as to
encapsulate it.

Furthermore, although magnetically shielded external
rotor/internal stator actuators have been described, the
cylindrical lattice winding of the invention could be applied
to an external stator/internal rotor actuator where magnetic
shielding was not important.
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CLAIMS:~

1. An electric rotary actuator for producing rotation
through a limitéd'angle, comprising: a stator having a common
cylindrical surface around which is a plurality of circum-
ferentially disposed magnetic pole faces of alternate
polarity; a flux return means for forming a magnetic circuit
together with the stator which circuit includes a magnetic
flux gap of annular cross section between the circum-
ferentially disposed pole faces and the return means; and a
non-magnetic cylindrical shell rotor having an electrically
conductive winding and being located in the flux gap co-
axially therewith; characterized in that:- the rotor winding
comprises a plurality of loop coils, which are thin in com-
parison to their transverse dimensions, and which are
arranged edgewise in a substantially continuous cylindrical
structure so that each pair of adjacent axially extending
portions of adjacent coils lies opposite a respective one of
the circumferentially disposed stator pole faces.

2. An actuator as claimed in claim 1 in which the loop coils
are of substantially rectangular form.

3. An actuator as claimed in claim 2 in which the axially
extending portions of adjacent rectangular coils are butted
together. ' '

4. An actuator as claimed in Claim 1 in which the loop coils
are of substantially circular pancake form.

5. An actuator as claimed in claim 4 in which the axially
extending portions of the loop coils are overlapped.

e
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6. An actuator as claimed in any preceding claim in which
the rotor winding is substantially self supporting and in
which the axial portions of the coils extend across the
entire radial thickness of the rotor shell.

7. An actuator as claimed in any preceding claim in which
the rotor shell includes a cup shaped partial former to which
the rotor winding is rigidly joined at one end, the former
being itself rigidly directlyv connected to a load support
plate for supporting the load to be driven.

8. An actuator as claimed in claim 7 in which the rotor
includes an inner shaft on which the cup former is mounted,
the actuator further including bearings for supporting the

shaft and rotor shell for rotation about the rotor axis.

9. An actuator as claimed in any preceding claim in which
the rotor includes a partial former including insert portions
located within and conforming to the inner dimensions of the
loop coils and flush therewith.

10. An actuator as claimed in any preceding claim in which
the rotor is external and the stator internal, the stator
comprising a number of axially extending radially magnetized
permanent magnet segments whose outer faces define the common
cylindrical surface of the stator and a central magnetically

permeable core on which the magnet segments are mounted.

11. An actuator as claimed in claim 10 in which the flux
return means is a cylindrical shroud surrounding the coils,

the shroud being slotted between the magnet segments.
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