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HIGH FORCE ROTARY ACTUATOR

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Patent Application 61/325,259, filed Apr. 16, 2010, the con-
tents of which are incorporated herein by reference.

FIELD OF THE INVENTION

[0002] This invention relates generally to devices to create
motive forces. More particularly, this invention relates to a
high force rotary actuator.

BACKGROUND OF THE INVENTION

[0003] Most applications requiring high forces, such as
robotic arms and lifts, use hydraulic actuators to develop the
required force to move a payload. A hydraulic actuator system
requires a gas or electric motor driven pump, a reservoir, fluid
lines and control valves operated either by hand or a micro-
processor. It would be desirable to replace the hydraulic
actuators and the ancillary components required to operate
them in these applications with lightweight, high force elec-
tro-mechanical actuators.

[0004] Hydraulic actuators provide a mechanical advan-
tage not unlike a gearbox or a transmission. With hydraulic
pump and actuator systems the force multiplication or
mechanical advantage is simply the ratio of the area of the
pump piston(s) to the area of the actuator piston. A hydraulic
actuator is synonymous with a simple motor and gearbox
since each produces a mechanical advantage. Therefore, elec-
tric motor gearbox systems have been used to attempt to
replace hydraulic actuators. Although high forces can be pro-
duced using an electric motor and gearbox this comes at a
sacrifice in output speed, which is proportional to the gearing
ratio. The solution for increasing the response time is not
simply a matter of speeding up the motor feeding the gearbox
since the torque the motor produces typically reduces as
speed is increased. Therefore, to increase response time the
motor must not only run at a higher speed, but must also
increase in size. This increase in size not only adds to system
weight, but typically exceeds the allowable footprint area for
the actuator system.

[0005] Most linear and rotary actuators have an angular
displacement as stator and armature poles come into and out
of alignment. This angular displacement results in forces
acting upon two axes. One axis represents the force acting in
the direction of the motion and the other axis represents the
attractive force that attempts to pull the moving pole and the
stationary pole together, which is perpendicular to the direc-
tion of motion. The useable force to perform work is the
vector sum of these forces. It would be desirable to provide
techniques for improved utilization of axial forces.

SUMMARY OF THE INVENTION

[0006] An actuator includes an upper stator with a first
plurality of poles defining a first linear axis and a second
linear axis orthogonal to the first linear axis. A lower stator
has a second plurality of poles aligned with the first plurality
of poles to form aligned poles including first linear axis
aligned poles and second linear axis aligned poles. A perma-
nent magnet is attached to the upper stator and the lower
stator. A plurality of moving armatures is separated from the
aligned poles by a corresponding plurality of air gaps. Coils
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are wrapped around the first linear axis aligned poles and the
second linear axis aligned poles. A controller applies current
to the coils to control the size of a first air gap between a first
moving armature and a first end of the first linear axis aligned
poles and thereby forms a first linear motion. The applied
current to the coils also controls a second air gap between a
second moving armature and a first end of the second linear
axis aligned poles and thereby form a second linear motion. A
shaft receives the first linear motion and the second linear
motion such that the output forces of the first linear motion
and the second linear motion are summed and are translated to
rotary motion of the shaft.

[0007] An actuator includes an upper stator with four upper
poles and a lower stator with four lower poles aligned with the
fourupper poles. A permanent magnet is attached to the upper
stator and the lower stator. Four moving armatures are posi-
tioned at terminal ends of the four upper poles and the four
lower poles. Coils are wrapped around the upper stator and
the lower stator. A controller selectively applies current to the
coils to migrate flux created by the permanent magnet
through selective poles of the upper stator and the lower stator
and thereby alter the size of air gaps associated with the four
moving armatures.

BRIEF DESCRIPTION OF THE FIGURES

[0008] The invention is more fully appreciated in connec-
tion with the following detailed description taken in conjunc-
tion with the accompanying drawings, in which:

[0009] FIGS. 1A and 1B illustrate prior art rotary and linear
actuator force vectors; FIG. 1C illustrates a force vector
formed in accordance with an embodiment of the invention.
[0010] FIG. 2 shows a permanent magnet with its flux
divided through four poles located on upper and lower stators
and through related armatures;

[0011] FIG. 3 shows how the permanent magnets flux divi-
sion/multiplication is affected by the air gap between the
stator poles and their respective armatures.

[0012] FIGS. 4 and 5 show that using more than one per-
manent magnet in embodiments of the invention still results
in physical and mathematical behavior of a single permanent
magnet.

[0013] FIG. 6 shows how permanent magnets flux division/
multiplication is affected by the current flowing in the coils
located on the stator poles.

[0014] FIG. 7 shows a first set of slotted sliding members
attached to armatures that are opposite each other or dis-
placed by 180 degrees to form a first linear actuator located
about a central axis.

[0015] FIG. 8 shows a second set of slotted sliding mem-
bers attached to armatures that are opposite each other or
displaced by 180 degrees but offset by 90 degrees to form a
second linear actuator located about a central axis.

[0016] FIG. 9 shows a crank arm attached to an output shaft
with bearings fixed for rotation.

[0017] FIG. 10 shows the crank arm and output shaft placed
into the actuator’s stator portions.

[0018] FIG. 11 shows the guide bearings that restrict the
slotted sliders attached to the armatures to produce only linear
motion along an axis.

[0019] FIG. 12 shows a sequence of motion for slotted
sliders to interact with the crank arm to translate linear motion
into rotary motion.
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[0020] FIG. 13 illustrates an exemplary control mechanism
that may be used in accordance with an embodiment of the
invention.

[0021] FIG. 14 shows multiple actuators integrated into a
system being controlled by a main processor.

[0022] Like reference numerals refer to corresponding
parts throughout the several views of the drawings.

DETAILED DESCRIPTION OF THE INVENTION

[0023] FIG. 1A shows a stator pole 20 for a conventional
linear actuator. The stator pole 20 is composed from a mag-
netically soft material. A coil 21 is wrapped around the stator
pole 20. The coil 21 is energized to magnetically attract the
moving armature’s pole 22, which is also composed from a
magnetically soft material. The forces from the magnetic
attraction have two main directions: one force 24 is perpen-
dicular to the direction of motion 23 and the second main
force 25 acts at an angular displacement to the direction of
motion 23. The vector sum of the forces 24 and 25 forms a
resultant or net force 26 acting in the direction of the motion
23, which will always be less than the sum ofthe forces 24 and
25. As the moving armature pole 22 moves into alignment
with the stator pole 20, the force acting perpendicular to the
direction of motion 24 becomes the dominant force, which
reduces the net force 26.

[0024] FIG. 1B shows a stator pole 27 for a conventional
rotary actuator composed from a magnetically soft material.
A c0il 29 is wrapped around the stator pole 27. The coil 29 is
energized to magnetically attract the moving rotor pole 28,
which is also composed from a magnetically soft material.
The forces from the magnetic attraction have two main direc-
tions: one force 24 is perpendicular to the direction of motion
30 and the second main force 25 acts at an angular displace-
ment to the direction of motion 30. The vector sum of the
forces 24 and 25 forms a resultant or net force 26 acting in the
direction of the motion 23. This net force is always less than
the sum of the forces 24 and 25. As the moving rotor pole 28
moves into alignment with the stator pole 27, the force acting
perpendicular to the direction of motion 30 becomes the
dominant force, which reduces the net force 26.

[0025] FIG. 1C illustrates a single force 26 utilized in
accordance with an embodiment of the invention. The single
force 26 acts in the direction of the motion 34 when the coil 33
on the stator 31 is energized to magnetically attract the mov-
ing armature 32. Consequently, the produced force 26 is equal
to the resultant or net force. Thus, the device of FIG. 1C
produces a relatively large force since no perpendicular force
is subtracted from the resultant force, as is the case in FIGS.
1A and 1B. This desirable property holds as long as the air gap
remains relatively small.

[0026] Also observe that control is through a single linear
direction of the air gap. That is, the stator 31 and moving
armature 32 are aligned in a single linear direction (a vertical
linear direction as shown in FIG. 1C). This stands in contrast
to the case of FIGS. 1A and 1B where there are two linear
forces. For example, in FIG. 1A there is a vertical force, as
shown with arrow 24, and a force with a horizontal compo-
nent, as shown with arrow 25.

[0027] FIG. 2 shows an upper armature 2 with a central
section 2A in contact with the North seeking pole of the
permanent magnet 1 and four pole sections 4, 6, 8, and 10 that
protrude from the central section 2A. Poles 4 and 8 define a
first linear axis, while poles 6 and 10 define a second linear
axis orthogonal to the first linear axis.
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[0028] A lower armature 3 has a central section 3A in
contact with the permanent magnet’s 1 South seeking pole
and four pole sections 5, 7, 9, and 11 that protrude from the
central section 3A. The poles on the upper armature 2 are
aligned with the poles on the lower armature 3 in the follow-
ing manner: pole 4 is aligned with pole 5, pole 6 is aligned
withpole 7, pole 8 is aligned with pole 9 and pole 10 is aligned
with pole 11. Thus, there are aligned poles including first
linear axis aligned poles (4, 8, 5, 9) and second linear axis
aligned poles (6, 10, 7, 11).

[0029] A moving armature is placed adjacent to each ofthe
aligned poles in the following manner: armature 13 is placed
adjacent to poles 4 and 5, armature 14 is placed adjacent to
poles 6 and 7, armature 15 is placed adjacent to poles 8 and 9,
and armature 16 is placed adjacent to poles 10 and 11. The
flux 16 produced by the permanent magnet 1 traverses into the
central sections of the upper and lower armatures 2 and 3 and
divides through the four paths formed by the four upper and
lower stator poles through their respective armatures. Since
the magnetic force of attraction for one magnetic pole is given
by the flux density in the air gap squared times the pole area
divided by 0.5 times 1 Tesla/u,, and given that the flux from the
permanent magnet is divided across four paths, then the force
on any one of the armatures is Vs of the value it would be if
it were only acting across one armature.

[0030] The field intensity it requires to produce 1 Tesla of
magnetic flux density in the air gap is given by 1 Tesla/u,, or
795,775 A/m. Therefore, to produce a flux density of 1 Tesla
in the air gap between a stator pole and the armature where the
air gap length is 0.0064 m or 0.25 inch, the required field
intensity would be 5053 A/m. Since both the upper and lower
stators have a pole facing into their respective armature, this
results in two air gaps per armature. Therefore, the required
field intensity would be 10,106 A/m to produce 1 Tesla in both
of the air gaps. If the air gap were reduced to 0.000254 m
[0.010 inch] the required field intensity to produce 1 Tesla in
both gaps would be 404 A/m. Therefore, it could be stated that
the reluctance in the air gap is reduced by 25 times.

[0031] InFIG. 3 if the air gap between armature 12 and the
upper stator pole 10 and the lower stator pole 11 were reduced
to zero meters, substantially all of the flux from the permanent
magnet 1 would traverse through the upper and lower stator
poles 10 and 11, respectively, and through armature 12. The
force holding armature 12 to the stator poles increases by
about 16 times the force it was experiencing when the air gap
was 0.0064 meters and the magnetic force attracting the
remaining armatures 13, 14 and 15 drops to essentially zero.
Therefore, for a change in the air gap between any pair of
stator poles and their respective armatures that share a single
source of magnetic flux, in this case permanent magnet 1, the
resulting forces on the remaining armatures divide or multi-
ply accordingly.

[0032] In FIG. 4 if multiple magnets 35, 36 and 37 with
their like magnetic poles aligned are added to the central
sections of the upper stator 2 and the lower stator 3 no increase
in available magnetic flux occurs since the central sections of
the stators still realize the sum of the flux they produce. For all
practical purposes they still behave as a single magnet or flux
source which will still divide through the armatures 12, 13
and 14 accordingly. The permanent magnets 35, 36 and 37 in
FIG. 4 are arced shaped magnets.

[0033] In FIG. 5 the permanent magnets 38 and 39 are
rectangular in shape, but this does not alter the fact that all
flux, whether a single permanent magnet or multiple perma-
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nent magnets is independent of shape and therefore will still
behave as a single flux source. The flux from permanent
magnets 38 and 39 will divide through the armatures 12, 13,
14, and 15 accordingly. The available flux is determined by
the total area of the pole face(s) of a permanent magnet and
the length between their poles, which produces the field inten-
sity [A/m], which suggests that the greatest available flux will
be produced by a single permanent magnet residing in the
central portions of the upper stator 2 and lower stator 3, since
it would have the greatest pole face area that would fit into
these central stator portions.

[0034] FIG. 6 shows control coils added to the poles 4, 6, 8,
and 10 on the upper stator 2 and poles 5, 7, 9, and 11 on the
lower stator 3. If a current is placed through the control coils
17 and 18, a magnetic polarity is produced, as shown on the
upper stator pole 10 and on the lower stator pole 11 in FIG. 6.
The magnetic polarity produced in the pole is opposite to that
of the permanent magnet 1 contacting the central portion of
that stator. The flux produced in the stator poles 10 and 11 due
to the current flowing through the control coils 17 and 18 will
couple with the flux of permanent magnet 1 and this com-
bined flux will traverse through armature 12. Since the mag-
netic poles of the control coils 17 and 18 facing into the
central portion of the upper and lower stators, respectively 2
and 3, only have a path through the permanent magnet 1 back
to their magnetic poles facing toward and through armature
16, therefore if the flux produced by control coils 17 and 18 is
greater than the portion of the permanent magnet flux already
traversing through stator poles 11 and 10 a portion of the
permanent magnet 1 flux traversing through stator poles 5, 6,
7, 8, and 9 and their respective armatures 13, 14, and 15 will
be diverted or redirected through the stator poles 10 and 11
and its respective armature 12 until the amount of this redi-
rected flux equals the flux produced by the control coils 17
and 18. As the current is increased through the control coils 17
and 18, the flux 16 traversing through the stator poles 10 and
11 and through armature 12 increases and the flux traversing
the remaining stator poles and their respective armatures
decreases, which results in a stronger attracting force on
armature 12 and a weaker force on the remaining stator poles
and their respective armatures. If the current is increased in
the control coils 17 and 18 to where the flux produced in the
stator poles 10 and 11 and through armature 12 equals the
entire flux produced by the permanent magnet 1 all of the flux
16 from permanent magnet 1 will traverse through the stator
poles 10 and 11 and armature 12, but in this case will increase
the force on armature 12 to a value much greater than 16
times, as discussed in connection with FIG. 3. This is due to
the fact that the field intensity of the control coil adds to the
field intensity of the permanent magnet, which will increase
the flux density in the air gap between armature 12 and stator
poles 10 and 11.

[0035] FIGS. 3 and 6 demonstrate that the resultant force on
any on the armatures 12, 13, 14, and 15 is controlled by both
the length of their individual air gaps between the armatures
12, 13, 14, and 15 and their respective stator poles 4, 5, 6, 7,
8,9, 10, and 11 and the current flowing through the control
coils wound on all of the stator poles. By controlling the
current through various control coils the forces on all of the
armatures can be kept balanced or can be increased or
decreased independent of air gap length.

[0036] FIG. 7 shows the formation of a first linear actuator
by attaching one end of a slotted slider 41 and a nonmagnetic
spacer 43 to armature 13 and the opposite end of the slotted
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slider 41 and a nonmagnetic spacer 43 to armature 15. Arma-
tures 13 and 15 remain in alignment with their associated
stator poles 4, 5, 8, and 9 but armatures 13 and 15 must move
in unison with one another or as the air gap between one pair
of stator poles and its associated armature increases the air
gap between the opposite pair of stator poles and its associ-
ated armature must decrease and vice versa.

[0037] FIG. 8 shows the formation of a second linear actua-
tor by attaching one end of a slotted slider 44 and a nonmag-
netic spacer 43 to armature 12 and the opposite end of the
slotted slider 41 and a nonmagnetic spacer 43 to armature 14.
Armatures 12 and 14 remain in alignment with their associ-
ated stator poles 6, 7,10, and 11 but armatures 12 and 14 must
move in unison with one another or as the air gap between one
pair of stator poles and its associated armature increases the
air gap between the opposite pair of stator poles and its
associated armature must decrease and vice versa.

[0038] FIG. 9 shows a crank arm 46 attached to an output
shaft 48 with bearings 47 mounted on the output shaft 48 to
allow rotation of both the crank arm 46 and output shaft 48.
This crank arm and shaft act as motion translator between the
two linear actuators described in FIGS. 7 and 8 from linear
motion to rotary motion. It should be noted that other means
for the translation from linear motion to rotary motion exist
and this method is shown as one example and where the
motion translation means is not pertinent to the invention
disclosed herein.

[0039] FIG. 10 shows the crank arm 46, bearings 47, and
output shaft 48 inserted into the stator assembly comprised of
the upper stator 2 and lower stator 3 and permanent magnet 1
allowing the crank arm to rotate in the central axis of the stator
assembly.

[0040] FIG. 11 shows guide bearings 52 and 55 placed
adjacent to one side of the slotted slider 41 and guide bearings
53 and 54 placed adjacent to the opposite side of the slotted
slider 41 where these guide bearings constrain the slotted
slider 41 to move along the axis 57. FIG. 11 also shows guide
bearings 50 and 51 placed adjacent to one side of the slotted
slider 44 and guide bearings 49 and 52 placed adjacent to the
opposite side of the slotted slider 44 where these guide bear-
ings constrain the slotted slider 44 to move along the axis 58.
The slots in the slotted sliders 41 and 44 are placed over the
crank arm 46, which maintains a specific relationship
between the linear position between the slotted sliders 41 and
44 and the angular position of the crank arm 46.

[0041] This linear to angular relationship between the slot-
ted sliders 41 and 44 and the crank arm 46 is shown in FIG. 12.
If the control coils are sequentially energized in an ordered
manner, the slots in each of the slotted sliders will impart a
continuous rotary motion and a high force to the output shaft
48. F1G. 12 illustrates a sequence of clock-wise linear trans-
positions beginning at (a) and ending at (h), which produces
rotary motion. Motion from (a) to (c) is linear in a first
horizontal direction, while motion from (c) to (e) is linear in
a first vertical direction, orthogonal to the first horizontal
direction. Motion from (e) to (g) is linear in a second hori-
zontal direction opposite the motion of (a) through (c).
Motion from (g) to (h) is linear in a second vertical direction
opposite the motion from (c) through (e).

[0042] Ifarotating mechanical input poweris appliedto the
output shaft 48 the crank shaft will move the slotted sliders
and their attached armatures in a manner to create a flux swing
through each of the control coils generating electrical energy.
Since this novel actuator is also capable of acting as a gen-
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erator it lends itself well to four quadrant control where coast-
ing could generate electrical power that can be shunted for
braking or to recharge batteries.

[0043] The control coils are sequentially energized by a
controller. FIG. 13 illustrates a controller that may be used in
accordance with an embodiment of the invention. The con-
troller sequentially energizes the control coils 59 through 66
in an ordered manner through the firing of the power switches
67 through 74. The power switches are connected to bus 77,
which has a current and sequence controller 78 governed by a
processor 81. Processor 81 additionally acquires information
from a current sensor 79 and 80 and slotted slider position
sensors 82.

[0044] FIG. 14 shows a polarity of the new high force
actuators 83 integrated into a system requiring several actua-
tors under the control of a main processor 85. The main
processor 85 communications with actuator and controllers
83 via a bus 84.

[0045] Thus, the invention includes one or more linear
actuators placed around a central axis. Output forces of the
linear actuators are summed and translated to rotary motion,
but an individual linear actuator only produces force along its
axis of motion. Therefore, the sum of all of the forces pro-
duced by the one or more linear actuators appears at the
output of the actuator.

[0046] The mechanism of the invention creates high linear
forces over short distances. Advantageously, the sum of a set
oflinear forces is translated to rotary motion, resulting in high
forces with high response times. This is accomplished with-
outhydraulics or a transmission structure. Thus, the invention
may be implemented as a light weight high power density
actuator. The actuator is controlled with permanent magnet
flux division and multiplication modes.

[0047] The foregoing description, for purposes of explana-
tion, used specific nomenclature to provide a thorough under-
standing of the invention. However, it will be apparent to one
skilled in the art that specific details are not required in order
to practice the invention. Thus, the foregoing descriptions of
specific embodiments of the invention are presented for pur-
poses of illustration and description. They are not intended to
be exhaustive or to limit the invention to the precise forms
disclosed; obviously, many modifications and variations are
possible in view of the above teachings. The embodiments
were chosen and described in order to best explain the prin-
ciples of the invention and its practical applications, they
thereby enable others skilled in the art to best utilize the
invention and various embodiments with various modifica-
tions as are suited to the particular use contemplated. It is
intended that the following claims and their equivalents
define the scope of the invention.

1. An actuator, comprising:

an upper stator with a first plurality of poles defining a first
linear axis and a second linear axis orthogonal to the first
linear axis;

a lower stator with a second plurality of poles aligned with
the first plurality of poles to form aligned poles includ-
ing first linear axis aligned poles and second linear axis
aligned poles;

a permanent magnet attached to the upper stator and the
lower stator;

aplurality of moving armatures separated from the aligned
poles by a corresponding plurality of air gaps;

coils wrapped around the first linear axis aligned poles and
the second linear axis aligned poles;
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a controller to apply current to the coils to control the size

of

a first air gap between a first moving armature and a first
end of the first linear axis aligned poles and thereby
form a first linear motion, and

a second air gap between a second moving armature and
a first end of the second linear axis aligned poles and
thereby form a second linear motion; and

a shaft to receive the first linear motion and the second

linear motion such that the output forces of the first
linear motion and the second linear motion are summed
and are translated to rotary motion of the shaft.

2. The actuator of claim 1 wherein a decrease in the size of
an air gap between a controlled moving armature and con-
trolled aligned poles produces a divided force between the
remaining moving armatures and the remaining aligned
poles.

3. The actuator of claim 1 wherein an increase in the size of
an air gap between a controlled moving armature and con-
trolled aligned poles produces a multiplied force between the
remaining moving armatures and the remaining aligned
poles.

4. The actuator of claim 1 wherein the shaft has a crank
arm.

5. The actuator of claim 4 further comprising a first slotted
slider positioned along the first linear axis to receive the first
linear motion and a second slotted slider positioned along the
second linear axis to receive the second linear motion and
thereby manipulate the crank arm.

6. The actuator of claim 5 further comprising guide bear-
ings engaging the first slotted slider and the second slotted
slider.

7. An actuator, comprising:

an upper stator with four upper poles;

a lower stator with four lower poles aligned with the four

upper poles;

a permanent magnet attached to the upper stator and the

lower stator;

four moving armatures positioned at terminal ends of the

four upper poles and the four lower poles;

coils wrapped around the upper stator and the lower stator;

and

a controller to selectively apply current to the coils to

migrate flux created by the permanent magnet through
selective poles of the upper stator and the lower stator
and thereby alter the size of air gaps associated with the
four moving armatures.

8. The actuator of claim 7 wherein the controller divides the
flux between the selective poles and the remaining poles.

9. The actuator of claim 7 wherein the controller multiplies
the flux between the selective poles and the remaining poles.

10. The actuator of claim 7 wherein each moving armature
of the four moving armatures moves in a single linear direc-
tion.

11. The actuator of claim 7 further comprising means for
translating linear force created by the moving armatures to a
rotary force.

12. The actuator of claim 11 wherein the means for trans-
lating includes a shaft.

13. The actuator of claim 12 wherein the shaft includes a
crank arm.

14. The actuator of claim 13 further comprising a first
slotted slider engaging the crank arm and a second slotted
slider engaging the crank arm.

15. The actuator of claim 14 further comprising guide
bearings engaging the first slotted slider and the second slot-
ted slider.



