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rotary axes and one linear axis. Secondary feedback systems
are included on at least several of the axes. A controller
receives secondary feedback information and uses it to con-
trol the position of the machine tool within an accuracy of
0.3 mm.
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1
ROBOTIC MANUFACTURING SYSTEM
WITH ACCURATE CONTROL

TECHNICAL FIELD

This invention relates generally to robots used in the manu-
facture of large-scale assemblies, such as commercial air-
planes and/or components for those assemblies, and more
particularly concerns such a system for accurate control of the
position of the work tool/end effecter portion of the robot.

BACKGROUND OF THE INVENTION

High accuracy is required for certain manufacturing func-
tions with respect to various parts of commercial airplanes,
including drilling and riveting functions. It is desirable that
the end tool location be accurate to within 0.1 to £0.3 mm, or
in some cases, even more precise. However, the machines to
carry out those manufacturing functions are quite expensive
and, although necessary to accomplish the desired accuracy,
can be commercially burdensome for a manufacturer of such
large-scale assemblies.

On the other hand, typical bent-arm, multi-axis type robots
used typically in the manufacture of vehicles and similar
articles do not require such high accuracy (typical accuracy of
+0.6 mm) but are significantly less expensive than the
machines described above used in aircraft manufacture and
the like. The robots use a plurality of rotary axes for tool
positioning. The controller for the robot determines the
desired position/angle of the robot’s end tool/end effecter and
runs an algorithm to determine the angle of each rotary joint,
to properly position the tool. The positioning of the tool is
produced by a feedback system using the position of the robot
motor/motors. The best possible angular accuracy for such
robots is determined by the backlash of the gearbox (at best
0.5 arcminute) and shaft windup, which refers to power trans-
fer components such as shafts and belts. When this is multi-
plied by the large radial distance to the tool point, 200-1600
mm, a significant error, typically 0.03 to 0.25 mm, results
from each joint. With such a positioning system, the overall
accuracy of such a robot machine is not sufficient for the
aircraft applications noted above and other manufacturing
operations requiring high accuracy, such as medical device
positioning, welding and machining operations, for example.

In the world of high accuracy machine tools, the XYZ
position of the tool is accomplished through the use of linear
axes, with secondary feedback. Zero, one or two rotary axes
are used in the head of the machine tool, but secondary feed-
back is not typically used for the rotary axes. The distance to
the tool point is quite short, so there is only a small effect in
the XYZ positioning of the tool point from the rotary axes and
secondary feedback on these axes has a negligible effect on
improving accuracy.

Accordingly, it is desirable to be able to control the position
of the tool/end effecter of a typical multi-rotary axis manu-
facturing robot with a significantly higher degree of accuracy
then is presently possible with existing robots.

SUMMARY OF THE INVENTION

Accordingly, the system for controlling the position of an
end tool in a large-scale manufacturing assembly comprising
of a robot mechanism which includes at least three cascaded
rotary axes of movement; a secondary feedback system on at
least one of the rotary axes; and a controller for receiving
secondary feedback information from said secondary feed-
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2

back system or systems and using said secondary feedback
information to control the position of the end tool.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a general schematic diagram of an articulated
machine robot having six rotary axes and one linear axis.

FIG. 2 is a schematic diagram similar to FIG. 1, showing
secondary feedback assemblies on six rotary axes (linear axis
not shown.)

FIGS. 3 and 3 A are diagrams showing one robot axis using
the feedback system described herein for increased robot
accuracy.

FIGS. 4-6 are diagrams showing various embodiments of
secondary feedback assemblies used for a robot manufactur-
ing system.

FIG. 7 is a simple block diagram showing the feedback
control system.

BEST MODE FOR CARRYING OUT THE
INVENTION

FIGS. 1 and 2 show a manufacturing robot having six
rotary axes with a joint following each axis. FIG. 1 also
includes a linear axis. The robot, shown generally at 10,
includes a first rotary axis 12, a second rotary axis 14, a third
rotary axis 16, a fourth rotary axis 18, a fifth rotary axis 20 and
a sixth rotary axis 22. The robot also includes a linear axis 24,
as shown specifically in FIG. 1. The operation of the indi-
vidual axes, allows the working end tool/end effecter to be
accurately positioned within an XYZ Cartesian coordinate
system (FIG. 2), and if sufficient additional axes exist, roll,
pitch and yaw can also be controlled. FIGS. 1 and 2 show
motors 28, 30, 32, 34 and 36 which separately operate axes
14, 16, 18, 20 and 22, respectively. The motor for axis 12 is
not shown.

The inventor has discovered the significance of using sec-
ondary feedback on one or more of the rotary axes of robots
to significantly improve the accuracy of otherwise conven-
tional robots. Previously, it has been known from machine
tools to use linear scales (with secondary feedback) on mul-
tiple axes to achieve high accuracy XYZ tool positioning.
Secondary feedback for the one or two rotary axes (the head
or tipping axis) of machine tools is not typically used and is
not understood to add measurably to the accuracy of the
machine tool. Hence, machine tool techniques for producing
high tool accuracy do not provide significant insight relative
to improving accuracy of robots with their relative long links
(up to 2 meters in some cases) and their rotary axes. In robots,
a link refers to the distance from one axis center to the next
axis center. Machine tools typically have relatively short
links, defined by the distance from the center of rotation of the
rotary axis to the tool point. With robots, there has been no use
or understanding to date of using secondary feedback from
individual rotary axes to improve linear (XYZ) accuracy of
the tool position.

In the embodiment shown, each separate axis includes a
secondary feedback assembly, which could be a scale on an
external portion of the axis or coupled to the pivot portion of
the axis. An example of a secondary feedback assembly is
shown on one rotary axis 20 in FIGS. 3 and 3A. Similar
secondary feedback assemblies are shown on axes 12, 14, 16,
18 and 22 in FIG. 2. The particular secondary feedback
assembly shown is an external scale, shown generally at 44,
mounted on the rotary joint of axis 20. The external scale 44
is a linear tape scale wrapped around the axis joint. The scale
can also be enclosed in a ring-like member 48. A detector 50
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reads the rotary position of the axis by counting the lines in
the scale which pass by the detector. The secondary feedback
assembly could also be coupled to the axis pivot 56 in FIG. 3.
The information from the detector is then applied to a feed-
back system, which uses the information to control the motors
for the axes to locate the tool to the desired accuracy, at least
+0.25 mm for robots with a reach of 3%2 meters. The accuracy
will be even better with robots having shorter reaches.

FIG. 3A also illustrates the structural arrangement for one
axis 20. Axis 20 has a motor 55 associated therewith to pro-
vide the controlled movement of the rotary axis, as well as a
power transmission 52 which connects the motor 50 to the
axis. The power transmission is hidden within the external
robot structure, and comprises couplings, shafts, U-joints,
gears, belts and gear boxes, etc., to connect the motor 50 to the
rotary joint. Although the arrangement of FIGS. 1 and 2
shows a separate motor for each rotary axis; with a separate
short power transmission connecting each motor to separate
axis joints, it is possible that a robot could have fewer motors,
with power transmissions connecting motors to more than
one axis joint.

FIG. 7 shows a simplified feedback arrangement involving
signals from the secondary feedback assemblies on one or
more of the axes to the robot controller 51. The controller then
sends control signals to the motors as required to position the
tool with the desired accuracy.

The encoders described above, either a linear tape is
applied around the axis or a system coupled to the axis pivot
can be implemented with a variety of position-detecting
arrangements, including, but not limited to, optical, magnetic
and inductive, as shown in FIGS. 4-6.

Referring to FIG. 4, an optical encoder assembly 69
includes a light source 60, such as an LED, the light being
directed through a condenser lens 62 and then through an
index grating 64 with a scanning reticle 66 onto encoder scale
68. Light is reflected off of the scale and back through a
window 70 to a detector 72, which counts the number of lines
as the axis is rotated. The information from the detector,
referring to FIG. 7, is provided to the controller 51, which
then provides corresponding signals back to the individual
robot motors to position the robot tool with the desired accu-
racy to the preselected position for accomplishing the manu-
facturing function (drilling, riveting, etc.).

An inductive arrangement is shown in FIG. 5, and includes
a measuring scale 84 and a microstructure 86 which includes
primary windings 88 and secondary windings 90, so that as
the measuring scale moves past the microstructure by move-
ment of the axis joint, a pattern of electrical signals is devel-
oped on the secondary windings 90 indicative of the scale
(and joint) movement. The information from the secondary
windings is then applied to the controller for location of the
robot tool, as with the other arrangements.

A magnetic arrangement is shown in FIG. 6. In this
arrangement, the external scale includes a sequence of mag-
netic elements 76 with alternating north/south poles. Also
included is a magnetic reader 78. As the rotary axis joint turns,
the magnetic reader produces information which is forwarded
to the controller 51, which in turn generates the motor signals
necessary to accurately locate the robot tool.

The determination of axis position with a rotary/angle
encoder on the axis pivot can also be accomplished with a
resolver, which comprises a rotary transformer where the
magnitude of the energy through the windings varies in a
sinusoidal fashion as the shaft rotates. Typically, a resolver
control transmitter will have one primary winding, referred to
as the reference winding, and two secondary windings,
referred to as the SIN and COS windings. The signal from the
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secondary windings provides a reliable, accurate indication
of the change of position of the axis.

The above arrangements are examples of scale-type encod-
ers which provide accurate positional information, typically
within £0.25 mm for robots which is suitable for many large-
scale manufacturing operations with a reach in the range of
35 meters.

The above system is advantageous, in that it permits the use
of a multi-rotary axis and one linear axis robot which is
significantly less expensive than apparatus which has hereto-
fore been used to produce assembly operations requiring high
accuracy, such as required in aircraft manufacture.

Each of the axes of the robot, as indicated above, will
typically have a secondary feedback arrangement. This
includes all of the rotary axes, as well as the linear axis. It
should be understood, however, that it is not necessary that
every axis have such a capability in order to provide signifi-
cant advantages over the prior art systems. In fact, even hav-
ing an encoder scale arrangement for secondary feedback on
one axis, such as for instance the rotary axis 12, can result in
an advantage in accuracy of the overall system.

Although a preferred embodiment has been disclosed for
purposes of illustration, it should be understood that various
changes and modifications and substitutions could be made in
the preferred embodiment without departing from the spirit of
the invention as defined by the claims which follow:

What is claimed is:

1. A system for accurate large-scale manufacturing assem-
bly operations, comprising:

a robot mechanism which includes more than three cas-
caded rotary axes of movement, wherein each rotary
axis has a motor associated therewith for controlled
movement of the axis, wherein the robot mechanism
includes an end tool to accomplish large-scale manufac-
turing assembly operations;

a secondary feedback system mounted in relation to the
rotary joint of each of a plurality of the rotary axes,
separate from and not connected to the motors associ-
ated with the axes, so as to read directly the rotary
position of each axis; and

an integrated controller in a feedback arrangement for
receiving secondary feedback information from each of
said secondary feedback systems and using said second-
ary feedback information to directly control the motors
for each of said axes to accurately position the end tool
to specified 3-dimensional linear Cartesian coordinates
from the controller relative to a large-scale assembly and
to produce at least one of roll, pitch and yaw angles of the
end tool to accomplish the large-scale manufacturing
operations.

2. The system of claim 1, wherein the system has an angu-
lar accuracy of 0.05 arcminute relative to a desired angle for
each axis joint having secondary feedback.

3. The system of claim 1, wherein the robot mechanism has
SiX rotary axes, at least two of which include secondary feed-
back systems.

4. The system of claim 1, wherein the manufacturing
assembly is an aerospace assembly.

5. The system of claim 1, wherein the robot mechanism
includes six rotary axes and one linear axis, all of which have
secondary feedback systems.

6. The system of claim 1, wherein the secondary feedback
system is an optical encoder.

7. The system of claim 1, wherein the secondary feedback
system is an inductive encoder.

8. The system of claim 1, wherein the secondary feedback
system is a magnetic encoder.
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9. The system of claim 1, wherein the secondary feedback

system is a rotary or angle encoder using a resolver.

10. A system for accurate large-scale manufacturing

assembly operations, comprising:

a robot mechanism which includes more than three cas- 5
caded rotary axes of movement, wherein each rotary
axis has a motor associated therewith for controlled
movement of the axis, wherein the robot mechanism
includes an end tool to accomplish large-scale manufac-
turing assembly operations; 10

a secondary feedback system mounted on the rotary joint
of'oratthe output of each of a plurality of the rotary axes,
without any gears or other transmission elements ther-
ebetween so as to read directly the rotary position of
each axis; and 15

an integrated controller in a feedback arrangement for
receiving secondary feedback information from each of
said secondary feedback systems and using said second-
ary feedback information to directly control the motors
for each of said axes to accurately position the end tool 20
to specified 3-dimensional linear Cartesian coordinates
from the controller relative to a large-scale assembly and
to produce at least one of roll, pitch and yaw angles of the
end tool to accomplish the large-scale manufacturing
operations. 25



