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ROBOTICS FOR TESTING AUTOMATION OF INERTIAL |INSTRUMENTS

Joy Y. Greig .
Central Inertial Guidance Test Facility
6585th Test Group, Holloman AFB, NM 88330

ABSTRACT

The development of a facility for inertial
instrument testing using a robot arm involves a
variety of studies. Foremost is a feasibility
study of the application which invoives accuracy
analysis of the static and dynamic configurations.
As part of this aspect, simulation of a robot arm
in performing the tests is desired along with
model ing evaluations. Also, economic analysis of
various arm configurations should focus on
appropriate commercial systems that have a high
probability of providing an applicable testing
environment.

In this study, the Integrated Robotics System
Simulation (ROBSIM) was used to evaluate the
performance of the PUMA 560 arm as applied to
testing of inertial sensors. Results of this
effort were used in the design and development of
a feasibility test environment using a PUMA 560
arm. The implemented facility demonstrated the
ability to perform conventional static inertial
instrument tests (rotation and tumble). The
facility included an efficient data acquisition
capability along with a precision test
servomechanism function resuliting in various data
presentations which are included in the paper.
Analysis of inertial instrument testing accuracy,
repeatabillity and noise characteristics are
provided for the PUMA 560 as well as for other
possible commercial arm configurations. Another
integral aspect of the effort was an in-depth
economic analysis and comparison of robot arm
testing versus use of contemporary precision test
equipment.

INTRODUCT ION

Specialized test facilities, such as the Central
inertial Guidance Test Facility (CIGTF) at
Holioman Air Force Base, New Mexico, are
responsibie for the testing of high quality
inertial rate sensors and accelerometers. Due to
the large investment in resources, it is important
that all sensors be free from major defects when
scheduled for precision testing. Initial sensor
checkout tests, for example, should not tie up
unique and specialized test equipment which may
cost mitlions of doliars €2,4).
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Al though these expensive devices for testing
inertial sensors have been very effective, due to
their unique design they often lack the
flexibility required to implement new test
proceaures. Moreover, there is little evidence of
rapid innovation in designing and building new
test fixtures with enhanced capabilities. These
problems of cost, inflexibility, and lack of new
capabilities impose significant constraints on
component testing programs.

A potential approach to addressing these probiems
comes from the raplidly developing engineering
science of robotics, where cost is decreasing due
to the exponential rise in the number of units
being produced (increasing from 20,000 units in
1976 to 250,000 in 1984), and where the digital
capabilities being designed into robots have the
potential to provide flexibility in systems tests
and data acquisition (16). Finally, robotics is a
highly innovative area fueled by vast research
funding. tt is probable that if the key
gifficulty of precision can be solved, the use of
programmable robots for inertial testing should
become a reality.

This paper discusses the feasibility of robotics
apptications to inertial component testing by

addressing three major areas: technical
feasibility, economic feasibitity, and
limitations. Facilities at the Air Force

Institute of Technology C(AFIT) provided the
testing environment. Technical advice and the
accelerometer for the study were provided by
CIGTF,

In the following sections we discuss feasibility
objectives and robot specifications, approach and
design of the experiment, results of the
exper iment, economic analysis of a robotics test
facility, and conclusions and recommendations
resulting from the study.

OBJECTIVES/SPECIF ICATIONS

The robot in itself is not a precision test device
relative to inertial sensor accuracies. Both
inertial sensor and robot accuracies were
investigated in this study to determine the
feasibility of using a robot as a testbed. Three
tests on a PUMA 560 robot arm were accomplished to
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illustrate this and to examine robot pertormance
criteria for sensor/system laboratory testing.

Once technical feasibility is established, the
next important question 1is, "Is the proposal
economically feasible?" To determine cost-
.effectiveness, a life cycle costing analysis was
performed for both the robotic and non-robotic
testing units.

Limitations of robotic testbeds are a final
consideration. Practical engineering |imits,
computer modeling Iimits, and measurement and
instrumentation |imits are addressed and related
to the component test facility application.

APPROACH/DESIGN OF EXPERIMENT

The overall approach of the experiment was to
design tests which would determine the feasibility
of using a robot arm as a testbed for inertial
sensors and thus the feasibility of developing a
robotic inertial guidance test facility.

Simulation and Emulation

An effective approach to the development of
robotics applications is to proceed first with
simulation and then follow with emulation.

Simulation Iis performed using a comprehensive
robot simulation program ¢3,11,17). At AFIT a
powerful computer program called ROBSIM produced
by Martin Marietta Aerospace for NASA Langley was
empioyed. A good simuiator such as ROBSIM
includes arm and environment synthesis (or
definition), joint motion or joint torques and
forces simuiation, and analysis of the simulation.

Emuiation of a test facility followed, using a
PUMA 560 Robot Arm, data acquisition equipment,
and a precision accelerometer and gyroscope.
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Figure 1. PUMA 560 Robot Arm (Reference 19)
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Robot Flexure

In the inertial sensor testing application, ROBSIM
was used to characterize arm fliexure before
performing the sensor tests. The flexure
experiment was performed by securing a high-
accuracy Systron-Donner 4841F accelerometer to an
aluminum mount which was screwed on to the robot
tool fiange (Figure 1). The flange was rotated 90
degrees from the READY position (Figure 2) to
position the input axis of the accelerometer
vertical wup. From this position the fiange was
first rotated counterclockwise in ten-degree
increments to 90 degrees from vertical and then
back to vertical in ten-degree increments. The
accelerometer output was stabilized and recorded
at each position. The experiment was then
repeated in the same configuration but with the
flange fixed and the shoulder rotated in ten-
degree increments about the base y-axis starting
from a wvertical position. Shoulder and flange
rotation alignment errors were calculated and
compared. Larger shoulder rotation alignment
errors would indicate flexibility of the robot
arm. Performing this experiment on both ROBSIM
and the PUMA provided a basis for comparison; the
rigid-link model on which ROBSIM was predicated
1,8 aided in identifying actual robot
positioning errors (7,8).
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Figure 2. READY Position of PUMA 560
(Reference 20)



Robot Alignment

As with any other test stand, a robot must be

calibrated and aligned. To demonstrate the
alignment of the robot arm with local vertical, a
vertical-seeking test was designed, using the

output of the Systron-Donner accelerometer and the
PUMA 560's operating system to accomplish the
calibration. In an actual testing situation a
high-precision accelerometer, a triad of
accelerometers, a laser, or some other means couid
be used either to verify the robot's position or
to position it (if its own positioning system were
limited). In this demonstration, however, a
single accelerometer was used to locate local
vertical.

The direction of vertical could be determined by

simply maximizing a single accelerometer reading
and using a numerical algorithm to zero in on
vertical. However, most practical applications
are faced with Ilimited numerical accuracy in

reading an accelerometer. Because of the non-
linear nature of accelerometer reading accuracies,
it is more accurate to find two orthogonal
horizontal vectors and compute their cross-product
to locate vertical. The natural precision
geometry of the PUMA 560 manipulator supplies the
proper configuration to determine vertical, using
wrist bend <(Joint 5) in conjunction with a 90-
degree rotation in the waist (Joint 1); see Figure
1. For an expanded discussion of the theory
behind finding horizontal and the calculations
involved in this test, see Reference 10.

Robot Precision

The degree of testing precision achievable with
the PUMA 560 Robot Arm was investigated by
performing an accelerometer four-point test using

the arm as a testbed and the Systron-Donner 4841F
as the test item.

The Systron-Donner 4841F accelerometer is a
conventional single-axis, pendulous, fluid
floated, torque rebaiance accelerometer, with an
anaiog output in voits direct current (vDC)
proportionat to the applied acceleration. For the

series of four-point tests, the accelerometer on
its aluminum mount was secured to the filange and
aligned paraliel to local gravity. The pendulous
axis (PA) of the accelerometer was alignhed
parallel to the Y-axis of the tool flange and its
input axis C(iA) perpendicular to the Y-axis of the

tool flange. The robot wrist joint was rotated 90
degrees, folilowed by a 90 degrees rotation of
Joint 5, in order to position the accelerometer IA

up and paraliel
flexure test).

to Jocat vertical (just as in the
The four-point test was then

performed.

The software was designed to rotate the
accelerometer to the four positions (by rotating
the flange) and allow sufficient time to read the

accelerometer output voltage at those positions.
This was accomplished by the VAL 1| operating
system DRIVE command.

479

The accelerometer output was analyzed by
calculating and determining the stability of the
accelerometer scale factor, 1-g bias, null bias,

and misalignment angle, using standard four-point
test analysis (see Reference 10). This data was
placed in a table and compared to tests of the
same type of accelerometer on precision non-
robotic test units (21:27).

Robot Adaptability

Robot adaptability was demonstrated by performing
a gyroscope (gyro) step-tumble test. This test
demonstrated the maneuverability of a robot arm
and the ease of reconfiguring the robot for
different tests. For the step-tumble test the
robot must be positioned to align the gyro’'s
output axis parallel to the earth’'s rotational
axis pointing north and then pointing south. The
output of the gyro in these orientations is used
to calculate the gyro drift characteristics. (For
a thorough discussion of the gyro error model and
drift coefficient determinations, see References
10 and 22).

The gyro used for the experiment was a Humphrey
Model RG51-0106-1, a conventional s8ingle~degree-
of-freedom (SDOF) torque-rebalance rate gyroscope.
The PUMA 560 Robot Arm was again used as a test

platform. The gyro was mounted to a metal support
base which was in turn attached to the robot
flange. The step-tumbie test required the

following gyro orientations to separate the drift
coefficients for the gyro:

(1) Gyro OA parallel to the earth's spin axis
(EA) pointing north, A pointing west at the start
of the rotations (OA//+EA)

2) OA paraltel to EA pointing south, IA
pointing west at the start of the rotations (OA//
-EA).

To align the gyro with the EA it was first

necessary to determine the relationship between
the PUMA Worid Coordinate System (WCS) and the EA.
To find the WCS relative to EA it was necessary to
know the latitude of the robot and the direction

of True North with respect to the robot. This
information was readily available for the test
site and was used to determine the proper robot

joint angles to align the gyro OA with the EA.

Once the OA and |A were properly ailigned, the gyro
was stepped through 360 degrees of rotation by
rotating the flange 360 degrees cilockwise (cw)
followed by 360 degrees countercliockwise (ccw),
pausing at each 45-degree increment to record the
gyro output. One cw and ccw rotation of the
flange for each orientation constituted one set of
data for each step-tumbie test. Eight sets of
data were coliected with OA south and eight with
OA north (a totai of 128 points in each
direction).

The software was written for the robot’'s VAL 1|
operating system which was accessed through a
Zenith 100 (2-100) running communication software
to act as a smart terminal. The programs, written



in the VAL 1| language, positioned the robot arm
for each of the required gyro orientations and
rotations.

The statistical package BMOP was used to perform
the least squares fit of the output voltage to the
gyro model. The drift coefficients calculated
from the fit were then summarized in tabular form.

RESULTS OF EXPERIMENT

Results of the experiment demonstrated both the
advantages and the current limitations of robotic
testbeds and simulations.

Robot Control and Al ignment

The results of the fiexure test showed larger
shoulder rotation ailignment errors than flange
alignment errors when the position was 30 degrees
to 90 degrees from verticail. The accelerometer
outputs demonstrated the inaccuracies of robot
positioning and indicated that the flexibility of
the robot arm should be a consideration when
precise positioning and orientation is needed. A

plot of the actuator torque versus time for the
shoulder rotation as generated by ROBSIM showed
that the torque is a function of the robot

orientation and that the orientation errors are
due in part to mechanical flexure.

Robot control is also |imited by control method
and unmodel led forces, and by the restrictions of
robotic progranming languages. The most widely
used control method today applies a separate axial

control loop for each joint designed with )inear-
control laws (12:80), often with fixed gain
(12:72). The required gain is highly dependent on

the moment of inertia at each joint of the robot
arm which in turn varies with the arm position and
robot payload. A variety of schemes, including
adaptive control, have been proposed and
implemented (12:51-81), but research is still
being done to represent previously unmodelfed
forces (13) and implement adaptive control.

Robot programming languages, too, can be a control

limitation in that they often do not include the
facilities to implement complex mathematical
formulas. One must bypass the robot operating

system to implement experimental techniques and

gain greater precision.

The theory and analysis involved in performing the
alignment (vertical-seeking) test presumed no
robot joint positioning errors. There are,
however, small accumulated errors via quantization
of robot movement and calculations by the robot
arm controller (19). No attempt was made to

include these errors in the vertical-seeking
atgorithm. The aigorithm did, however, locate
vertical more precisely than could be done by

simply placing the arm in the READY position, _or
by using a single accelerometer output
determination.
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Robot Precision and Adaptability

The results of the four-point tests in the
following table (Table |) show that positioning
precision can be achieved. Al though the
performance characteristic values are larger than
those derived from four-point tests of similar
instruments (see Table 2.3 from 21:27-28), the
standard deviations and peak-to-peak spread are
comparable. The laboratory environment for this
research was much less controlled than that of a

test facility such as CIGTF; noise sources from
the laboratory and perhaps from the robot arm
itself, and tack of temperature control

contributed to the magnitude of the coefficients.
However, the stabiliity of the outputs is an
indication of the positioning repeatability of the
robot arm.

Table |1 summarizes the drift coefficients <¢and
their standard error) of the performance model
gyro equation. Since the duration of the tests
was approximately three hours and the gyro's

output axis was aligned with the earth's
rotational axis, error sources did not include
earth rate. All drift coefficients except D(O)

were significant. From previous rate-table tests
D(F) was determined to be 1.5 volts. Except for
D(F>, there was no test data with which to compare
the drift coefficients. However, the coefficients
are reasonable and, as with the accelerometer
four-point test, indicated the feasibility of
using the robot arm for testing inertial sensors.

The main purpose of the gyro test was to

demonstrate the robot arm’'s ease of
reconfigurability and its maneuverability and
therefore its usefulness as a muliti-purpose

testbed. This was
gyro step-tumble test.

ciearly demonstrated by the

Establishing testing feasibility using the PUMA
560 then led to determining a general set of robot
criteria for the inertial sensor application,
including economic considerations.

ECONOMIC ANALYSIS OF APPROACH

All the criteria for selecting a robot for
industrial applications are fully described in the
robotics literature (6:214-301; 12:263-272; 15).
In this study we were addressing only the criteria
pertinent to inertial sensor/system testing. A
sunmary of the criteria is as follows:

(1) Load requirement - 6§ to 25 pounds

(2) Drive method - Electric motor driven

(3) Number of axes - 6

(4) Axis rotation - Wrist pitch,
yaw of at least 360 degrees;
of rotation in other joints

(5) Off-line programming capability

(6) Repeatability of 0.010 inches or iess

(7) Variable acceleration/deceleration

desirable
(8) Floor mount.

rotl, or
at least 180 degrees

An expanded discussion of these selection criteria
is found in Reference 10.



Table [
Accelerometer Performance Characteristics
from Four-point Tests
Table 11
Performance Model Equation
Scale Factor 1-g Bias Null Bias Misalign Coeflicients
(volts/g) (1g) (1g) (arcsec)
Drift Calculated  Standard
BOT :
ONROBOT ARM Coeflicient Value Error
Mean 1.018805 1207 1720 8154
Standard Deviation (ppm) 29 60 66 9 Dg 1.49999  0.00188
Peak-to-peak Varation 115 241 255 30 D 0.00249 0.00031
D, 0.07619  0.00031
o Do 0.00188  0.00295
ON VERTICAL TABLE (21:27): Dis 0.00117 0.00035
Dy 0.00107  0.00035
D. 0.00107  0.00035
Mean 0.02493 184.5 148.4 -30.6 ti
Standard Deviation (ppm) 40 45.8 36.4 15 Doy 0.00389  0.00036
Peak-to-peak Variation (ppm) * 471 471 244 58 Dos 0.00120  0.00036
® Over 39 days. No data available for a single day’s testing.

A comprehensive Ltisting of prospective robots
containing their physical characteristics and
estimated base prices was obtained (18) wusing a

commercial computer package called “Robot Search
Program" (Robot Analysis Associates, Inc.). This

list was reduced to four robots by entering the
data into a spreadsheet (Lotus 1-2-3) and using
the spreadsheet’'s capabilities to highlight the
manipuiators with the maximum performance
capabilities (5:435-448), The results are
summarized in Table 111, along with non-robotic
test tables.

The non-robotic tables have the advantage of
continuous rotation and accuracies in the

arcseconds range. However, the load capabilities

are comparablie, including the 100-pound load. For
example, in addition to the robots |isted, the
Cincinnati Milacron T3-776 meets the rotational

and accuracy requirements while carrying a load of
150 pounds. The robotic testbeds, however, are
more versatile and less expensive and have other
potentials discussed in the conciusions section.

Life cycle costing (LCC) over a 5-year period was
the tool wused to determine economic feasibility
(9:66-67; 1:20; 2), Research and development
costs, investment costs, and operational costs
were included for the analysis. Table tv
summarizes the results for both the selected
robots and the non-robotic tables.

From the economic analysis it is feasible that a
prototype robotic test station, the T3-646 for
instance, could repliace one table, perhaps the
vertical. table, with a resultant decrease in LCC

of $17,364. Of course the savings increase
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Another important advantage and source of savings
is the versatility of a robot arm. Over the long
cerm both standard and experimental inertial

instrument tests can be performed by simply re-
progranming the robot, rather than rebuiiding or
developing a new test table. Iin the short term,
as was the case for the gyro tests, the robot can
be quickly reconfigured at any point in the test
with no manual readjustments involved.

CONCLUSIONS AND RECOMMENDAT {ONS

In an attempt to control robots more precisely and

to interface with computers (and computer
simulations) other than the robot's particular
controller, research is in progress to control
robots from computers such as the VAX 11-780
(AFIT, NASA Langley) or interface with such
computers for control and data acquisition (for
example, Cincinnati Milacron's Robot Offline

Programming System, or ROPS).

From the facility development study presented
here, one can conclude that robots large and small

could begin to be used as checkout testbeds for
inertial sensors, possibie in such applications as
immediate flightline checkout of sensors .or
inertial measurement units (IMU's) suspected of
being inoperable rather than sending them away to
a depot for checkout.

Robots can be multi-purpose testbeds for

performing standard tests on inertial sensors, and
the -+potential for devising unique inertial
sensor/system tests exists. Robots with variable
acceleration/deceleration and a large rotational
range suggest dynamic test possibilities that have
not yet been explored. Perhaps subjecting the
sensor/system to a helical motion, or to a rapid
swinging motion of the robot followed by a sudden
deceleration would excite sensor/system error



Table II1
Performance Characteristics and Base
Prices of Robotic and Non-Robotic Testing Units

Name Mouat Max Rot Other Joint Max Load  Acauacy At Variable Base
(Wrist) Rot (ibs) (ias) (ip))  AccelDecel Price
A'malix AID-900 Floor 440 [ 218} Wrist 66 0.008 30 Y 50000
Yaskawa Frorw 360 YR330 Wit 26 0.008 80 Y 69600
Cian Mil T3-646 Floor 900 PY238  Wris 50 0.010 23 NA 70000
PUMA 560 Floor 532 P200  Wrist 5S 0.004 20 N $0000
Name Mount Max Rot Other Joint Max Load  Accunacy At Variable Ba.se
(Wrist) Roat (ibs) (arcsec (ips)  AccelDecel Price
per axis)
Vertical Table Floor Contin. 50 <1 N 150000
2-axis Contraves Floor Contin. 75 1 N $0000Q
3-axis Contraves Flooe Contin. 100 #3 N ## 3000000

## Estimated cost of new 3-axis able

# DilTerence in accuracy due to difTercat type of bearings, not oumber of axes

Table IV

Total Life Cycle Costs

Device LCC
Automatix AID-900 $ 146,279
Cincinnati Milacron T3-646 186,618
Yaskawa V-12 185,811
PUMA 560 206,787
Vertical Table 203,982
2-axis Contraves 522,239
3-axis Contraves 2,818,062

terms and thus enhance or replace centrifuge or
other testing. variations of system trajectories
could be tracked with lasers and the system errors
analyzed by comparison with the taser position
data. With extensive computer simulation
capabilities such as those of ROBSIM, engineering
theory could devise new tests which would be
efficiently and safely produced on the simulator,
saving both time and money. The simulator-robot
combination would encourage engineering
creativity, an important commodity in the reaim of
research and development, where new tests and
testing units are needed to keep pace with
hardware deveiopments (2).
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This study raises further questions. Are robots
feasible for system tests? Can the i1imitations be
overcome? what should be done to extend the work
presented here?

The solution for robot accuracy constraints may
lie not in improving the robot’s precision, but
rather in providing precision reference
measurements for wuse in sensor output analysis.
Laser technology and other instrumentation
advances have the potential to accompiish this.
For example, providing precision through reference
measurement is already in use in noisy, imprecise
enviromments such as the test track at Holloman
Air Force Base; and laser technology is currently

being used for robot positioning accuracy (14). A
cost analysis for laser or other precision
measurement technology should be accomplished to
extend the economic feasibility study.

The potential for testing precision
gensors/systems should be further determined by

noise characterization of the robot arm. In
eddition, the sensors used in this study, or
similar sensors, should be tested under more
controlled laboratory conditions and compared to
test results from non-robotic units.

It is also recommended that test engineers and
analysts take a new look at the possibilities for

dynamic tests using robotic capabilities and begin
devising those tests. The groundwork for a
prototype effort has been presented in this study
and is recommended for future implementation.
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