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1. SCOPE

This report covers laboratory testing of the Aerial Profil-
ing of Terrain System (APTS) from December, 1981 to com-
pletion in January, 1983.

2. INTRODUCTION

At the end of the Government Fiscal Year (GFY) 1981, Draper
Laboratory completed the Phase 5 contractual effort of fab-
rication, assembly and test of the hardware and software
elements which comprise the APTS. This work is described in
Draper Report No. R-1451. A transitional test phase was
then undertaken from 1 October through 15 December '81; this
period being used for additional test of the APTS
subsystems, and then system integration as reported in Dra-
per Report No.R-1521. On 16 December 1981 the Phase 6
contractual effort began with the formal start of system
integration testing, and then functional and performance
testing. At the completion of this work, described herein,
the APTS was dismantled and inspected by the Draper Reli-
ability and Quality Assurance Department in preparation for
shipment to Hanscom Field to begin the shakedown and per-
formance evaluation flight testing. The R&QA inspection
results are included in this report. The flight testing
phase is scheduled for completion by 15 June, 1983, whereup-
on an operational phase is planned with various applications
of the APTS.

All of the work described in the sections which follow was
performed in two locations at the Draper Laboratory. Func-
tional checkout of the Laser Tracker, Laser Profiler and
Video Subsystem was conducted primarily in the Fifth Floor
Lab. and then completed in the System Lab. on the first
floor, this being the location of the major APTS test
effort. Parenthetically, during the report period the Video
Subsystem was successfully subjected to a series of flight
tests as separately described by Draper Memo No.
APTS-T-330. Section 3 of this report presents an overview of
the laboratory-level system test program. Then, Section 4
contains a test log summary with some augmenting text. Sec-
tion 5 describes some of the salient results. Finally,
Section 6 outlines the engineering and the Acceptance Test
procedures and the results of these tests; i.e., the final
system testing which assured that the APTS performance is
adequate for moving forward to field and then flight test.
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3. OVERVIEW OF THE LABORATORY LEVEL SYSTEM TESTING

3.1 ORGANIZATION OF PROGRAM

Figure 3-1 illustrates the general organization of the test
program in the laboratory and the performance evaluation
flight program which will follow. A series of tests were
conducted, first to show that the subsystems had been prop-
erly integrated, then to demonstrate proper functions,then
to verify performance from an engineering viewpoint, and
finally to verify performance acceptable for fielding the
system. Accordingly, these test sequences are so labeled in
the figure.

As noted in the figure, the exact sequence of testing was
determined at the time of test. This flexibility was needed
for the developmental effort. Note 2 refers to the fact
that the IMU was first tested in the normal operating orien-
tation and then in an inverted orientation allowing for
increased retro viewing and rotary table tipping which per-
mitted calibration of the Tracker-to-IMU gimbal attitude.
In the final engineering acceptance testing the upright ori-
entation, identical to the flight orientation, was employed.

Notes 3 and 4 at the bottom of the figure refer to the
planned installation of flight gyros after several func-
tional checks of the C&A test procedure. As the program
evolved, the flight gyros were actually used for both func-
tional and performance testing. Finally, as mentioned by
Note 5, the Profiler/Tracker Boresight Test will be con-
ducted in the field. This approach was selected because
there is not enough range in the laboratory to conduct the
alignment.

One characteristic of the test program not indicated by the
chart is that the identified functional tests were conducted
many times during the course of the effort. This is because
many of the moding and control functions are prerequisite to
operating the system for a given performance test.
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3.2 IMPROVED PERFORMANCE TEST APPROACH

The referenced figure illustrates the Lab. Test Program as
originally planned. The initial planning called for three
back-to-back C&A tests to demonstrate the repeatability of
the system, as shown in the acceptance column. Such tests
would require approximately 53 hours per C&A. The accept-
ance procedure was then improved to require only a single
C&A test and then 2.5 hours of IMU drift test and 2.5 hours
of Tracker-aided navigation. Also, the C&A test, itself,
was improved to require only 44 hours elapsed time.
Finally, the development testing showed that a simpler 'azi-
muth slew' and then earth-fixed hold test would suffice to
replace the C&A, thereby reducing the elapsed test time to
approx. 24+2.5+2.5=29 hours. The importance of these
improvements, aside from the reduction in acceptance test
time, lies in the fact that they suggest that time required
for system calibration and alignment in field test may be
typically an overnight abbreviated C&A with the more exten-
sive 44-hour C&A test performed only occasionly. Of course
these improvements remain to prove themselves over the peri-
od of several field tests and additional design work on the
C&A trajectories to be employed.

3.3 ENGINEERING TESTS

3.3.1 FUNCTIONAL EVALUATIONS

Many functional tests were conducted during the course of
the program,particularly with regard to checking the IMU,
Tracker and Flight Computer. Examples of the IMU checks
inlude evaluation of thermal control of the stable member as
a function of stable member attitude and orientation with
respect to the outer case, thermal control of the inertial
instruments, servo control stability as a function of stable
member attitude and functional checks of the gyro flotation
error within each instrument (i.e., error in flotation as a
function of temperature). Typically, these functional tests
were conducted in parallel with performance tests in that
the telemetry data from the IMU permits continuous monitor-
ing of data during performance evaluation. Examples of
Tracker engineering tests include long-range acquisition and
static tracking of a retro (at the max. range of one mile),
a check of range and angle tracking stability vs time and
temperature variation and tracking stability vs time-of day.
Examples of the Computer functional tests include memory
diagnostics, power up-down sequencing, continuous monitoring
of mode, hourly checks of alarm channel status, printouts of

- 4 -



initial and terminal conditions employed in test and conti-
nous parity and Direct Memory Access monitoring. Except for
the memory diagnostics and power sequencing, these checks
were performed in parallel with the performance tests. Data
from all such functional testing of APTS are available for
review --- they are not reproduced herein for lack of space.

3.3.2 DIAGNOSTIC PERFORMANCE TESTING

In overview, the sequence of events involving performance
testing was typically to conduct an IMU C&A test, then eval-
uate the results for systematic (unmodeled) errors and then
adjust the Kalman filter preparatory to the next test.
Often, as shown by the test log summary, later reproduced,
diagnostic tests of the IMU were conducted between C&A,s.-
The particular diagnostic trajectory of the IMU stable mem-
ber which proved so valuable was the so-called azimuth slew,
or carousel; this being characterized by a revolution in
local azimuth whereby the gravity change on the instruments
was nil. This specific trajectory permits calibration of 21
of the 57 IMU states of interest and results in alignment of
the stable member relative to azimuth and level. Also, at
the conclusion of this trajectory, simply holding the stable
member still in earth space under C&A control proved very
valuable for stabilizing final estimation and control.

Engineering evaluation of a C&A or carousel test is a rather
detailed procedure as shown by Table 3-1. The work required
after such an evaluation involves either trimming the Kalman
Filter, investigating apparent instrument anomalies, per-
forming a repeatability test or switching to a different
trajectory or torquing rate to disclose error sources more
readily. Essentially, the procedure is to build a data base
of performance results that demonstrates repeatability, sta-
bility and the abscence of unmodeled errors which are
characterized by systematic disturbances in the test data.

During the Lab. Test Program, there were problems evident in
each of the catagories just listed and all were addressed
and solved prior to fielding the APTS. For instance, appar-
ent instrument instablities were investigated, resulting in
the removal of a suspected poor gyro, then shown to be
caused by torquing the inertial platform stable member at an
excessive rate. Once this problem was solved with a proce-
dural change, the performance improved substantially such
that small residual errors then became detectable. There
were systematic characteristics of these errors which sug-
gested either magnetic or thermal sensitivity of
accelerometer performance. A series of carousel tests with

- 5 -
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thermal control configuration alterations then demonstrated
the thermal nature of such disturbances. Improvement in the
thermal control of the IMU then permitted better estimation
and control during the C&A testing.

3.4 STATUS OF LAB. TEST PROGRAM

Functional, performance and quality evaluation of the APTS,
including hardware and software, indicated that the system
is ready for further test in the field. Specific indi6ators
of this status are the reliability of function demonstrated,
stable/repeata ble state estimation and IMU control, low
residual drift and accurate inplace navigation. Addi-
tionally, the Tracker demonstrated stable/repeatable ranging
and angular tracking within the required nominal temperature
limits. Also, the Profiler function and performance were
demonstrated in accordance with the ranging requirement of
600 meters. The Video Subsystem was demonstrated by flight
test. The Computer and peripheral equipment functioned as
required to support the sensor subsystems and control the
APTS.

-8-



4. TEST LOG SUMMARY

4.1 GENERAL

The tables which follow summarize the lab. testing to date.
These tables, (4-1 through 4-5) list the test number, the
short title and notes which describe the test and results.
There are slight variations in the table format in that the
originally prepared versions which were presented at the
program status meetings are reproduced here. Also, the last
set of tests from 19 November forward are grouped by Heading
test (i.e., carousel) or C&A test as these were the last
performance tests conducted and analyzed.

Imbedded within the test number are the test type, year,
month, day and recording tape identification, employing the
format shown below:

Test Code; last number of year (1982 or 1983); hex. number
of month; day number; tape number.

The Test Codes are:

C - Calibration and Alignment
H - Heading; i.e., carousel in azimuth
F - Flight navigation
T - Tracker test
G - Gyro diagnostic
A - Accelerometer diagnostic
R - Resolver diagnostic
D - Diagnostic of Computer software
Q - Software debugging
X - Software debugging variation

Note that all codes are not used in the log summary, however
they are retrievable from the recorded data base at Draper
Laboratory.

Various identifiers of acceptability are employed in the
log. "O.K."and "N.G.".are self-explanatory, "A" and "NA"
are acceptable and not acceptable, based upon comparison of
results with system-level requirements. Note that the test
log summary begins with March 12 1982, this being the start

-9-



of the performance testing in calibration and alignment of
the IMU. The log summary is presented in reverse chronolog-
ical order and grouped into tables in the order presented to
the USGS during the periodic progress reviews.

- 10 -
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5. REVIEW OF TEST TECHNIQUES AND GENERAL RESULTS

5.1 GENERAL

In this section we review some of the general results of the
Lab. Test Program on APTS. Preparatory to the results
review, we outline the test techniques for the primary sen-
sor subsystems; i.e., the IMU, Tracker and Laser Profiler.
In particular, the section deals with performance test tech-
niques and results - the functional test results were previ-
ously reported under separate cover during the Phase 5 and
Transitional Phase of the contracted program.

5.2 REVIEW OF IMU C&A TEST TECHNIQUE

The C&A test involves rotation ('tumble') of the IMU stable
member relative to the known gravity and earth rate vectors
in the laboratory as the calibration function of the various
subsystem states, such as accelerometer scale factor, bias,
etc.. There are 57 of these states calibrated by the conti-
nous online Kalman Filter (Table 5-1). After calibration,
the alignment function is accomplished by rotation of the
stable member in local azimuth such that the attitude in
north-east-down coordinates can be accurately determined.
The particular benefit of the azimuth rotation section of
the test is that the gyros are not subjected to variation in
the gravity vector magnitude and therefore alignment can be
both measured and commanded to the desired attitude.
Because of the system's rotional observation of the varying
earth rate vector, the stable member azimuth misalignment
and east gyro drift terms can be separated by the filter.
Also, the gyro bias drift, in terms of a 'lumped
coefficient' which includes both g-sensitive and
g-insensitive components, can be estimated. Finally, the
test technique is completed with an earth-fixed segment
which allows transient systematic terms to settle.

Figure 5-1 illustrates the foregoing C&A procedure in which
stable member and instrument estimation and control func-
tions are accomplished.
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At the heart of the C&A test is the online Kalman filter
which permits the continous estimation of instrument coeffi-
cients and control of the stable member. Figure 5-2 is a
block diagram of the filtering process. The angular data
(theta) from the accelerometers is first processed by a pre-
filter which provides a cubic fit of the data and outputs an
estimate of the value at the midpoint of the filter cycle
(each cycle is five minutes in duration). Then, the meas-
ured value, WPIG, is differenced with a predicted value to
provide a residual,Z. This residual is employed to update
the system state in an optimal fashion, as shown. Addi-
tionally, a state covariance estimate is deterministically
computed for each state based upon the particular trajectory
used for the test; i.e., the observability of the various
states. Having updated the states and observed the differ-
ence between commanded orientation and measured orientation,
the filter makes an estimate of the drift of the stable mem-
ber during the five minute cycle and estimates the
misalignment rate. These parameters are then used to pro-
vide a constant torque to the stable member over the next
filter cycle. Thus, in combination with a reference trajec-
tory, the torque is iteratively adjusted each cycle until
the residuals and the misalignment become small; i.e., the
measured and predicted values agree. This iterative esti-
mation and control procedure requires approximately 48 hours
for a complete C&A test or 12 hours for an abbreviated test
such as a carousel in azimuth. The former test permits cal-
ibration of 57 states while the latter test provides
calibration of 21 states.

5.3 LASER TRACKER CALIBRATION

The calibration of the Tracker involves measurement of range
bias, computation of scale factor, determination of gimbal
non-orthogonality, computation of displacement vector with
respect to the IMU coordinate frame and estimation of gimbal
angle encoder errors (Tables 5-2 and 5-3).

The Tracker range bias was measured by comparing Tracker
range data with the independantly-measured distance over a
calibrated range. A calibrated range was provided by the
USGS on the fifth floor of the Draper Lab. (Fig 5-3).

The scale factor of the Tracker was computed from the known
speed of light and modified by the difference in APTS clock
frequency from the exact clock value (i.e., unrounded
value).
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The non-orthogonality of the gimbals, outer and inner, was
determined from recorded data using various combinations of
angles to observe selected targets. A set of interior and
exterior retros was independently calibrated for this pur-
pose (Figs 5-4 and 5-5). This type of test also served to
provide data for the estimation of gimbal encoder harmonics.

The displacement vector between Tracker and IMU center was
computed from estimation of mechanical tolerances and veri-
fied roughly using the retro set mentioned above.

Periodically, Tracker gimbal data were recorded while locked
onto a retro and then plotted vs. time in order to verify
stability. Also, a thermal test of the Tracker verified its
ability to track retros under variations of temperature to
+/- iOdeg F. of the nominal operating temperature.

Finally, the Tracker was used in conjunction with the IMU
and Computer and the software to update the inertial naviga-
tion function from a rotating base. During this test, vari-
ous base rates up to 3 deg/sec were exercised while the
Tracker acquired and tracked preselected retros as required.
Also, the tracking function was checked to demonstrate
'hang-on' capability up to base rates of 6 deg/sec. In
addition to this maximum rate test, a maximum range test was
performed by statically tracking retros at the distance of
approximately one mile.

5.4 LASER PROFILER BORESIGHT CALIBRATION

The objective of the Profiler Boresight Calibration is to
measure the instrument line of sight in navigation base
coordinates such that the profiled data will be in a known
frame of reference. For purposes of this test the boresight
is defined as the line between the center of the laser diode
and the center of the transmission lens. Note that this is
simply a convenient calibration line for the test as
designed.

The test technique is to set a retro at sample distances
along the maximum return line measured with the Profiler and
then track the same retro with the Laser Tracker. This
technique permits the determination of the boresight in nav-
igation base coordinates as shown by Fig 5-6. Note that
this test will be conducted at the Bedford flight facility
as it requires long baselines.
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Limited performance testing of the Profiler was performed at
Draper by sighting the instrument onto buildings in the
vicinity and then measuring the amplitude of the return
pulse. This testing showed that the maximum range of
approximately 600 meters was achievable.

5.5 COMPUTER PERFORMANCE

The Flight Computer supported the sensor subsystems in the
required APTS functions. The software operated as needed to
control the real-time C&A, including the all-attitude ver-
sion which will be used in the aircraft. Also, the Tracker
search and track logic performed properly in conjunction
with acquisition and lock-on of retros. The navigation pro-
grams were demonstrated in both the inertial-only and the
Tracker-aided modes. Throughput and memory allocations of
the Computer proved to be adequate in all required opera-
tional modes. Occasional synch bit errors have happened and
have caused transient failure of the Direct Memory Access
function. Test activities have not disclosed a
Computer-connected malfunction for this problem. An elec-
tronic ground-loop is suspected as the cause of the problem
which occurs during power changes such as turning on the
time interval counter or plugging in peripheral equipment
into the back of the rack. Rectification of the problem is
therefore partially procedural in that power changes to the
system will be avoided during normal operation. Of course
the suspected ground loop cause is also being sought. Soft-
ware recovery procedures are also being implemented.

5.6 REVIEW OF RESULTS

5.6.1 IMU C&A TESTING

The IMU C&A results approached the quantitative levels of
previous programs which employed the same generic class of
inertial instruments; thereby indicating that the perform-
ance was as expected. The APTS performance goals were also
met in the stability and repeatability of the last two Car-
ousel tests and in the IMU drift testing which followed, and
in the navigation testing which concluded the acceptance
test procedure.
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As noted in the test log, there were systematic results in
the C&A tests and these results were shown to be related to
torque rate and to temperature change over the trajectory.
Listed below are the mitigating factors which permitted the
APTS to be fielded with this condition: 1. The temperature
and instrument performance are within tolerances as demon-
strated by the Carousels and this trajectory constitutes a
partial calibration and alignment of the system. 2. The
torque history of a Carousel approximates that required of
flight. 3. Excellent repeatability of the instruments was
demonstrated for two identical trajectories, thus indicating
proper performance. 4. Two improvements of the thermal con-
trol are planned for implementation at Bedford; increase of
the fan control gain for tracking temperature compensation
required more closely, and inserting a digital control loop
into the control. 5. A constant-torque regime for the
flight testing is under consideration to negate performance
change dependant upon torque change.

5.6.2 LASER TRACKER PERFORMANCE RESULTS

The Tracker demonstrated the low ranging noise and the angu-
lar stability on each gimbal axis as required to perform the
APTS mission. Fig 5-7 shows the angle and ranging stability
of the Tracker before editing and Fig. 5-8 illustrates the
same results after editing. The ranging performance repres-
ents a stability of approx. 11 cm, single shot, after
accounting for sampling frequency.

Thermal test of the Tracker indicated a performance drift of
-0.276 cm/deg F in the range data. The Laser Signal Proces-
sor demonstrated a compensating change of +0.344 cm/deg F,
thereby providing an acceptable net change of +0.068 cm/deg
F (see Memo No. APTS 1-15-82, by D. McCabe).

Performance of the Tracker was acceptable in retro acquisi-
tion and tracking, as previously noted. Also, brief tests
of the Tracker in ranging to a retro array at various aspect
angles indicated satisfactory results.

The long-range (one mile) Tracker tests along a horizontal
direction,which is somewhat more stringent than the intended
near-vertical application, showed that the instrument could
acquire and track the retro aperture as required and could
maintain track of small apertures to approximately one half
the acquisition size (roughly, one 2.5 inch dia. retro).
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Figure 5-8. Typical tracker range data after editing;
Test No. F31141.
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Base-motion tests of the Tracker during the acceptance test-
ing of the APTS indicated the capability to acquire and
track retros at .5, 1, 2 and 3 deg/sec, a satisfactory
result. Maintenance of the target line of sight was accom-
plished through 6 deg/sec, also a satisfactory result.

Experience in testing the Tracker showed that warmup of the
laser is advisable in order to achieve stable ranging and
angle data. Presently, the recommended warmup time is three
hours prior to testing where the finest range stability is
needed. Shorter warmup time is acceptable for functional
tests.

5.6.3 LASER PROFILER PERFORMANCE RESULTS

The Profiler was shown capable of acquiring range data from
a building at a distance of approx. 564 meters. Extrapo-
lation of the data indicated that ranging was practical to
the required distance of 600 meters. The testing was con-
ducted over a horizontal distance, a somewhat more stringent
requirement than the near-vertical application orientation.

6. ENGINEERING PERFORMANCE AND ACCEPTANCE TESTING

6.1 GENERAL

This section describes details of the engineering and per-
formance tests conducted on the APTS during the Lab. Test
Program. First, the procedures for each of the system-level
tests are described; then salient results of the performance
tests are presented. These procedures are also appropriate
for ground testing preparatory to the shakedown and perform-
ance flights of the system to some extent. These procedure
subsets will be also found in the APTS OPERATORS MANUAL with
appropriate modifications to be developed from flight expe-
rience.

6.2. TEST PROCEDURES
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6.2.1 INERTIAL SUBSYSTEM CALIBRATION AND ALIGNMENT

When starting the *IMU from a cold start, there was often a
small change in the performance parameters; therefore a
repeat of the accelerometer coning test was used to recover
these values when necessary. Then, reinitialization of the
filter was done with the variances opened to accommodate a
larger uncertainty in the instrument values. Typically, the
new initialization employed the end values from the
pre-power down C&A or carousel test, unless, however, there
was expectation of instrument malfunction. In such a case,
a preparatory test such as the Accelerometer Diagnostic Cal-
ibration (ADC) was conducted. This test provided confidence
that the accelerometers were functional and at least coarse-
ly repeatable. Following this procedure, a Gyro Diagnostic
Calibration was occasionally performed for the same type of
benefits. Of course, if either of these two tests indicated
instrument-level problems, then additional diagnostic tra-
jectories were employed to isolate the malfunction to a
particular instrument or its electronics. For example, cer-
tain types of partial carousels and earth-axis polar
calibrations were used to investigate possible instrument
electronics problems, and so forth.

After the preparatory IMU tests, a functional C&A test was
appropriate if the system has been warmed up for a few hours
and the performance-level trajectories were used if there
was a warmup of approximately 48 hours. Further field expe-
rience with the APTS will reveal whether the performance
tests can be successfully done with a lesser amount of warm-
up.

6.2.2 TRACKER PERFORMANCE TEST PROCEDURES

Typically, the Laser Tracker was warmed up for approximately
three hours prior to a performance test. Prior to the start
of the test safety goggles were put on by those in the test
area. Then, Tracker range and angle data were collected on
magnetic tape from the particular test being conducted.
Such data were later post-processed with smoothing and fil-
tering as appropriate. The detailed test procedures, them-
selves, included tracking of interior lab. retros or
exterior retros for various reasons. For instance, the
interior retros were employed in conjunction with the exte-
rior retros in order to determine the gimbal angle
non-orthogonalities relative to the stable member coordinate
frame. In another case the exterior retros were used for
automatic aquisition and tracking tests, since range data
were not collectable from the very close interior retros.
That is, the range gate in the Tracker electronics would not
permit lock-on to these very close targets.
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The procedures employed in the step-by-step Tracker testing
were first the determination that the instrument could
acquire targets and track by manually pointing toward the
retros. Then, the automatic search and acquisition software
was checked out in combination with the hardware. After
these tests were passed, the instrument was verified to be
capable of base-motion tracking by use of the rotary table
in back and forth directions at various rates. Acquisition
was also tested under base motion conditions. Interspersed
with these tests were the previously-mentioned thermal tests
which showed the Tracker and electronics capable of accurate
performance within the required temperature bounds.
Finally, after the static and dynamic and thermal tests, the
Tracker Subsystem was verified in combination with the navi-
gation software. Engineering-level and then a final
acceptance test of the APTS demonstrated that the Tracker
Subsystem was ready for additional testing in the field.

6.2.3 LASER PROFILER PERFORMANCE TEST PROCEDURES

The performance tests on the Profiler were conducted in the
Fifth Floor Lab. First, the instrument was aligned to pro-
vide maximum return from a target surface at range by
adjusting the outgoing beam and the detector. Then, the
return signal was checked for magnitude and quality. In the
First Floor Lab. the Profiler was connected with the Laser
Signal Processor and the rest of the system to demonstrate
performance with ranging to the garage across the street
from that laboratory.

6.2.4 VIDEO SUBSYSTEM PERFORMANCE TEST PROCEDURES

This Subsystem was subjected to a brief series of functional
checks in both the First and Fifth Floor Labs. The
description of such tests is somewhat academic and will be
bypassed since the Subsystem has already demonstrated ade-
quate performance in flight.

6.3 APTS ACCEPTANCE TEST PROCEDURE

The acceptance test procedure is reproduced as Appendix A of
this report. The test, as performed, was modified in the
manner described here. Such modifications do not alter the
fact that the test demonstrated the adequacy of the APTS
for further field testing and the verification that the sys-
tem performance will meet the specified requirements.
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1. During the dynamic part of the test, the table rotation
was exercized at a maximum of 3 deg/sec. The reason that
the rotation rate was not increased to the specified 6
deg/sec level was that the acquisition routine could not
complete in the time allowed before the target retro was
blocked from the Tracker optics by the Subsystem
housing. This is not relevent to the flight require-
ments in that the retros would not normally be so close
to the Tracker. In order to assure that the instrument
could 'hang on' to the target during high base motion
rates, the test included a subsection where the retro
was acquired statically and then the base rotated at the
6 deg/sec rate to observe successful tracking.

2. The C&A trajectory was not employed in the acceptance
test; rather the Carousel test was employed. Because of
an unacceptable thermal control variation during the
trajectory, the former approach was avoided and the Car-
ousel provided the system calibration and alignment'
which was employed preparatory to the drift and naviga-
tion sections of the test. (Note that a digital thermal
control loop is being implemented to attempt to minimize
the variation during the C&A Trajectory.

3. The 'alignment' section of the test at the conclusion of
the Carousel was not employed; rather the drift test was
entered simply by freezing the torque words at the
appropriate moment. This was a procedural modification
only.

4. The IMU was not eccentrically mounted on the rotary
table for the first acceptance test run; this was accom-
plished in the second run with acceptable results from
both runs.

5. There was no necessity for inserting lab. realignments
as had been originally planned; the target acquisitions
were achieved without them.

6.4 DETAILED ENGINEERING TEST RESULTS ON IMU

6.4.1 IMU CALIBRATION AND ALIGNMENT RESULTS

During this test the stable member was rotated in the gravi-
ty field to cardinal up/down positions for each accelerome-
ter and through a rotation relative to the earth rate vector
which provided excitation of the gyro error terms. During
the up/down rotations of the accelerometers the instruments
passed through the horizontal zero-g orientation. In this
orientation the power change within the instrument caused
variations in temperature. Such variations then caused
small performance changes which, while not deletarious from
a functional view, were roughly two to four times larger

- 54 -



than the desired performance.The systematic character of
these disturbances is exemplified by Figure 6-1.

Disturbances of the sort illustrated above were less serious
in the Carousel trajectory because the instruments are not
rotating in the g-field and thus power and temperature
changes are lower; especially with the improvement in the
thermal control loop which resulted from moving the monitor-
ing thermistor to measurement of the stable member metal
temperature rather than the air temperature. Thereafter,
the performance results proved accepatable when using the
Carousel, as indicated by Fig. 6-2.

Correlation between the gyro torque application and gravity
residual was also observed. This problem is of second order
importance in the flight trajectories where torque changes
are relatively small. However, it is primarily being
addressed by implementation of a constant-torque regime for
flight where there will be no changes throughout flight.

Important characteristics of the results of the C&A tests
are that the state estimations were accomplished with
acceptable repeatability and were well calibrated as indi-
cated by small variations near the end of specific tests.
These data are not presented here for security reasons; the
results may be reviewed by authorized personnel as permitted
by USGS.

The stable member control, using in a closed-loop manner the
results of the state estimates, also proved acceptable as
demonstrated by freezing the gyro torque commands at the end
of a Carousel and observing drift over the ensuing 2.5 hours
(approx. flight mission duration). This was additionally
demonstrated by low platform drift during the in-place navi-
gation following the drift tests. Such data are exemplified
by the results of the acceptance tests which will be dis-
cussed shortly.

In summary, then, the engineering performance results on the
C&A proved acceptable because the estimation, control and
repeatability functions were accomplished.

6.4.2 LASER TRACKER ENGINEERING PERFORMANCE RESULTS

The general results of the Tracker tests have been given and
are exemplified by the previously-referenced Figs. 5-7 and
5-8. The detailed findings, using these figures are listed
here and are from Test No. F31141.

1. Prior to editing, the outer gimbal standard deviation
was 16.8 and the inner gimbal was 4.75 microradians;
acceptable.
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Figure 6-2. Residual error in magnitude of gravity;
Test No. H31131 (Carousel).
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2. After editing outer was 16.2 and the inner gimbal was
4.75 microrad; acceptable.

3. Before and after range standard deviations were .0159
and .0081 meters, respectively, both corresponding to
single-shot values; acceptable.

4. The range data shows 10-15 cm spikes which can be fil-
tered out by data editing for the near term and may be
eventually filtered out with hardware changes, if deemed
appropriate.

6.5 APTS ACCEPTANCE TEST RESULTS

6.5.1 IMU DRIFT TEST

The results of this test demonstrated that the real-time
navigation mission could be achieved in that the accumulated
drift would be less than the required 7 arcsec in the two
level channels and less than approx. 60 arcsec in azimuth
over the simulated mission duration. These results are
acceptable as shown by Fig. 6-3 which contains the IMU gim-
bal angles in radians. Note that the angles shown represent
the sum of the outer case motion and the actual stable mem-
ber drift. Other plots, not included here, show the
individual terms of drift.

6.5.2 NAVIGATION TEST

Acceptance test no. F31061 demonstrated that the largest
real-time navigation error was approx. 25 meters which com-
pares well with the requirement of 60 meters (Fig.6-4). As
the figure shows, the unaided navigation error grows until
the tracking updates are received and than a reset occurs.
The error growth of the IMU attitude was less than the
required seven arcsec. over the entire test. This demon-
strates the ability of the system to meet the real-time
navigation requirements; i.e., to have the accuracy to be
able to point the Tracker close enough to the retro such
that they can be acquired. The actual drift value was
approx. five arcsec. per axis. Note that there was a large
nay. error at approx. 838 sec. after the start of nay.
This result was a procedural error rather than a real system
problem. The error involved commanding an incorrect retro
identification while the Tracker was still locked onto the
target. The largest error not caused by a procedural error
was approx. 18 meters, compared with the 60 meters allowed.

The recorded data were processed using a 15-state postflight
filter and a 9-state smoother. The residual position error

- 57 -



a)0

u4J

CC

P.4

'4

to 4

w O

U.))

too

(n inI-to v

- 58



REAL TIME NAVIGATION EBROSt F31061 09t31:51 01/18/83

0 I.

-is

S'

-- - 5

I U,

TIME
SECONDS 103

Figure 6-4. Real-time position errors, North, East, Down;
Test No. F31061.
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after smoothing was less than the .6 meter, horizontal and
.15 meter vertical permitted by the APTS requirements. This
was the result for 100 per cent of the time as compared with
the 90 per cent required. The peak residual position error
was .36 meter and the peak residual velocity error was .005
m/s. Fig. 6-5 shows the real-time velocity error. Figures
6-6 and 6-7 are the filtered position and velocity errors
respectively. All of these data are considered acceptable.
Fig. 6-8 illustrates the residual IMU drift after the Car-
ousel, also acceptable.

Acceptance test F31141 also produced acceptable results.
The largest real-time error not caused by an erroneous retro
lock-on was 62 meters at time 1050 sec as shown by Fig. 6-9.
The relatively large value of this error was caused by the
extensive time between updates, approx. 550 seconds. The
large real-time error at 1900 sec. was caused by lock-on to
an interior reflective surface of the laboratory rather than
a retro.

The platform drift was acceptable, also, as shown by the
postflight filter the largest value was 6.7 arcseconds.
Again in this test the postflight filter indicated horizon-
tal and vertical component errors were less than .6 meters
horizontal and .15 meters vertical, 100 per cent of the
time. Peak residual position error was .48 meters and
velocity error was .003 m/s. maximum. Both of the maxima
occurred at 400 seconds; i.e., before Tracker data became
available. Fig. 6-10 shows the velocity errors, real-time,
and Figs. 6-11, 6-12 show the postflight filter results on
position and velocity. Figure 6-13 is a set of plots show-
ing the platform angle drifts, all of which are acceptable.
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Figure 6-5. Real-time velocity errors, North, East, Down;
Test No. F31061.
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Figure 6-8. IMU misalignment angles, filtered and smoothed;
Test No. F31061.
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Figure 6-10. Real-time velocity errors, Test No. F31141.
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Figure 6-12. Filtered and smoothed velocity errors;
Test No. F31141.
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Figure 6-13. IMU misalignment angles, filtered and smoothed;
Test No. F31141.
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1. SCOPE AND OBJECTIVES

1.1 Scope

This document specifies and describes, at an engineering level,

the laboratory procedures for acceptance testing of the Aerial Profiling

of Terrain System (APTS) in order to verify functions and performance.

1.2 Objectives

The APTS laboratory acceptance tests shall verify functions and

performance as follows:

(1) Verify all IMU/Tracker/Software functional modes necessary

to conduct IMU Calibration and Alignment (C&A), Standby

mode for flight, unaided inertial navigation, Tracker-aided

navigation, IMU C&A post-processing, and navigation data

post-processing.

(2) Verify IMU/Tracker/Software performance accuracy necessary

to complete an APTS mission in accordance with the acceler-

ation error, platform misalignment, gyro drift and naviga-

tion error specified in Applicable Document No. 1.

The other APTS elements which are separately tested are the Video

subsystem which will be verified using the flight procedure of Applicable

Document No. 2 and the Laser Profiler which was tested under Applicable

Document No. 3. The Retro arrays will be tested in conjunction with

preflight testing of APTS at Hanscom Field.

2. APPLICABLE DOCUMENTS

(1) Charles Stark Draper Laboratory APTS Program Review IV for

U. S. Geological Survey 28, 29 September 1982, Presentation

by J. A. Soltz Vol. 1 (see Tables 4-1 & 4-2 herein).

(2) CSDL Document, Flight Test Procedure for the Aerial Profiling

of Terrain Video Subsystem, Rev 1, October 1982.
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(3) CSDL Document R-1521, Aerial Profiling of Terrain System

Transitional Phase Final Report on Test of the Inertial

Navigation, Laser Tracker and Laser Profiler Subsystems,

December 15, 1981.

(4) CSDL Document No. R-1451, Aerial Profiling of Terrain

System, Phase V Fabrication, Assembly and Testing, July 1982.

3. TEST SYSTEM AND EQUIPMENT USED

3.1 Test System

The hardware elements of the APTS which shall be tested under

this procedure are shown in Figure 3-1 and are individually identified

with an asterisk. The software elements of the system which shall be

tested are the Real-Time C&A program, System Modes Routines, C&A Post-

Processor, Flight Data Editor, and Flight Data Post-Processor. Detailed

descriptions of the hardware and software are provided by Applicable

Document No. 4.

3.2 Equipment Used

The IMU/Tracker shall be mounted onto the Goerz Table in the

normal operating orientation for the acceptance test. A set of interior-

laboratory and exterior-laboratory retroreflectors shall be provided

for the aided inertial navigation portion of the test (see Figures 3-2

and 3-3). Preselected retros from this set shall be acquired and

tracked with the Laser Tracker.

4. IMU/TRACKER/SOFTWARE PERFORMANCE REQUIREMENTS

4.1 Accuracy of Performance

4.1.1 Calibration and Alignment

Verify by means of the acceptance test and post-

processor that the acceleration error, platform misalign-

ments and gyro drift uncertainty are within the maximum

values given by Table 4-1 below.
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4.1.2 Navigation

Verify by means of the acceptance test and post-

processor that the real-time and post-processed navigation

performance will be within the maximum values given by

Table 4-2 below.

Table 4-1. Accuracy Requirements During a 2 Hour Mission

PARAMETER VALUE EFFECT

ACCELERATION ERROR 34 pg ALL THREE COORDINATES

PLATFORM MISALIGNMENT 7 sec HORIZONTAL ONLY

GYRO DRIFT 52 mmeru HORIZONTAL ONLY

Table 4-2. Summary of Navigation Error Requirements

REAL-TIME POST-PROCESS

HORIZONTAL 60 m 60 cm*

VERTICAL 60 m 15 cm*

* 90% of the time

5.0 ACCEPTANCE TEST PROCEDURE

5.1 General Approach

The acceptance test shall be comprised of four segments: Moding

and Data Initialization, C&A, Standby, and Navigation. The first segment

shall verify the capability to mode and initialize the software/hardware

preparatory to an APTS mission. Secondly, the C&A shall measure and

verify the IMU parameters. Thirdly, the Standby Mode shall hold the

IMU stable member with the fixed gyro torque values derived from the

end of the C&A such that residual acceleration misalignment and gyro

drift values can be measured. Finally, the Navigation segment shall
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verify unaided and tracker-aided navigation.

5.2 Test Procedure

Figure 5-1 illustrates the four test segments. Record magnetic

tape data for the three segments beginning with C&A.

5.2.1 Moding and Initialization

1. Mode the APTS from servos off through to the stabiliza-

tion mode.

2. Load the data initialization tape and print the initial
values.

3. Torque the IMU to 0, 0, 0 (outer, middle, inner) gimbal
angles.

4. Mode the IMU into the C&A.

5.2.2 IMU Calibration and Alignment

1. Conduct the 53-hr. C&A test.

2. At the conclusion of C&A, disable the gyro torque at

the final values.

5.2.3 Standby Mode

1. Mode the APTS to the Standby Mode.

2. Maintain Standby for two hours.

3. Provide an alignment reset at the conclusion of the

standby segment.

5.2.4 Navigation

1. Enter the Navigation Mode.

2. Rotate the IMU on the Goerz Table in ±180 degree se-
quences in accordance with Table 5-1 below.
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Table 5-1

Algorithm for APTS
Navigation Acceptance Test

Cycle No. Rotation, Goerz Elapsed Pauses Retros Remarks
Goerz Table Time, (s) Tracked
Table Rate (s) No.
Angle (deg/s) (approx)
(deg)

1.1 +180 1 180 1 Start from
zero degs.

1.2 pause 0 104 Track one
retro every

1.3 -180 1 180 2 200 a (approx).
Pauses allow

1.4 pause 0 104 cable adjust-
ments.

1.5 +180 1 180 3

1.6 pause 0 104

1.7 -180 1 180 4

1.8 pause 0 104

1.9 +180 1 180 5

1.10 pause 0 104

1.11 -180 1 180 6

1.12 pause 0 104

Totals 1080 1080 624 6

2.1-2.12 1080 2 540 624 3 Repeat 1.1-
1.12 at
2 deg/s

3.1-3.12 1080 3 360 624 2

4.1-4.12 1080 4 270 624 1

5.1-5.12 1080 5 216 624 1

6.1-6.12 1080 6 180 624 1

7.1-7.12 1080 6 180 624 1

Repeat Steps
1.1 - 1.12 1080 1080 624 Measure perfor-

mance at 2.5 hrs
Grand Totals 8640 3906 4992 elapsed time

* Reduce Goerz Table rates if necessary for retro acquisition.
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3. Acquire and track a retro approximately every 200 sec-
onds. Provide known alignment resets to the navigation

function to permit retro acquisitions at close ranges.

5.2.5 Verification of Data

1. Post process all C&A, Standby and Navigation Data.

2. Verify APTS functions and performance in accordance
with the data sheets in Table 5-2 below.

3. Retain all data for the APTS Phase VI Final Report.
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Table 5-2. Verification of APTS Functions and Performance

Test Procedure Function or Acceptable (A) Notes
Paragraph Performance Not Acceptable (NA)

4.1.1 IMU C&A Ref. Table 3-1

4.1.2 Navigation Ref. Table 3-2

5.2.1 Moding & List any moding or display
Initialization discrepancies throughout

the acceptance test.

- 82 -



APPENDIX B

APTS R&QA - Laboratory Systems Testing

Throughout the laboratory testing phase for APTS, the
Reliability and Quality Assurance (R&QA) Department provided
support in several essential areas. The objective of this
support effort was to assure that all of the APTS equipment,
while being used and subsequent to changes, would remain as
an operational entity.

It was decided during the early stages of the laboratory
testing to always have R&QA engineering in attendance during
disassembly and reassembly of the IMU. Visually examined were
hardware, wiring, connectors, subassemblies, and all other
visible system aspects. This close attention has resulted in
defective fan replacements, hardware replacements and a con-
nector repair. The total elapsed time of both disassembly
and assembly proved to be lessened where R&QA participated
directly.

An essential part of R&QA support activity is the main-
tenance and calibration of all APTS test equipment including
oscilloscopes, meters, recorders, etc. The calibration assures
that test equipment and other instruments used for measure-
ments are within their accuracy specifications. These cali-
brations occur at periodic intervals against standards that
are traceable to the National Bureau of Standards (NBS).

One important area of R&QA support is the activity of
failure analysis. When parts failed they were removed and
delivered to the R&QA laboratory for analysis. The analysis
pursued the cause of failure to the point at which it was
determined whether the part failed of its own accord or of
induced causes. This rapid diagnostic information is a val-
uable troubleshooting aid and the resulting cost and test
schedule impacts were lessened accordingly. Corrective action
efforts were also added thus precluding repetitive-type failures.

At the conclusion of the laboratory testing, selected
subsystems were subjected to a vigorous visual examination for
workmanship. The objective being to verify that visual aspects
of workmanship appear to be free of potential problems that
could effect field readiness or reliability of the system.
The examinations were planned to obtain as much insight into
the condition of the equipment without introduction of prob-
lems or wasting time on unnecessary examinations.
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Certain purchased subsystems were not subjected to an
internal examination since their history and nature lead us
to conclude that they were acceptable as-is. We did subject
these subsystems to a visual examination of their outer fea-
tures for possible signs of damage.

The TV camera and its associated video recorder were
both exempted from visual examination. These instruments are
designed to be rugged so as to be capable of withstanding
field use under relatively harsh conditions.

Each subsystem, including purchased items which could
possess environmental limiting aspects underwent a complete,
as practical, visual examination.

All IMU & EEU assemblies were visually examined for work-
manship, cleanliness, and especially for the presence of wire
clippage and other pieces of metal that could move about under
vibration.

The visual examination revealed a few damaged and worn
parts; however, most of the problems found were with loose
wires and electrical interconnections. The somewhat marginal
wire-wrap and solder joints were touched-up and all loose
wires were secured with adequate stress relief.

Fault logs were established for each subsystem of APTS.
The fault logs will provide a valuable historical record of
each subsystem's reliability experience and configuration.
These logs will also provide information necessary for future
maintenance planning.
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