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TECHNICAL MEMORANDUM X-64971

REDUNDANCY MANAGEMENT OF MULTIPLE KT-70 INERTIAL
MEASUREMENT UNITS APPLICABLE TO THE SPACE SHUTTLE

I. INTRODUCTION

This document ig the final report on a task agreement with the Johnson
Space Center (JSC) to develop a reduncancy management scheme and to demon-
strate failure detection and isolation (FDI), using three redundant KT-70 Inertial
Measurement Units (IMU) and a single 47-CP2 computer.

The Marshall Space Flight Center (MSFC) entered into this activity
initially wmder the Shuttle booster flyback studies. A contract was let with the
Charles Stavk Draper laboratory (CSDL) to define an experiment program to
implement onboard checiknut, failure detection, isolation and redundancy manage-
ment for multiple IMU systems. As a resilt of the tagk agreement with JSC,
the contract with CSDL was amended to add several additional modifications to
make the hardware and software meet the Shuttle program requirements. _
Although the hardware used in this test program does not meet all Shutfle base-
lines, it is sufficiently similar to the Shuttle inertial hardware to permit it to
be used as a {est hed in the interim until the Shutile hardware is operational
(Figs. 1, 2, and 3),

CSDL developed the software programs and fabricated the interface hard-
ware required te operate the multiple IMU system. System software developed
by C8SDL was delivered on two "'tapes'. Tape 1 contained system operational
programs and tape 2 contained the 19 parameter calibration program, The
CSDL calibration program was written from the single IMU calibration program

developed by the Sperry Rand Corporation for MSFC. All IMUs were calibrated

with the single IMU calibration program, using a Singer Test Station and 47-CP2
computer, This was done so that the 3-IMU test station could be free for other
opzrations while the individual IMUs were being calibrzced.

A considerable amount of hardware and software debugging and correction
was required after the equipment was delivered fo MSFC. It should be noted,
however, that CSDL had only one IMU available and limited time to verify the
software and to make hardware corrections. Due to the excessive time required
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to correct the hardware and software problems encountered, the overall goals

of the original test program were curtailed and confined primarily to 2-IMU

FDI. This decision was made by mufual agreemeni between MSFC and JSC

because of the greater value of the 2-IMU FDI tests with the presently baselined ‘
Space Shuttle configuration, i

I1. SYSTEM OVERVIEW

A view of the overall system may be gained by examining Figure 4, The
laboratory test system employs three off-the~shelf Singer Kearfott KT-70 IMUs
operating under the control of a single IBM 47-CP2 computer, Each of the three
KT-70 IMUs are mated to an interface unit (IU) which distributes power to the
IMU and encodes and decodes its communication with the computer. Each IU is
connected to the processor interface unit (PIU) via a serial data bus operating
at 10 MHz. The PIU encodes :nd decodes communications and serves as an
interface between the single 47-CP2 computer and the individual IMU/IUs, The
PIU also serves as the interface with MSFC's Programmable Automatic Inertial
Navigation Test Station { PAINTS) (TFigs. 2 and 8). All communication links are
bidirectional,

[T, SYSTEM COMPONENT DESCRIPTION

The following paragraphs provide brief descriptions of the major com~
ponents that comprise the fotal sysiem.

A. IMU and Adapter Power Supply (IMU/APS)

The redundant IMU system was designed to employ three off-the-sghelf
Singer Kearfott KT-70 (AN/ASN-90) IMUs with their adapter power supplies
(APS).

The KT-70 IMU is a four gimbal platform containing two, 2~degree-of-
freedom, dry flexure-mounted wheel gyros. The redundant gyrc axis is slaved
to null. The platform also contains a single, and a 2-degree-of-freedom, dry
flexure accelerometer. The three gimbal angle readout signals are derived
from single speed synchros. The outer roll gimbal is slaved to the inner roll
cimbal and gimbal-flip occurs at pitch angles approaching +90°, which assures
pitch/azimuth gimbal orthogonality to prevent gimbal lock.
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Accelerometer output pulses represent quantized increments of integrated
rehalance current, and are charactieristically asynchronous. The accelerometer
output AV pulse scale factor is 0,032 fps/p. The gyros may be torqued either
digitally or by analog commands. The APS requires 115 V, 3 phase, 400 Hz
power from an external source, and provides all de¢ and ac voltage levels
reguired by the IMU, A batiery pack is mated to the APS to provide fransient
protection, for a limited duration, in the event of a dropout of the primary
power source.

B. IBM 4mCP2 Computer and Ancillary Equipment

The 1BM 4n-CP2 computer is a general purpose, stored program,
paraliel, fixed point, binary computer with auxiliary memory. External con-
trol and input/output (I/0) is accomplished through use of a field operating unit
(FOU). The FOU is equipped with a typewriter, paper tape reader and paper
tape punch., The computer stores 8 K, 32-hit words (or 16 K. 16-bit words);
the capacity of the auxillary memory donlles this figure. The memory cycle
time is 2.5 ps. The computer is configured for externally controlled input and
output, i.e., PIU controls all data transfer. The computer cycle times are
determined by an external interrupt driven by the PIU's 10 MHz master
oscillator.

C. Processor Interface Unit (PIU)

The PIU is the interface between the 47-CP2 computer and the four data
bus addresses. It functions to encode and decode communications for the com-
puter, and to serve as an I/0 buffer, Parallel data transfers, at 60 K words/s,
are used between the computer and PIU., Daia transfers to the HP-2116B com-~
puter { PAINTS), one of the bus addresses, are also accomplished by a parallel
bus at low rate., The other addresses to the three TUs are reached by a 10 mHz
serial data bus, The PIU is required to encode and decode data bus communica-
tions, perform master timing for the system (including the 47-CP2 and HP-
21168 computers), and control of the 4 7-CP2 1/O.

The PIU's 10 MHz master oscillator provides all timing for the system,
from ie 10 MHz bus clock to the 50 Hz minor cycle confrol, The 10 MHz
pulse train drives a 9 bit (18 state) Johnson counter which provides the timing
pattern required for data bus encoding and decoding., It dlso provides the clock
for the finite state controller, which directs the PIU in carrying out its
assigned fasks. The PIU has a manual push-button ABORT switch, which



functions to reset the finite state machine to state ''O'" and io issue a discreie
interrupt to the computer, causing a restart. The PIU employs TTL logie in
standard 14 and 16 pin dual~inline-pack integrated circuits, and it contains
three data bus drivers and receivers.

D. Data Bus

The bidirectional data bus consists of four twisted and shielded wire
pairs, each with a single function. The functions are transmit clock, transmit
data, receive clock, and receive data, Words in the data bus messages are’
18-hits, or 1.8 us long. The bidirectional data bus was designed by CSDL
according to NASA/MSFC's breadboard data bus specification, It has heen
demonstrated by these tests that a single computer using a serlal data bus- can -
successfully control a redundant 3-TMU system.

E. lInterface Unit"

The IU decodes data bus transmissions and serves as the interface
between the IMU/APS and the PIU. These transmissions can synchronize
accelerometer readings, command (IMU and gyro pulse torque commands) or
demand (read accelerometers, read synchro/digital (S/D) converters, read
IMU/IU status, etc). On read demands, the IU encodes a reply acknowledging
receipt of the message and encodes any requested data. The IU also must act
on commands, which include mode changes (i.e., ground align to gyrocompass
mode), resetting discretes and analog forquing sense discretes. The IU con-
tains three S/D converters to convert the gimbal synchro outputs from analog’ to
digital., The S/D output signal is 14-bit, parallel, andis TTL compatible.
The IU employs TTL logic in standard 14 and 16 pm dual—mlme—pack 1ntegrated
circuits.

The KT-70 IMU gyros are dithered with a 200 pps 1:1 binary torquing
pattern, In other applications, a single IMU is mated direcily to a dedicated -
computer and each torque pulse is commanded individually. 1In this system, a
single computer services nine gyros on the three TMUs and the time requirement
for individusal torque commands would require too much time of each computer .
eycle. This system was designed so that the torqgue command to each gyro is.
stored in 5 shift-register and the comraand is constant until an up-date is
received frrm the computer. The shift-register for each axis receives torquing
information 50 times/s. Lo e e SRR




The accelerometer AV pulses are accumulated in registers which are
12-bit, up~down counters. The counters are located in the IU and are read in
response to a command from the PIU/computer.

F. Programmable Automatic Inertial Navigation
Test Station (PAINTS) |

This test facility is a part of the MSFC Electronics and Confrol Lahora-
tory. It comprises a Goerz rate table, HP-2116B computer, magnetic tape
storage, line printer, CRT display, and a single pin plotter. The PAINTS was
used to monitor all three KT-70 IMU systems simultaneously on the CRT in real
time. The HP-2116B computer was programmed to change data formats for the
different modes of platform operation. The HP computer also converted the
KT-70 data into engineering units for display and recording, This test facility
was invaluable in troubleshooting hardware and software problems and in
evaluating the KT-70 performance in real time.

G. PIU/HP-2116B Interface

The first major problem encountered was an attempt to send data from
the PIU fo the HP-2116B computer for data retrieval. One of the problems was
due to noise spikes on the PIU/HP-~2116B interface cable. This was corrected
by shortening the interface cable from 50 to 15 ft and terminating each end of
the cable wires with the proper matching impedance. The line driver chips in
the PIU were also changed to a different type to improve the data transmission.

“There was also a compatibility and timing problem in communications

between the PIU and HP computer, This was corrected by making some changes
in the PIU ouiput logic circuits vo the HP computer.

[V. MODIFICATIONS TO CSDL HARDWARE

A. KT-70 Torque Commands

Each time the KT 70 is commanded to enter the ground alignment mode,
the platform slews to the -90° position and computes the ¥ gyro drift term (DY)..
The IMU then slews back to the 0° headmg where the X gyro drift term (DX) is



computed. It was noted after several ground alignment runs that the DX and DY
drift terms were not repeatable to within the desired limits. The ground align-
ment computer program was analyzed and several changes were patched into the
program in an effort to solve the problem, but these changes were unsuccessful,
The hardware was not immediately suspect, since it was functional. After
observing the gyro torquing commands on an oscilloscope, it appeared that the
torque pulses were not stable. This signal is difficult to analyze visually since
the torque pulses are normally changing under dynamic closed loop conditions.
A review of the Singer Kearfott IMU specifications revealed a requirement that
the command/clock pulse rate he 200 pps with a clock stability of 100 ppm. It
was found from examining the IU prints that the 200 pps command/clock pulses
were derived from a 400 Hz free running oscillator, which was incapable of
maintaining the stability required by the specification. The original design had
attempted to synchronize the nominal 400 Hz clock by resetting the ost:illa’cor
every 20 ms with the request accelerometer update (RAU) signal, which was
available in the IU,

To correct the gyro torquing problem, a crystal controlled 400 Hz Gyro
Pulse Torque (Gypto) clock was fabricated and installed in IU SN-1. This clock
was derived from a 128 kHz crystal oscillator which was accurate to 10 ppm.
With this crystal controlled Gypto clock, several ground alignment tests were
made and the DX and DY drift measurements were repeatable.

Rather than add a crystal oscillator in cach IU, a modification was made
to run the 400 Hz signal from the master {iming count-down chain in the PIU fo
each of the fhiree IUs over separate lines. This provided a 400 Hz signal
synchronized to the signals used for the 471-CP2 interrupt and minor cycle
timing. The addition of synchronizing the Gypto clock to the 4mCP2 computer
minor eycles improved the accuracy of the Gypto pulse command.. This
modification corrected the Gypto commands and the DX and DY drift terms
were computed during each ground alignment run with good repeatability.

B. Interface Unit Parity Errors

- One of the most perplexing and froublesome problems encountered
throughout this program was the issuance of parity errors by the logic circuits.
When the 47~CP2 computer received a parity error, the computer ceased to
function and the test run had to be aborted. This occurred frequently and on

numerous occasions an abort was given after a test run had been in Progress
for 3 or more hours.. The problem was intermittent and seemed to be caused
by two sources. One source was the panty blt generator in the TUs, At one

10




point in the program, only one IU was consistently operational without issuing
parity errors. The problem was eveniually isolated to the parity bit generator.
This cirenit has a pulse feedback loop and the time delay in the loop was
extremely critical due to the high pulse rate. Integrated circuit chips were
changed out to correct the problem, although the integrated civeuits performed
normally. It was found that the parity generator circuit would function only if
the integrated logic chips were made by a particular manufacturer, The time
lag in the integrated circuits varied between manufacturers by a few nanoseconds,
which was enough to cause a slight phase shift in the feedback pulses. This
caused a mismatch with the input pulses and, therefore, a parity ervor was
issued,

The second source of parity hits was in the PIU +5 Vde power supply.
The power supply was heavily loaded and a constant +5 V output could not be
maintained because of insufficient voltage regulation. A voltage transient on the
60 Hz power line would cause a parity error and a resulting abort, The +5 Vde
supply was replaced by comnecting an external de supply to the PIU bus. This
power supply had more capacity and hetter voltage regidation than the smaller
PIU supply.

V. MODIFICATIONS TO THE CSDL SOFTWARE

A. Ground Alignment

The first sequence in the ground alignment mode is to slew the platform
~-90° about the azimuth or Z axis. The platform is then leveled and the azimuth
offset angle is computed. The offset angle will depend upon the initial heading
of the platform before the slew and the accuracy of the analog slew rate. The
offset angle i5 slewed out and the Y gyro drift (DY) is computed. When the
offset angle is large, the platform tilt can be affected during the offset slew. A
change was made in the ground alignment program to relevel the plaiform after
the offset angle was slewed out. This change resulted in better repeatability in
the ¥ gyro drift rate computahon when ﬂle oﬂset angle was relatively large.

After the DY computatlon is complete, the plat"[orm is slewed +90° back
to the nominal 0° heading. The platform is leveled and the X gyro DX drift rate
is computed without correcting for the azimuth offset,. which is- usually small.
A change was made in the alignment program o correct the azmmth offset at the
conclusion of the DX computation and the DX coniputation was repeated with the
corrected azimuth. This made a sllght 1mprovement in ihe computat"mn of the
DX term, :



B. Gyrbcom pass

The gyrocompass mode is entered automatically at the conclusion of
ground alignment. Azimuth offset correction at the conclusion of the DX compu-
tation in ground alignment also minimized the heading offset prior to entering the
gyrocompass mode. This reduced the time required to gyrocompass 1.0 the
desired azimuth,

The gyrocompass program was written to run for a preset time and then
automatically enter the navigation mode. It was found o be desirable to deter-
mine in real time when gyrocompassing had reached an acceptable level. To
provide this capahility, a switch was added to the front panel of the PIU. The
switeh was wired to the 47-CP2 interrupt DIN 22.

The computer program was modified to monitor DIN 22 and it remained
in gyrocompass until the switch was placed in the NAV position, The program
then entered the navigation mode. The time required to complete a gyrocompass
run ranged from 30 min to 1 h,

C. Navigation Program Changes

The navigation program computed the earth's radius as a function of
computed latitude. Since the test site was fixed, a change was made in the pro-
gram to maintain a constant earth radius.

The navigation program was written assuming that the gravitational
acceleration vector, due to mass attraction, pointed to the geometric center of
the earth. In reality, this vector points to a point below the geometric center
of the earth and it has two components. One component is perpendicular io the
equatorial plane and the second component lies in the equatorial plane and in a-
plane containing the test site and the polar axis.

- A change was made which computed the earth-centered inertial X and ¥
acceleration, due to mass attraction, as a function of the component in the
equatorial plane and the angle through which the test site had rotated since the
platform had gone inertial. The Z component was set equal to the component
perpendmular to the equatorial pla.ue. The result was that these accelerations =

“were computed independently of the latitude and longltude as oragma]ly computed o o

: by the uawgahon program
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The equations which clamped altitude, in the navigation program, were
eliminated to give a better insight into the veloclty errors, The altitude error
remained within an acceptable range for all tests after a correction was made
in the computation, which is discussed in the following paragraph. With the
altitude clamp, altitude errors were used to correct (or drive in a direction to
correct) the velocity errors which caused the altitude errors. In effect, the
velocity corrections were distributed onto the earth-centered inertial axes as a
function of the direction cosines of the test site radius vector in earth-centered
inertial coordinates. This made it difficult to determine the instrument errors
which had caused the velocity behavior because of the erratic changes in velocity
due to the clamp,

It was found that the major portion of the altitude error was generated by
computational inaccuracy. The computation of altitude from the position com-
ponents was accomplished by floating point, with a 32-bit machine. The first
9 bits were used for sign and exponent, leaving 23 bits for data, This gave only
7 place accuracy, which resulted in position error build-up. A change was made
to perform fixed point computation of the position components, with sealing to
obtain 8 place accuracy. The resuit v/as a greatly reduced altitude error, which
was due primarily to platform hardware errors.,

The navigation program computed velocities in the earth-centered inertial
reference frame. The velocities were then transformed to the loeal vertical
reference frame defined by the computed latitude and longitude. Changes were
made to the navigation program so that the velocity errors were displayed in the

actual earth-fixed reference frame at the test site.

D. Three~-IMU Navigation with Velocity FDI

It was found that when an attempt was made fo navigate with 3 IMUs in
the average filter, midpoint filter, Kaufman filter, or in the multinavigator
mode with velocity FDI active, sudden shifts in velocity errors cceurred.,
Analysis vevealed that insufficient time was available fo perform all of these
computations in a major cycle (200 ms). Changes were made so that the com-
putations were performed in different major cycles. (200 ms time periods).
This meant that FDI was performed with slightly different data than that used in
navigation, but was skewed apart by only 200 ms. The velocity and attitude FDI
~ -scheme is shown in Figure 5.
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E. Three-IMU Navigation with Attitude FDI

A similar problem to that encountered with velocity DI was found.
Again, the computations were skewed apart by one major cycle. This problem
occurred only when affitude FDI was performed every 200 s, Since no naviga-
tion values are used in attitud. FDI, no problem existed in skewing the
computations.

F. Two-IMU Navigation with Velocity FDI and Attitude FD]

A problem similar to that encoumtered with 3-IMU velocity FDI and 3-IMU
ati::xtude FDI was uncovered with 2-IMU navigation with velocity and attitude FDI.
Again, this was corrected hy skewing these compufations by one major cycle.
Thus, velocity FDI was performed in one major cycle followed by navigation in
the next major cycle and every 50 s the navigation cycle was followed by attitude
TFDI in the next major cycle.

A change wus made in the 2-IMU velocity FDI algorithm hecause the gyro
errors could not be detected. This was caused by the fact that the transformation
relating the skewed and non-skewed IMU reference frames was continually
updated by current gimbal angle information. Therefore, the velocity trans-
formation from skewed to non-skewed space and from non-skewed to skewed
gpace was always in agreement and gyro drift would not cause the velocities to
diverge, even though the platforms drifted apart. A change was made to com~
pute the transformation initially (after skewing one of the IMUs) and this was
used to transform velocities from one space to another in all subsequent velocity
FDI computations. 'The result was that gyro drifts would perturb the 2 s sum of
velocity and the skewed and non-skewed IMU velocity would drift apart when
compared to the same reference frame and detection was accomplished. The
navigation computations continued to use the transformation obtained from
current angle information.

Navigation performance was poor in the 2-IMU configuration due to the
gimbal synchro error (+6 min) and to the error in the 8/D converters. The
gimbal synchro output is used in the transformation for rotating the accelerom-
eter velocity outpuis of the skewed IMU into the non-skewed reference Irame.
This results in an error in the computed position of. the skewed IMU. This
same type navzgauon error is introduced by, and is very sensitive to, mlsalwn—
ment between IMU cases. The TMU case-to-case alignments were made while =
the IMUs were in the gyrocompass mode so that they could be ahgned together
as closely as was practlcal.
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A further effort to minimize the IMU case-to-case alignment error was
made using a software fix. This consisted of a transformation matrix for case-
to-case alignment, The element values for this transformation matrix were
determined from errors obtained during the first few seconds of a navigation
run and they were held constant for all subsequent runs.

The accuracy of the instrument compensation values was another factor
in the poor navigation for the 2-IMU configurations (this was a factor in all
navigation modes), The instrument compensation values were obtained from
calibration runs using the Singer Kearfott single IMU test station. The calibra-
tion program was coded for the 4v-CP2 computer from Kearfott equations aud
calibration of gyro mass unhalance was added to the program by MSFC. The
Kearfott calibration program was written for vertical IMU navigation in aircraft
applications. In this program, the MUs were inertial duving the navigation
runs, Inertial navigation in a 1 g field requires highly accurate instrument
compensation. It was demonstrated that small percentage changes in a single
compensation term produced significant error velocity changes during a naviga~
fion run. The results of this test program indicate that the present calibration
program does not have the capability to produce compensation terms to the
required accuracy for inertial navigation. It is our understa_ndlng that an
improved calibration program has been implemented by Keavrfott,

VI. FAILURE DETECTION, {SOLATION AND REDUNDANCY
- MANAGEMENT FOR THREE COLINEAR IMUs

Th- following is a descripsion of the veloeity FDI program for the single
navigator mode as implemented by CSDL. The velocity FDI program accumu-
lates accelerometer output data over a 2 s time interval,

’where I= IMU number and CAPI compeusated CAPRI data for IMU sl
'accumulated for 28, : N . S
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* The (3%3) velocity error ratio matrix is given by

[ AVave,s = APy
- o - (<4

o]

where I=IMU 1,2,3 and J = Axis X,Y,Z .

The total squared error for each axis is computed from the components
of the velocity error ratios as follows:

3

VTE, Z (VER)*

for J = Axis X,Y,Z.

The (3X8) isolation ratio matrix is then computed as follows:

(VER)®

ISR = (ISR) = {—“ﬁr‘]

)

for T=1,2,3 and J=X,Y,;Z.

Two levels of FDI are performed for velocity errors, 3o and rediine,
A failure must be detected and isclated at both levels before the . aﬁected ]MU is
soft fa:led and. l‘GlllOVed from- the nawgamon process. v :

_ The ﬁrst test performed is. for 3o Iallme detection. If ne error is
detected, the program is exited: If a failure is detected, then 3o isclation is.
attempted., Whether ox not a successful 3¢ isclation is accomplished, a redline
failure detection is attempted. If the rediine failure is not detected, the program
s exiteds “If detection is made, redline isolation is attempted Only if the red~
: .llme fallure isolation is successful W:Lll the: affected 1‘MU be soft fzulerl, ﬁherreby
removmg 11: from the nawga.tlon process. P : £




A failure on axis J is detected if the following velation holds:

VTEJ > KDJ

" where KD 5 is the appropriate detection level, 3¢ or redline, for axis J. A

failtu:e detected on a:‘;is J is isolated to IMU I if the following holds:

ISRIJ > KT

where KI is the isolation level constant, wluch is the same for both 3¢ and
redllne isolation.

VII. FAILURE DETECTION, ISOLATION AND REDUNDANCY
MANAGEMENT FOR TWO SKEWED IN\US o |

With two skewed IMUs, velocity FDI compares the measured AV of each
IMU with that of the other IMU transformed into its own space, This two velocity
FDI iteration is made every 2 s. A change was made in the computer program
to compute the velocity transformation matrix on the first pass after skewing
one of the IMUs. This transformation was then used to transform velocities
from one space to the other for all subsequent velocity FDI computahons in that
particular run.

Performing velocity FDI at the IMU level with only a 2 s velocity accumu-
lation limits the error level that can be detected, The accumulated error for
2 8.is small and it makes the detection of gyro and accelerometer bias shifts: - »
difficult. Therefore, unless the bias shift is large, it will not trip. the detectlon ‘
level and the bias will go undetected while the velocity ervor increases. There
also is a limit op the minimum detection level that can be set without exper- :
' "1e1101ng unwanted detec’ca.ons due to normal deviations. . S

Perfommng veloclty TDI at the state vector level would not Iimit ﬂle
type of errors that could be detected, - FDI at this level would be. accompllshed
with errors that had accumulated from the start of the navigation computatmn
and ﬁhe algorltlnn would be more sensitive to errors of all types. =

18



VIl1. NAVIGATION AND VELOCITY FDI TEST MODES

Test data were taken from three modes of navigation:

1. Three-IMU single navigator, using an average filter
2. Three-IMU multinavigator, using the mid-value filter
3. TWOQIMU ¥DI, average filter.

In the single navigator, the three operating IMUs are in a colinear con-
figuration, The velocity outputs from all three IMUs are averaged and the
resultant average state vector is used by the navigator, Velocity ¥DI is per-
formed as discussed in Section VI.

The multinavigator also operates with all three TMTs in the colinear
configuration, A state vector is computed for each TMU, the average state
vector obtained, and the mid-point filter then selects the IMU that is in hest
agreement with the average value., The state vector for this IMU alone is used
for the navigation ouiput, If the selected IMU deviates from the midpoint value,
another TMU is selected to replace it. Velocity FDI is performed at the state
vector level as described in Section VI; however, the velocity used is the total
velocity instead of only a 2 s sum from the IMUs.

The 2-IMU FDI mode is automatically selected when 1-IMU has a soft
or hard faflure. The higher mumnbered of the two remaining on-line platforms
is slewed to the skew position. The velocity from the skewed plaiform is then
transformed into the non-skewed reference frame, where the two AV vectors
are averaged for use by the navigator. Smgle instrument errors (such as. _
accelerometer biases) in the skewed platform ave propagated on all navigation
axes because of the skew geometry., Similar errors in the reference platform
are propagated on only one axis. :

Every test starts in the ground alignment mode which requires approxi-
mately 20 min to complete. The gyrocompass mode begins automatically at the
completion of ground slignment. Gyrocompassing continues until terminated
manually by operating a switch which sends an interrupt to the computer, The
time required to complete gyrocompassing depends upon the initigl azimuth
heading and platform {ilt at the time of entry. Time in the gyrocompass mode
ranged from 30 min fo 1 h and was determined by momtormg the IMTU outputs
on the system display CRT. When the NAV switch was operated, the computer

-switched from gyrocompassing to navigation, whereupon the IMUS ‘went mertial
and nav:tgaﬁon computamon began. :
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To simulaie a soft failure, an instrument miscompensation value was
stored in the computer memory, At a preset time during ihe navigation test, a
miscompensation routine altered the normal compensation parameters of a
specified instrument of a specified MU by a predetermined amount, In this
scries of tests only one parameter was altered during any particular run., 'The
program had the capability of aliering several parameters at various times as
specified, In all runs in this series, the miscompensation routine was set to
start at either 10 or 20 min after the start of navigation.

IX. TEST DATA SUMMARY

The 3-IMU test data are plotted for rums 1 through 8 (Appendix). The
conditions under which the tests were performed are given on each graph, and .
the miscompensation was applied 10 min after entering the navigation mode., It
should be noted that the time given on the graphs for error detection and isola-
tion is from the start of navigation. Therefore, 10 min (or 600 s) should be
subtracted from the time stated to determine the time reguired to detect and
isolate the applied miscompensation. Test runs 1 through 5 were made in the
single navigator mode using the average filter. Test runs 6 through 8 were
made in the multinavigator mode using the mid-value filter. The error detection
level and isolation ratios suggested by CSDL were used i1 all 3-IMU test runs.

Navigation runs 9 through 22 are plotted from daws taken during the 2-IMU
test configuvation, Test results for these and all other 2-IMU test rwis are
tabulated in Tables 1-4. Data from all test runs have noi been plotted since the
curves are repetitious. The test data for all 3-IMU test runs have been tabulated
in Table 5. The test data for all 2-TMTU test runs have been tabulated in Table 6,

Miscompensation paramefers were introduced in skewed and non-gkewed
IMUs and were applied at a preset time from the start of navigation, The preset
time was 10 min in most runs but some were timed for 20 min, The error
detection level was reduced by 20/1 from the value suggested by CSDL and some
other values were also tried, These changes were made to reduce the time for
valid detection and isolation without receiving erroneous ervor detections, The
isolaticn ratio of 0. 93 was the value suggested by CSDL: and it was held constant
for all 2-IMU runs. The velocity errors listed in the test results Ve, Vn, Vr,
are the East, North, and radial error velocities respectively, referenced to the
earth-fixed reference frame at the test site.
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X. CONCLUSIONS

The FDI algorithm performance was generally good. As was expected,
some miscompensations were more easily detected than others. In the gyro
bias miscompensation runs, the errors were correctly detected in almost all
cases. There were a few runs where the error was not detected because the
gyro bias caused a platform rotation about an axis that was near the local
vertical. This resulted in small changes in velocity errors that were at or near
the threshold of detection.

In the low gain accelerometer bias { BLX, BLY, BLZ) miscompensation
runs, the large biag errors of 0,1 m/s? were readily and correcily isolated,
The 0,05 m/s? miscompensation runs demonstrate that the miscompensation can
improve the IMU pervformance to a degree in some cases, As can be seen in
runs 39 and 40 (Table 2), the +0.05 m/ s? error was detected immediately and
the -0. 05 m/s? error was detected in 210 s. This can 2lso be seen in runs 44
and 45. The disparity in detection time is due to the imprecise IMU calibration
parameters with which we had to work and o the gimbal angle readout errors.
These tests show that an accelerometer bias of 0, 05 m/s® is easily detected and
that accelerometer biases of 0.025 m/s? are for all practical purposes undetect-
able, even though large errors accrue.

In the low gain accelerometer s2ale factor (KLX, KLY) miscompensation
runs, the algorithm was ineffective in destecting X and Y accelerometer sxrors
on the non-skewed platform, This was expected because the X and ¥ accelerom-
eters sense acceleration almost entively in the horizontal plane, When the IMU
goes inertial, small accelerometer oulputs build up, but they are relatively
small and a large scale factor error is required o generate detectable errors.
The 7 accelerometfer, however, senses almost 1 g on the non~-gkewed IMU and
an error of 9.1% 107% m/s/p (3 x 107 fi/5/p) was detected immediaiely, It
should be noted that this is equivalent to approximately 0,09 m/s? (0,03 £t/s%
hias error, since the Z accelerometer on the non-skewed IMU has an output of
approximately 1000 p/s/g. On the skewed IMU, all accelerometers sensc
components of 1 g and an error of 0,42x 10~ m/s/p (1.3815 % 107 fi/s/p) was
detected immediately in the ¥ accelerometer. The X accelerometer scale factor
error on the skewed IMU is significant, since this accelerometer senses a large
component of g,

The 2-IMU FDI gyro scale factor test runs show that detection and iscla-

tion were ineffective except for vevy large scale factor errvors. In fact, the
navigation errors due to this type miscompensation were relatively small.
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To optimize the FDI test resulfs, a substantial amount of time and effort
was expended to improve the accuracy of the IMU calibration parameters hefore
the FDI tes » . ~.m. Unfortunately this effort had to be cut short because of the
time requir_J and the approaching termination of the project. The number of
3-IMU test runs were limited due to the shift in emphasis to the 2~-IMU configura-
tion. Another consideration was the large number of varialles to be evaluated
in the 2~-IMU configuration and the fact that each test run reqguires 2 to 8 b to
complete,

Time did not permit all possible miscompensations to be evaluated, but
a representative number of runs were made in the most error sensitive param-
eters. After the selection of 0. 075 for the error detection ratio, further varia~
tions were made 1o increase the sensitivity of detection to reduce the time
required to detect an error. The error detection ratio was reduced as far as
possille, but the improvement in error detection over the 0,075 value was not
significant, The isolation ratio of 0, 93 was used throughout these tests and it
was very effective in isolating the applied errors to the proper IMU and to the
proper axis. Time did not permit evaluating changes in this parameter,

The 2-IMU velocity FDI test results are considered to be highly success~-
ful, even with the limitations in the IMU calibrations and the gimbal angle
readouts. Miscompensations applied in the sensitive axes were detected and
isolated in a timely manner and the velocity error build-up in the process was
held to a minimm,

Xl. RECOMMENDATIONS

Run 5 demonstrates a serious problem encountered when performing
veloeity FDI at the IMU AV level with colinear IMUs in the single navigator
mode, With only a 2 s sum of velocity to work with, accelerometer bias and
scale factor errors will not be detected unless they are sufficiently large to
trip the detection level. The only accumulative effect of the error will be
through the IMT mass unbalance compensation, which will cause a platform
drift, This requires a long time to build up sufficienily large errors fo trip
the detection level, although, the velocity errors increase rapidly.

Three solutions are possible for this problem:

i, Lower the detection level,
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2., Perform FDI using a AV accumulated over a longer time interval.

3. Perform ¥FDI downstreamn of the navigation computations at the state
vector level.

The first solution would lead to more false failures due to transients,
vibrations, ete., and would probably lead to unsatisfactory results.

The second solution means that velocity FDI would be performed less
frequently unless special precautions were taken. One means of getting around
this would be to make the computations on a sliding time scale or moving AV
value. This solution could have promise, however.

The third solution makes the. system movre sensitive to all errors and
should be seriously considered if the IMUs are kept colinear in the Shutile
system.

Run & demonstrates a serious problem with the multinavigaior rode of
navigation using the mid-value filter. As the mid-value filter switches from
IMU to IMU, transients result in the velocity error output, These transients
could cause perturbations in the guidance algorithm unless filtered out, A
golution to this problem would be to use the average value of the three IMU
state vectors in the guidance algorithm,

The 2-IMU velocity FDI runs demonstrate that gyro errors are readily
detectable when performing FDI at the AV level with the changes made 35
previously discussed, However, accelerometer bias ervors and seale factor
errors may or may not be detected, depending upon the magnitude of the error.
To increase the potential to detect these errors, velocity FDI should be per-
formed at the state vector level. This would increase the sensitivitv of the
algorithm to all errors. To detect gyro errors, it is necessary to frarsform
the velocities through a transformation determined after the skewed orientation
is obtained. The transformation is invariable in all subsequent processing.
The transformation used in the navigation process must be the current one
obtained from current gimbal angle information,

. The navigation system is less sensitive to errors in the skewed IMU.
This results from the fact that the individual instrument errors are distributed
on all three axes of the non-skewed system, It would prove advantageous then
to navigate with the IMUs in a skewed configuration if the gimbal angle informa-
tion is accurately known. o , -
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TABLE 1. 2-TMU FDI TEST, GYRO BIAS MISCOMPENSATION

MISCOMPENSATION APPLIED " RESULTS
- MU - ERBOR ERROR LLOCATION - : o o
F:\l%b.] ' BIAS OF ggg; VALUE | DETECTION o ;fslgn EATrEr)i VE M Ve
" L skewgn | MOV }6YRO | stag | MR | LEVEL — T no axis | ERROR | i sy | sy
' : WE - : N- | - o | - WS |
_ SKEWED (MING) SKEWED | ¢ ocvven ISEC) - I

10 X % 10 1 075 X Y . B0 | 40 | -102 | — 148
11 TR X 10 1 075 X v . 470, | =130 | ~- 1,31 — .342
12 ‘ "X Y An 1 .075 - X X 545 | =124 399 | — .08
13 X Y 10 1 075 X : COX 560 | — .874} - 188 | - .087
14 ) X "z 10 1 075 NPT DETECTED - ‘857 | 14.29 1,73
15 X : 2 10, (IR - X oy - 1565 308 | — 405 788
16 X z 0 -1 075 . : X X 2300 6.16 | —14.09 2,68,
17 X X . -1 075 X Y 750 | -13.62 [ 554 | — 015
18. X X 10 1 075 - X vy {63 | —1637]— .912 ] - 158
19 ‘ i X ¥ 10 - -1 075 X X © 850 [ - 203 | ~180 2101
20 X : Y 0. ~1 075 . X X 3350 |- 7844 | 423 86
21 T X : - 10 -1 075 X . ¥ 14700 | 3 158 841
22 SX Z ] 1 075 X ¥ 2910 | 163 | 333 413
a1 _ TX X 20" 1 .06 X ¥ 465 |- 123 | .1 33
! X : X 20 1 .06 X : v 485.. | — 184 | — 087 Rl
o S X Y 20 1 06 : X, X 535 |. .07 905 1.44
84 X Y 20 1 .06 X X 510 |- 167 [= 115 472
86 X -} 20 1. .05 X Y- . 410 | —'182 1 . 88 .335
87 X X 20 1. .06 : X Y | 205 - 144 ' 5
88 X X 20 1 .045 ¥ 14 130 |-~ 129

8g TX K an. 1 045 . X Y 175 ~.238

80 X Y 20 1 045 X X 560 | — 1.04.

92 X z 20 1 048 #07 DETECTED - 113

3 X Y 20 1 045 X X 280 | - 1.89 _

106 X Y 0’ -1 .06 X X 865 | — =237 |- .16 ag




 TABLE'2. 2-IMU ¥DI TEST, LOW GAIN ACCELEROMETER BIAS MISCOMPENSATION

- MISCOMPENSATION APPLIED : , RESULTS
run 1 1ML : CTIME D;’Fgégrot\l ERROR LOCATION |mmeTo |, v \.r
i | now- [Romeren g‘?ﬁ%’ vaLue | LEVEL MU : ISOLATE | TE -} N R
[ sxewEo | gewen [Bias | Ms? seemep | Hon- | axis | EERAR L s ) ows) | wrs)
- : SKEWED
23 | N E Qarx 20 A 075 X 4 J~-128 |- 81 32
24 .- ' _ BEX 20 .08 075 X 1840 43 [-274 .34
25 _' BLX 20 025 075 X 2850 165 |-—18.8 4.9
26 : BLXY 20 0125 075 X 2860 16.1 - 53 1.13
27 : BLX 20 00625 075 NGT DETECTED o - 15.6 . 333 474
.28 BLX 20 00625 075 NOT DETECTED : - | 754 | 166 174
29 : BLX 20 | —6125 075 NOT DETECTE _ - 505 | 308 119
4o L o BLXY 20 | .0125 .075 NgT DETECTED - 02 [ 34 a7
3 - BLX 20 —~025 - .078 NOT DETECTED - 306 35.3 " 585
O~ BLX 20 025 .075 ° X 1720 ~34 | -T145 1,49
‘83 : BLX | 20 -.05 475 . "X @ |~216 |~ 825 |- .10
35 , © BLX 20 -4 075 - X 0 |=29% [~ B4 | .19
. L BEX .| a0 -1 075 . X 0 [—-225 [~ .82 |- .18
37 | @aLy © 20 -1 .075 . Y o [ =300 ©o.20 07
- ' 'BLY 20 -1 075 . Y 0 [—294 {~- 513 |-"122
| ‘BLY 20 .05 075 . Y 0 |- 212 . 053 - 104
1V I _ BLY | - 20 —.05 075 . Y . 210 {—58 |—-.586 | 168
'S I I I - BLY 20 .025 .075 NGT DETECTED - 744 | 1349 21,6
ez B | BLY . 20 —.025 .075 NGT DETECTED - .10.7 24.3 1.4
e - ©OBLX 20 3 076 - : X 0 {—29 (- .83 |- .00
a4 | ' BLX 20 05 075 . b4 410 257 210 | - 288
S I S | . BLX 20 —.08 . TS . % 0 | -28 |-141 §— 092
a6 - “BLX | 20 | .05 075 . . b4 3310 44,28 1564 | — 475
a7z Lo BLX 20 -.025 .075 . NOT DETECTED - 07 . 17.1
a8 o _BLY 20 | .1 .075 a Y ‘6 | -z8 |—12 |- 23
a9 a " BLY .20 -1 075 'y Y 6 | -23 - 116 | - 213
i
o
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TABLE 2. (Concluded)

MISCOMPENSATION APPLIED

_ RESULTS
 RUN My TIME Deﬁiigrﬁm ERROR LOCATION . TIME TO v v v
NO. . g | FROM ISOLATE | E N R
_ NON. ACCEL START VALUE LEVEL iMu ERAO ] ;
SKEWED ROMETER - AXiS RROR
N SKEWED |pjAs {MINLY M/s? EKEWED sxhéeviéb (sEC) (M7s} {mis) __(ws),
50. . BLY 20 05 075 . Y 0 -22 |- &8 |- 25
517 . BLY 20 ~.05 075 . : TL 4 0 -23 | -113 196
52 . BLY 20 025 075 N{T DETECTED - 10.2 313 3,22.
53 » BLY 20 025 075 NPT DETECTED - 123 - | —107 2,15
54 o |®@giz 20 a 075 1 e z 0 ~ 197 | - 783 637
55 ‘. BLZ 20 -1 075 ] z . ~21 |- .69  .628
56 . BLZ 20 05 075 . z 0 ~28 |- .39 218
57 * BLZ 20 =05 075 . z 0 — 246 - 47 03
58" » BLZ 20 025 o756 NPT DETECTED - 320 95 | —18.2
58 . BLZ 20 —.025 075 NPT DETEGTED - 120 :{ 69 |. 24.0
€0 . BLZ 20 a 075 s 2 0 — 247 | — 37 37
61 . BLZ 20 - .075 . z 0 -28 |- 536 .026
62 .. BLZ 20 .05 075 . z o -25 |- g8 006
63 . BLZ 20 | —os 075 . z 0 -25- |- 112 235
64 ] BLZ 20 | .02 075 NPT DETECTED - 956 Mi1 | 136
®i( AX1S LOV GAIN ACCELEROMETER L!AS
.. (@ ¥ AXIS LOW GAIN ACHELEROMETER BA1S
@ 1 AXIS LOW GAIN AGHELEROMETER BIAS
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TABLE 3. 2-IMU FDI TEST, LOW GAIN ACCELEROMETER SCALE FACTOR MISCOMPENSATION
MISCOMPENSATION APPLIED RESULTS
RUN MU ACCELERE  TIME ERROR ERROR LOCATION TIME TO
Cc DETECTION v v v
NO. AL OMETER | FROM VALUEZ LEVEL MU ISOLATE E N R
- |SCALE START | FT/SEC?/ ERROR
SKEWED SKEWED |FACTOR (MIN.) | PULSE % B NON- AXIS (SEC) (M/S) {M/s) (M/S)
g SKEWED
65 o @®kLx 20 .003 075 NQT DETECTED = 15.7 8.4 6.4
66 . KLX 20 .003 075 . X 0 - 199 |- .358 442
67 . KLX 20 .0015 075 . X 0 - 178 | - .240 670
68 . KLX 20 .00075 075 . X 0 -197 |- .280 .290
69 . KLY 20 .00037 .075 . X 0 - 27 - 197 235
70 . KLX 20 .000185 075 . X 0 - 28 .330 .049
71 . KLX 20 .0000925 075 NQT DETECTED B -123 |- 205 10.3
72 . KLX 20 .00013815 075 . X 0 -239 |- 59 |- .016
73 . @y 20 .0006 075 . Y 1540 20.1 - 214 478
74 . KLY 20 |.0003 075 NQT DETECTED = 35.4 3.00 9.27
75 . ®K LY 20 -0003 .075 . Y 3945 5.68 19.42 94
76 . KLZ 20 .0006 075 . Zz 0 - 1.96 .0186 0138
77 . KLZ 20 .0003 075 . z 0 -172 |- .076 .201
78 . KLZ 20 |-0003 075 - z 0 -203 |- .39 |- .130
(1) X AXIS LOW GAIN ACCELEROMETER SCALE FACTOH
(2) Y AXIS LOW GAIN ACCELEROMETER SCALE FACTOF
(3) Z AXIS LOW GAIN ACCELEROJETER SCALE FACTOH
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TABLE 4. 2-IMU FDI TEST, GYRO SCALE FACTOR MISCOMPENSATION

 MISCOMPENSATION APPLIED | ' ' RESULTS

1 - - , “ERROR ' :

- RN o levro | TME lyaue | oetecTION ERTOR AT TMETO L wg. | v v
No. I T o [TORQUER|. FROM nomiNAL{ LeveL | MU ISOLATE | - °E N R
SKEWED | oyewen [racton | (min) |51 sxewen | _NON- | AXIS | SEEAR ) s | o) ) oas)

A : : A SKEWED

85 o |@Dkex 10 | +0 045 NOT DETECTED - 245 | 247 216
95 .. KEx | 10 +20 045 NOT DETECTED - - 571 |' =191 | 100
o7 v |@key 0 |[~+0 | s | NOTDETECTED. - 280 | -228 | .o74
o8 o | xex 10 ~50 .08 N{T DETEGTED - | —280 | —112 17
g9} . | e KGX | 10 —100 .08 . Y o -1.82 207 | — .160
0 | e : KGX 10 - =100 o . ' Y 30 ~1.84 -1.62 | ~-1.44
X 280 | —277 | -s15 |~ .088

402 : +«  |®xez 1w | -—100 o6 | .

"~ (@ XGYROTO HQllJER SCALE FATOR
@Y GYRO TORQUER SCALE FAGTOR
() Z GYRO TORQUER SCALE FAGTOR




TIME

& EOVA TYNEDIHO

3
g
&
e
s
K

IN RUN NO.._Z;. RUN NO._3_ RUN NO, 2 RUN NO. 5 RUN NO..E,
SECONDS YW Ve | VE VY VR | Vg Vy Vg Vi Ve Vy VR
' 0 006 | —-.008)_00t] w0068 |-.002| .wo28| 0027 |-~ .opee .Doza - 007 |- 0012 | - 0138

300 0333} Jas2)= .03 ] 033 |- 267 |- @421 p3s3 |- 25t 0032 0075] .0z07 |- 268,
€00 L1037 41 0236 209358 | - 48121 — 0245 J034 [— 538 L0009 2076 L1163 - 441
900" ,182 577 | oose| 997 |- am 0317 | 2184 [— 720 - 988 36| 276 |- 536
1200 266 282 0281 269 1764 L0872 .3854 [— .B57 -1.95 303 S8 |~ 549
1506 269 134 0059 593 0783  ,1345( 6304 |- 9355 ~2.86 303 | B9 | —d57
180D 75 181 Jp353] a0 372 | .aose| 9710 [— 9807 ~385 228 | 129 |= 290
2100 ' JA776] 1.308 738 Jn527 | 1406 | — 9167 ~453 0021} 189 |- 09584
2400 1.53 3.39 J398 | 1817 1,14 -5.22 543 |- 461 |— 731
2700 - 693 245 161 -5.85 278 ’ =358 |- 318"
3000 514 | 321 21
5300 :
2600
2900 -
4200
4500 .
4300

FODTNOTE SYMBOLS INDICATE THE OCCURRENCE OF
ERROR DETECTION & ISOLATION, THE TIME & VELOCITY
VALUES OF WHICH ARE BELOW

TiME VE Yy Y
2000 . 1458 0713 2,32
2260 NOT RECORDED

B2
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TABLE 5. (Concluded)

- TIME .

~IN
SECONDS

RUN NO, 7_

Yu Vg

RUN NO, 8
VN

RUN NG, — RUN NO. .

Ve Vi

RUN NO.

RUN NO,.—

0
300
£00
800

1200

- 0063

—0u37 | —0132

,00037 | 0075 | — 0057

- .1428

00247 272

033 |- =232

363

0722 | —.461

248 |- 393

503

208 . —.566

—=0695 | -1.15

@

— 505 - 523

FOOTNOTE SYMBOLS INDICATE THE OCCURRENCE OF ERROR
DETECTION & ISOLATION, THE TIME & VELOCITY VALUES OF

WHICH ARE BELOW
TIME Ve Vi Vg
@ 1075 2335 7o | —t27
@ 1375 \1280 - 222 | —141




TYNEDIEO

ab H00d A0

AITTY
&1 {OVd

113

TABLE 6. 2-IMU FDI TEST VELOCITY DATA
Tme RUN NO. 9., RUN NO. 10 RUN NO.JL RUN NG, 12, RUN NO,.— RUN NO.—
. SECONDS Ve Vy Vg Ve Vn VR | VE Vy Vg | Vg Yy Vg | VE Vy Vg | Vg Vy Vg
[+] A0005|~ ,00127] —~ 0049 .oo3 | - 004 .0008 0062 | — 005 | — 003 | — 002 |~ 0026 | — 0048

300 |- 516 |- 486 |~ 324 | -~ 402 | - 522 |~ 273 |- MBS — 564 | = 317 | — 497 |~ 517 |- 214

600 [— 121 |-1.37 - 334 | -6 -157 |- 2300 |-1.12 =171 - 368 | =121 [-1.45 - 21

900 |- 1,58 [-1.18 - 315 B4 | -154 |- 250 |-La4 -181 | — 384 | ~152 |- .0B6 |- .7145

1200 [~ 142 118 |- 233 Paoa |- se3 |- o058 @1,3 -1.3 -4 ‘3_-.,4-,- 383 0086

1500 (-~ B8 478 |- .082 728 | — 157 65 |—-1.3 ~1.65 - 47 —2.36 339 277

18010 033 H73 0812 —1.3 —-1.8% - 45
2100 L6 111 .350 -1.3 -214 |- 30

2400 21 .62 80 -1.3 -23 - 075
2700 5.2 23 114 —-1.45 2.4 23

3000 775 33 1.67

3064 | 105 4.3 2,26

3600 | 144 59 295

3300

4200

A500

4800

"FOOTNOTE SYIMBOLS INDICATE THE OCCURRENGE OF ERROR
DETECTION & ISOLATION THE TIME & VELOCITY VALUES OF

WHICH ARE BELCW

TINE Vg v Vg
[0) 1100 a0 ~1.02 T
] 1070 -13 -131 -3e2
@ 1145 —1.24 3.9 048
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TABLE 6. (Continued)

e RUN NO, 13, RUN NO, 14 RUN NQ..15. RUN N0, 5 RUN NO, 17, RUN NO.8.
SE_CONDS Ve Vi Vi Vg Vn Vg Vg Vi Vi Ve~ Vn VR Vg Vy Ve | Ve Vi Vg
' o} _.oopn| .00618! ooogs] -~ 0038 - (ODGS |~ 0092 00203 .00612{— 008G (| .. .po7if— 0039 00063  O082f  oo3s( ,o00%a(— O021(— nozg (- 0047
300 \— 48 |- .49 - 35 - 513 |- 596 |- 279 |~ 462 |. 555 [— 263 | - spo |- 54 |- a33 |- .4B2 - 583. [~ 247 |- B4 |- 85 [-.21
600 [~ gon 1467 |- 24 |—%o72 {~188 |- 233 |- gm0 l-vs7 |- 243 | 193 |- 169 - ows [- 105 |_qes |- s |22 |16 |- .S
900 .2 |-1.39 . |~ 194 | =026 | —-152 |- .64 |-1,17 |-1.78 -.182 | 151 |—1.97 Ja31 =334 |_q80 |- o8 ] ~164 [-177 |- 222
1200 [Qgzs b 206 - .00 {-oma | 077 |- wss [-m3 [ emi [0 | ia -3 | s |-958 | omes|- wies [Des |- 044 |- o185
1500 | _ 709 - 296 [. 127 A1t | 135 Ja70 | 093z |- .65 093 | - g2 |- 207 s (@, ., |- aa 7] oees 83 i |- 2z
1800 148 ‘270 427 | 138 |- 613 37 285 |-~ 348 E:[g
210 ZE8 547 J50 | 274 - 48 71 121 |~ 536 |- 132
2400 529 8,24 118 [@aq5 |~ 45 1078 272 |-803 | 135
2700 857 {1420 173 506 |-1209 | 233
3000 Dz [-126 2.8
3300
3500
3500
4200
as00
4800
FOOTNOTE SYMBOLS INDICATE THE GCCURRENCE OF
5?,{‘8?5”5;5%?“" ;‘1 JEsggéigﬁw, THE TIME & VELOCITY
TIME Vg Vi Vg
§ 1160 - 874z - ,1978 - Joarz
2165 308 | - .05 758
2500 616 | —4,09 2,58
g 1350 —13.62 554 - 015
1135 —183 | - 312 - .58
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TABLE 6. (Continued)

TIvE RUN NO, 18 RUN NO..20 RUN NO, 21 RUN NO. 22 RUN NO, 23 RUN NO.24
SECONDS Vg Vi Vg Ve Vn Vg Ve Vy Vg Ve Vi Vp Ve Vu Vg Ve VN Vi
0] .ooar|- .oza) - 03s |- o021~ ooze| .ooss| .ooos|- 0012)- woss| ooo|- oze| oo0s|  coos)— .oo1a) - .ovan]_ comyd- .oozel - 047

300 | . gos [~ 24| — 288 |- 523[- 48 |- a7 [-54 [-49 |- |- ss2|- Gw|~213 51 |61 |-a8 |- 500 |- me |- 2
B0 | 425 |- 352 |~ .225 |- 126 [— 1.46 {- .049 |-125 -1.4 - 202 |- 012 |- M7 |— 340 | 1,24 | 168 | - 06 |-136 - 171 |- 067
900 | _479 |- 418 |- 13 |- 161 |- 134 68 [—182 | -109 |- .83 f-15 |- 65 p302] 184 | —181 066 | 481 j-— 188 48
1200 f _494 (- 08 [-.021 |~ 138 |- w05 385 [—1,39 525 { 053 {- 1260 {- opaz| 2104(@q2m |- @ gz {oiga (- .3l a3
1500 [ @ag | -1ns8 a93 |- 671)  .aza] g5 |- B g12 | =23 |- =5 | 107 455 —14z |-488 | 9
B ) —aza j-211 572 154 | 136 | 103 303 | w13 530 597 ) 255 310 -8t j-o38 | 117
2100 5.8 ag2 | 147 @ 222 B85 | 129 - 57 |-137 | 138
2400 123 73 2,16 382 B840 162 A57 1 =178 202
Z700 214 | 124 2.95 656 | 134 28 206 | -218 | 248
3000 7. | 175 3,82 970 | 1as8 | 281 aes | -256 | 310
3300 430 | 243 503 132 268 253 hz [ -27s | 338
2300 sB.0 | -3z a.48 16,7 8,1 488 a1 -272 | 48
900 758 | 407 82 174 459 5.6 a4 | 262 | 6.3
A204 @
4500
4300

FOOTNOTE SYMBOLS INDICATE THE OCCURRENCE OF ERROR

DETECTION & 1SOLATION, THE TIME & VELOCITY VALUES OF

WHICH ARE BELOW

[ mme | Ve T vy | Vg
® 1450 — 283 ~i80 B2
6] 3950 784 423 8.6
(i1} 2070 131 158 843
@ 1510 16,3 333 413
® 1200 - 128 - A1 a2
® 3140 43 ~27.4 341
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TABLE 6. (Continued)

TmE RUN NQO. .25 RUN NO. 26 RUN NO. 2Z AUN NO, 28, RUN NO. 29 RUN NO, 20,
SECONDS Ve Vg Vg Ve Vv VYR | VE VY Ve { Ve Vy Vg | Y& Yy VR { Ve Vy Vg
] .ooos}  .oos7)— .0049)]  .op43g) - 0078 |- 0359 |- .0057| -~ ,0078)|— .0140| 00012 ,ooosy— 0087)— 007 |- .0039{— JOOD9S)— 0038 L0035~ 00915

0 |- 60 |- 70 §_ o0 |- 641 |- 588 |— 674 j_ g4 |- 67 |- .25 |- EBI |- gog |~ .1187|— BIB |- 6F6 [- 262 [- 6B |- 506 |- 265
600 |= 142 [_ 202 {— 186 |-1i56 |-161 |[— 855 |- 172 |-197 - a5 [-100 {-110 |- i@ 172 |- 145 |- 222 [— 1.B6 | -1585 |~ .268
900 |- 192 |- 226 §— 105 |- 2.2 -1.41 —-1.07 - 242 |-=211 017 [-1317 [=1.68 33 §— 244 |- 132 |- A7 |~ 292 |-L72 |- =232
1200 |- 188 |- 1.41 054 |-222 |- .9 [-113 |- 276 [-1.14 a84 |- a5 |- 50 683 |- 250 06 |- o3z |-30 {-35 |- .62
1600 |- .47 (- 395 { 26 |[-186 [-1.39 [-12T [- 228 |-1.11 456 o7 .14 489 |- 205 .79 238 |- 306 (-1.38 |- .04
1800 {- 81 |- gaz { S43 |-t [-281 =127 |_ q67 |-131 735 | 3.19 594 147 |- 115 321 516 |~ 27 |—&5 114
2100 {—~ .18 |- 888 | .83z |- 61 |-38 -4 |-101 |-135 105 505 1.09 197 |- 197 4.89 855 |- 23 |-as +33
2400 125 | -11.% 1.21 &3 |-48 -1.02 49 |- 88 1.45 8.37 177 2.67 18 681 127 |- 13 [|-425 572
2700 3,37 |[-13.3 1.69 278 |-5.4 - 82 283 |- 585 | 193 |12.24 261 3.33 4.4 8.83 1.74 73 |-4.8 85
ao00 [ B4 J-151 | 222 578 |-6.2 - .41 6.15 078 | 244 163 35 4,93 73 1.3 234 25 |-53 1.36

10| 78 |[-168 | 29 742 j-6z79 |- .24 gig | 1066 | 3473 {710 4.3 514 | 105 13.4 303 a7 |-58 1.8

3600 | 110 |-178 35 10.4 -6.0 a7 114 2.21 382 27.3 5.6 638 14,8 163 3.97 74 ~5.5 2.4

3800 | 147 |-~187 4.4 14.2 -5.7 76 15.6 373 474|338 6.7 7.68 1938 19.3 485 115 -52 ha |

a200 [Pior  |-167 [s3 (& |2z .58 40.7 Bac | 92 247 228 | 589 |2 |-as 3.9

4500 | 17.5 {-12.0 6.1 28.3 0.1 0.8 30.2 25 [722 192 ~-3.6 a8
4800 | 187 |- 7.1 653 569 12.1 27 36.7 20.6 867 |2428 [-2.38 5.86
65.8 14.3 188 -jaa23 3588 (1044 235 - .78 |705

75.4 1688|171 50.6 38 (19 347 107 |83

40,2 3.4 0.7

FOOTNOTE SYMBOLS INDICATE THE OCCURRENCE OF ERROR
.?VETEST,{BQ g; gfg;.vaﬂou, THE TIME & VELOCITY VALUES OF
TIME ve Vi Va
o) 2050 165 ~18.8 49
Q@ 4060 16,3 -53 1,13
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TABLE 8, (Continued)

Tie RUN NO, 31 RUN NO. 32, RUN NO. 33, RUN NO. 35 RUN NO. 25 RUN NO.—
SECONDS A T VE Vo Vel Ve vy Vel vg vy Vp | Vg vy vpl Vg Vg vy
0 oos|  woo3| - 019 | — 0038]- .006s{ - .009 o038]— 0003f — 023 |  oos| .o | w013| -~ go2| Wo07 | - 005

200 | - 67 |- 84 - 32 — .68 - %6 - 21 - 5B — 739 - 27 — J0 - B2 L ] — 63 | — 65 —- 24

600 | — 164 |- 1,73 - 37 —148 J-195 - 20 -1.51 -1.80 — 22 -1.91 -1.64 — .15 ~1,63 { —1.85 - 21

900 | - 231 |- 185 - J6 -251 - 2,25 - L7 —1.97 -190 - .10 266 | =1.74 - 04 =217 | —196 - .14

1200 | - 244}~ 59 J—-.31 |-26 |-138 |- .07 |*—215 |.- 825 | — a1 | ogg | - .68 M 225 | - 82 | — a8

1500 | — 1.91 2,10 - 20 =23 - 38 - 080 | —5,38 ~=2.10 57

1800 | - 1.03 446 { -~ D4 -1.57 ~ 65 - 25
2100 } - 049 7.71 a7 -1.15 — 885 — 49
2a00 [ 82| 98 | .9 |-.062 -1 8
2700 4,52 129 91 2,07 -13.4 1,18
2000 742) 114 | 142 1+ @
3300 10.73 18,35 204
3600 15.29 22,91 278
3900 20,07 26,8 3.66
A200 25.02 30.09 4,68
4500 | 306 | 383 | 585 i
4800 i

NOTES:

* INDICATES ERROR DETECTION & ISOLATION QCCURRENCE

(D ERROR BETECTION & ISOLATION OCCURRED AT
T = 2020~ SEE VELOCITY VALUES BELOW

TIME

Ve

V

Vg

0]

2920

34

—145

1.49
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TABLE 6. (Continued)

TIME

In RUN NO. 37 RUN NO. 38 HUN NO, 32 RUN NO, 40 RUN NO. 2L RUN NO, 42
SECONDS | Vg VN Vg Ve Ve Vp | Ve Yy Vgl Vg Wy Vg | Vg vy Vg | Ve vy Vg
0| —.002|~ .0026| .00ss| - .oo38] o3| — 009 woss| .oo3s| ~ ool - 01| .000s| - o0s7] oos| .ovas|— .oeaf— .o0a| - .ous| — o0s
0 |~ 73 -3 [~2i2 {77 |9 | 29| 81 |-75 | 28| -6 |69 (-3 |- g2 |- s [- a8 |- s |- s |- .23
600 § —1.61 [-141 |- 233 | w196 |-128 | — 28 | 185 |43 | — a7 | -~ 02 -8 | -3 |- 165 |-138 [- 0 |- 143} - 178 ) - 125
%00 | 220 [—137 |-.98 | —as8 |-10a | — 23] 211 | 338 | - .015] —z58 | w140 087 |- 24t |- 131 |~ 02 [—82) - 197] .oma
1200 _—3.00 <20 07 *—2.91 - 513 —1,32 |*_2,12 JJ53 J04 -2.74 — D26 258 | — 252 |- 1.08 A8 |- 170 | - 88 217
1500 O] 1.00 20 .00 |— 345 } - &2 28
1800 32 a9 ) 197 |-a8 |- s =2
2106 6,34 645 1,80 | - 614 682 333
2400 102 865 | 278 |-683] 170] 372
Z700 s | 12 | a7 |-635] 308 .37
3000 198 1,74 504 | — 601 4,62 370
2300 248 | 228 633 |— 524 | 6as| .41
3500 2310 | 322 | 795 |-388| sgen| .42
3900 a1z | 42 96 |—1.27 | 1139 .5¢
4200 437 | 56 116 256 | 132 | .32
€00 506 | 7.4 1377 | 2m| 165 | B3
4300 584 | 84 6.1 64 | 200 | .08
662 | 112 188 | 107 | 203 | tao
734 | 139 21,6

*OCCURAENCE OF ERRUR DETECTION & ISOLATION

OCCURBENCE OFERROR DETECTION AND I1SOLATION AT
OTHER THAN NOMINAL TABLE TIMES

I TIME

Ve

| Vu

[ Va

@

1410

=589

~586

.168
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rYNIDTEO

d

EIFIVOD
o HDV
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TABLE 6. (Continued)

TIve RUN NO. 43, RUN NO. .44 RUN NO._45 RUN NO, 45 AUN NO..47 RUN NO. 48,
SECONDS | VE Vy Vg | Vg Vy Vg | Vg Yy Vg | Vg Vy Vg | Vg Vy Vg | Vg Vy Vg
01 - o004 005 | — 004 003 | ~.004| .0006 oo62|  Jo03s{ - .ooai| - .o06|— .0003) — 013G .005{ — 005 |~ .0145 — 004 | — ,005{ — 004 |

300 | 13 | -14 -8 | ~71 | -89 j—20 |—867 |~915 | - 351 |~ 725/ 625|291} 58| g4 |~ 25|~ 76| — 734| - 214
B0O { _q85 [ —~19 — .17 —1.75 ~1.85 |- .1837 | —1.70 -2,04 - 234 | — 201 {— 191 - 309 { =148 —-478 | - .17 [ —1.682 —~1.94 | — 228
900 | 2063 | -203 | -1 | —2a45 | —200 |—.100 ) 244 {238 {378 —282 |—~202 | - 298]~ 188 | 186 | - 05| -220 | -270 | .- .99
1200 {29 |~.038 | -.01 |-212 (- 614~ 273 {256 |(-T41 | -—.082]—3.1 |[— B94| - 280 - 177 162 08 | *_24 -12 |- .123
1500 1,96 139 |~225 - 125 315 | <141 | ~278] —1.45 1.46

1800 (O] 073 115 | —240 | — 338 -2.46 289

2100 328 225 | —328 { - 401 -85 4,37

2400 6.43 347 | -4082 | — 387 { ~365 5,85

2700 10,48 486 | —484 | — 297 | -39 7.35

3000 14.83 834 | ~632 | ~ 18 | —a00 88

3300 193 7279 | S41 ] - & | -386 | 104

3600 250 9,58 =556 1.7 | —3.2 12,0

3800 3,15 | 113 ~55 45 | —-24 12,7

4200 37,35 | 134 52 817} =101 | 158

4500 e aa29 ! 1564 | 4751 1007 a1 | 17

48D0

*OCCURRENCE OF ERROR DETECTION AND ISOLATION

OCCURRENCE OF ERROR DETECTION & ISOLATION AT OTHER
THAN NOMINAL TABLE TIMES

TIME

V'

£ VY

VR

o

1610

57

2,10

-2,99
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TABLE 6. (Continued)

TmE RUN NO, 48 RUN NO, 50 RUN NO, 51 RUN NO. 52 RUN NO. 52 AUN NO.54
SECONDS | Vg Vg  ¥p | Vg Vy Vg | Vg Vy v ¢ Vg Vy Vg | Vg Vg  vp | Vg Vy Vg
¢!~ o0 005 | — 004 Jpos | - .00s 004 | - o3|  .o0s2] — o043|—~ o0 002 | — 014 003 Q06| 0006} — 005| .0022| — 0038

300 | -~ 63 |- .657 ) - 265| —~ 714! — 665 |~ 285 |~ 65 |- 69 |- .41 })- &9 |- B8 | —-.26 |- F25)— sE0f- .170 - G1B] — 626 | — ,167
BOO | —158 | —1.8B | 297 | —166 | -1.74 |- 313 {157 | 187 [ 08 |_ 168 |- 194 | — 27 |-188 |- 185 |- .99 | 145 | —290 ] on1
800 | —22 -247 | — =268} —22 —181 |- 310 | 22 -2.1 W48 (- 248 |~ 226 | — 23 (- 267 [~ 213 |- 021 | —1.86 {184 a3
1200 | *-2.3 —116 | — .213 [*=22 - 68 {—-.25 [“23 -1.13 Jd96 |~ 205 |- 95 | -4 |-28 |- s3 02 v 197 | — 742 637
1500 - 385 83 | ~02 l-126 |-28 276

1800 — 4.4 2.88 AZ6 ]~ 54 |- 346 541

2100 -~ 528 5,03 287 254 | - 629 802

2600 - 512 748 A8 536 |- 785 | 138

2700 - 41 102 J0| 828 {-s8608 | 2.0

2000 - 3.1 129 a7 123 | -1076 | 275

2300 - 18 168 12

3500 70} 182 158

2300 35 228 2,11

4200 6.7 27.0 2,62

4500 102 313 322

4800

l

*OCCURRENCE OF ERROR DETECTIDN & ISOLATIUON




TABLE 6. (Continued)

TIVE RUN NG, 55 RUN NQ. 58 RUN NO..5Z RUN NO. 58 RUN NO. 52
SECONDS Ve Vit Vi Ve Vi Vg Ve Vy Vi Vg Vi Vg Ve VN Vg Ve
Q|- 004 |- o052( - 0425| — 002 — 002 Q05 £0u78| -~ 0026) - 0046|0035 -~ .oD03(-~ .0136(— 0038 0035|-— .00B| - 002
300 ! — 4}~ 97 |—.18 - 689} — 53 }-245] -~ 69 | —-59 j~z28 | 72 ) ~377 |- 24 |- .B56)|-— 587 |- 303| - &3
% ﬁ%{ 600 ) ~150 |—~188 {—.03 | <180 ] 176 |- .80 =171 | —~i62 |- 27 |-176 | 148 |- 200 |- 167 |13 |- 314} <0
ro G 500 | —29 . | -1.61 248 | —255 | —179 [~ 059 | ~236 | -168 |— 20 |- 249 | -191 |- w085 |-231 |15 |- 255) 234
o E 1200 [*-21 |~ 16 _25 |-t o108 — 235 | - 512 |- .67
% g 1500 —~20 | -51 |—20 |-207 J-uor8)] 272
E:»} o 1800 -~ 86 | —54 |-41 |~15 |- 088 433
= Ho 2100 20 | - 24 l-ga a7 1 7.7
E% 2400 220 a8 |- soa a8 85 | 104
a 2700 6.2 703 |- 986 190 | 168 | 127
3000 8,23 144 (=116 3% 2.68 158
3300 1.7 243 |-132 6,18 3.81 18,6
3500 164 389 |-1486 8.13 5,17 214
3300 212 87 |-161 120 8.5 24,0
4200 27.0 75 [-1%1
4500 aau 85 |-1m2
4800
*GCCURRENCE OF ERRGR DETECTION AND ISOLATION
o
o
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TABLE 6. (Continued)

T'l’,‘:E RUN NO, §1 RUN NO, B2 RUN NO, 83, RUN no, 54 RUN NO. 55 RUN NO. B8,
SECONDS VE  Vy VR Ve YW Ve | VE VYV Va | Ve VN VYa | VY& Vy Vg | V& Vy Vg
0§ - 004 005 | — 004 | .00012|—- o042z - 028 | 00012 .ooous{- 0087 | 003 |- .o04 [- 00D 004 .o022| - ,0038{ - .e057| .0D226(-- .0740

300 |~ .72 }— 579 | -~ 294 |- 632 |- 602 |- .24 -2 |-676 |-212 |-66 |- 52 |- 21 |- .m57 |- 857 |- .0382| - 48 |- Go2 K- 154
BOO | —382 |—.62 |- 74 |-188 }j-174 | -161 |-t68 |-t83 |- .61 |-1613 |- 151 |- 09 |- 157 {-188 23z | -1.467 |-153 0026
000 | 257 [~172 | — .100 {-2.37 |-188 | —.717 |-243 [-202 |- .41 l-233 |- 188 158 [~ 2,00 | --1.92 SE6 f-2,01 |-1.53 197
1200 | w28 -5,36 026 |~28 — 618 a6 [-250 |-17a 235 {-233 |- 175 J305]-- 182 | — 743 o0 |—198 |- .3ss 442
1500 -28 — 485 | —137 |- 140 | — &45 | 1.288

1200 =312 |- 13386 |- 301 |~ .42 |- 58 1.78

2100 =318 |- 147 |- 497 15 55 233

2800 -256 |- 159 |-~ 634 25 758 2.89

2700 —t00 |-152 |- 7580 5.1 1.98 3.61

3000 + 566 |- 118 |~ 95 8.02 2,8 45

3300 27 - 74 |—-109 M3 5.8 54

3500 5.8 23 | -123 157 8.4 6.4

35300 9.8 14,11 | —136

4200

4500

ABOD

*OCCURRENCE OF ERROR DETECTION AND ISDLATION
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TABLE 6. (Continued)

N RUN NO. 57 RUN NO, 68 RUN NO..59. RUN NO, 70, RUN NO.2% RUN NO.Z2.
seconps | Vg Vy Vg Ve Y VR | Ve VYn VR | VE Vv VR | Ve VW Vg | Vg vy vg
ol - .o .006 LO006|  L0005)] - 0ot ) - 005 | — 007 — 004 | L0006 L0005| — 001 | — 005 | ~ J00SB{ 0022 — .0D38| — .002{ — .0026) 0055
300 ) -~ 56 |~ 55 1 —.126 |~ 618 | — 56 | ~.195 ) ~.798) — 696 |~ 119 |~ 745 | — 516 | - ,181 | ~ 66 |- g4 |- 22 — .B8R{.— 619 [- .25B
600 | —1.32 | -156 2121 | - 015 | — 016| - 067 | 179 | 159 |— 0209| 197 | ~136 | - as9 | 167 | -168 |- .20 | 167 {72 |- .218
50 | -1.86 | ~140 A22 | —207 | —142 18y 25 | —1.48 083 | 270 | ~1.15 | - 085 | -=37 |—o2 | -.12 -233 | =185 |- .151
1200 | *~178 | - .24 &7 %197 | - 28 28 f*—a2y |- 07 235 {281 33 049 { —247 (- 48 |~ 015 (*-239 ( — 59 |- 0158
1500 ~365 | 1,38 1.49
1800 -432 |-218 2,62
2100 ~-603 [-271 | 382
2400 —-48 -348 521
2700 =387 |-3a7 B.55
3000 -281 |[-3.08 7.76
3300 -132 | -237 9,07
. 3600 -123 | 205 103
3900 )
4200
4500
4800

*OCCURRENCE OF ERROR DETECTION AND ISOLATION
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TABLE 6. (Continued)

T',:‘JE RUN NO. 23 RUN NO. 78 RUN 0. 75 AUN NO. T8 RUN NO.TZ RUN NO., 78,
SECONDS Ve Vn Vj Vg Wy Vg Ve Vi Vg Ve Vy Vg Ve Vo VR | YE VYn Vm
a 206 |- .005 | — .008 |- .0038] - 0025 | — 00a1] .o005|- .001|- .00 |- .0038| .0035]-— 009 | — 004 004 | - 014 | - 004 .00z | - 009
300 606 |— 70 - 17 |- 647 | -~ 617 - 2 ] - 381 - 72 {-.2 — 729 - B0B | — 251 - 55 - 56 - 238 | - B2 - 55 | - .28
500 {— 1,47 |-1.86 — 0388}~ 1,652 | ~i58 - 138 | ~1.87 - 1.83 042 1-151 -1.49 - 212 =141 -157 | - .14 | —-1.56 -1.58 - 2B
900 {— 204 | ~2,02 ~ 07869}~ 2,09 ~156 0285F =263 1.95 nzn | -2,02 ~1.36 ~ 144 -1.84 =144 JO4 ~2.09 -—_1.59 - 23
1200 | = 2,00 |- .80 208 |— 207 — 28 w20 —2.86 ~ 809 449 .—1.96 0186 0138 '—1.72 - 076 20 '—2.03 - 38 - 13
1500 726 | ~1.01 J06 |- .53 03 51 -3.57 - A2 657
1800 4.2 —-1.45 T4 1.67 - .11 96 —-41.10 - 887 826
2100 { 832 |-1.68 226 411 a5 | 167 | -a2 |- =238; 974
2400 13.7 —1.86 3.36 7.57 21 231 5,3 246 1,072
zio | @D 12,06 52 326 | -5.0 8991 1.8
3000 16,83 S1 A437 -4,9 1,95 1,30
3300 2178 141 5.74 -47 29 136
3600 28.27 2.16 7.35 —-357 472 1.42
3800 35.44 3.00 8,27 ~1.28 8,39 133
4300 - .03 108 132
4500 1,38 | 129 | 128
4800 451 175 .89
[€))
i

*OCCURRENCE OF ERROR DETECTION & ISOLATION

GCCURRENCE 07 ERROR BETECTION AND ISOLATION
AT OTHER THAN [ZOMINAL TABLE TIMES

_ TIE 1 Vg vy Vg
O] Z7ab | 204 -2 | 478
@ ' 5145 I 5,68 19,42 .54
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TABLE 6. (Continued)

T',hrgE RUN NO. 81 RUN NO. B2 RUN NO. 83 RUN NO, B4 RUN NO. 85 RUN NO. .87
SECONDS YE  Vy Vg Ve Wy Vg Ve Vi Vg Ve  Vy VR Ve Viy Vg Ve  Vy VR
0 |- o053 |~ ,00i6| - .0184] .008 { —.003 | — 005 | — 004 | - 005 |~ 008 |- 005 0022 § — 014 | — 004 005 | - 004 [— 00012 0000( - 0087
900 |~ 650 {- 57 |—.236 |-69 | -60 [{—,26 |{—-64 |64 |-082 |-102 |-75 |-232|-68 |-511|-28B|-71 {-a8 [- 208
600 | =166 |-18 - 221 | 155 | 161 | — 27 | -1,38 |—180 57 | -190 |-163 | — ;475 § -172 | -133 | — 495 [-1,84 | ~238 |- .117
900 | -2,26 1,56 - 137 —-2.22 -1.63 - .20 1,77 —~1.93 405 | -2.60 -1.61 — 071 -2,34 ~1.15 ~ 105 |-2.67 -2,88 058
1200 |-234 | -42 {— 028 | 246 | — 387 | -9 | -188 |- 25 724 |27 |- .26 Ja021f -251 |~ =28 033 |-297 | -216 26
1500 43 | —28 .16 ~2.10 | - 037 Sz - 99 308 1.10 -23 - .03 |- .31 -2,13 B1 231 o
B0 | O @ @ @ ®
2100
2400
2700
3000
3300
3600
3900
4200
4500
4500

FOOTNOTE SYMBOLS iNDICATE THE OCCURRENCE OF

ERROR DEYECTION & [SOLATION, THE TIME & VELOCITY
VALLIES OF WHICH ARE BELOW

TIME Vg Vn Vg
1665 1,23 a1 33
1685 -1.64 - 087 .16
1735 071 8,05 144
1710 167 - 115 472
1610 -1.82 9B 335

. 1495 — 144 -2,11 55
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TABLE 6. (Continued)

T RUN NO. B8 RUN NO. B8 AUN NO. 20 RUN NO. 92 RUN NO. 23 RUN NO..35
SECONDS | Vg Vy Vg Ve VYW VR [ YE Y Vg [ VE Vn Yy | VE Vg Vg | Vg Vy vy
6| .o067| - .005 | - .o0a3{ — 007 | _ ooa| .ooos| - .000| .ooas|_ oos2|— .0036| - ovos|- 136 | 0005 | - 001 | - 005 | - 006 | 008 |~ 004
300 [ — &1 — .69 - L1581 —~ J021 - 656 | — 264 — 676 |- 701 |- 278 | — 741 | - ;777 |- 188 |- 66 — 45 — 21 — .63 - a7 ~ .17
600|148 |-214 |09 | %7 | 163 | 220 | —1.69 | 183 |- 273 |76 | -2i8 |- .1080 |17 | ~22 {1 | 132 | 2z |- o747
800 | 195 |-z38 |- 004 | -227 | 149 |-161 | 234 |16 |- 220 |26 | —zae 035 |—220 |-249 {01 [-231 |-242 | .05
1200 | 477 | -1.43 4 | =200 § 10 |-.130 | —247 |-~ 578 |~ 137 | -261 | =138 231 | 233 | —1.43 2t | -259 | -1.18 234
w0 @ @ -1,93 .030 o8 | —2a2 | -108 a5 | @ 213 | -85 | ams
1800 @ —1.37 - .67 .78 =141 — 81 779
2100 - 57 | +. 007 | 113 ~ .49 | - .51 118
2400 1,13 296 1586 1.03 0185{ 152
2700 245 | 2a7 | 235
3000
3300
3800
“ asn
4200
4500
4800

FOOTNOTE SYMBOLS INDICATE THE OCCURRENCE OF FRROR
DETECTION & ISOLATION, THE TIME & VELOCITY VALU.SS OF
WHICH ARE BELOW

| mme | ve Jwyw | vg
1330 128 A 24
1275 -233  _o3s -o53
1760 Y 085 219
180 188 179 aa




TABLE 6. (Continued)

<1

THE RUN NO. 85, RUN NQ.8Z_ RUN NO. 28 RUN NO, 28 RUN NO.191 RUN NO,102
sscoNps [ Vg Vn VR Ve VYW Ve | V& VYW Vg | V& Vy Va [ Ve Vy Vg | Vg Vy Vg
0 |- .0085)~ 0020 | — 023 006 | ~ 008 | — 009 |~ 00714 — 00303 .00g ooo1}  .9010| — o19] _ oosl — .0008| - o13e]| — 006 | — 00a | _ 014
300 { ~ 703 [~ 782 |~ 200 | —1.05 | ~103 248 }— 661 |- 699 [~ .70 | .m0 |- 92 | — 22 | _ ops| -~ 631 | .003| 06 |- o5 | 25
€00 | 1,81 -2,18 - 134 ~1.86 -2,0 4899 |-1.7 =2.03 —~ 048 |*_182 —~2,07 - 16 |* —194 | —~162 | _4.44 ~1.81 =178 — .21
800 | —2.49 |.26 |- .005 |-26 [-23 113 |-5 —2.12 .16 —255 | 420 | - a3
1200.{ 264 |-1.61 a5 | —-28 ~2.28 074 [-27 —1.08 371 0]
1500 | —221 ]| -1.74 364 2.5 -1.12 517
1800 | —143 |-1.97 512
2100 J - 571 |-191 | 100
2400
2700
2000
3300
2600
3300
4200
A500
4800

*+ CCCURRENCE OF ERROR LETECTION AND ISOLATION AT
OTHER THAN NOMINAL T#SLE TIMES -

|TII\.'IEIUEI

Vi Va

0]

a4g0

=237

-E.15 -,086
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TABLE 6. (Concluded)

TﬂgE RUN NO. 108 RUNNO.__ RUN NO. RUN NO. RUN NO, . RUN NO,
SECONDS VE Vu VR Vg Vy Vr Ve Vy VR Vi Vi Vg Vg Vi \{:] Vg Vn Vg
0] —-0u04]—.005 - 004

2303 ¢t - 75 -~ 85 - .15

60 | —1.91 —-1,73 - L0

9053 | 270 -1,72 w0

1200 | -2.80 - 38 A5

1500 | —-2.49 - 25 .31

won @D

2100

2400

200

3000

3300 L
2600

3500

4700

A560

ABDD

FOOTNOTE SYMBOLS INDICATE THE DCCL'RRENCE OF ERROI.
DETECTION & ISULATION, THE TIME & VELOCI'TY VALUES OF

WHICH ARE BELOW

TIME

Vi

Vo

VR

@ 1565

—-237

- 15

.38
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TEST DATA CURVES
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Velocity (Meters/second)

RUN #1
Single Navigator
Average Filter

VDI
No Miscompensation
Error Not Detected
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RUN #2

Single Navigator
Average Filter

VFDI

1°/hr X Gyro Bias

On IMU #2Z

10 Minutes into
Navigation

Error Detected and

Isolated @ 2000 seconds
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Velocity (Meters/second)

-1

RUN #3
Single Navigator
Average Filter

VFDI

+0.03% Z Accelerometer Scale Factor Shift
on IMU #1

10 Minutes into Navigation

Error Not Detected
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Velocity (Meters/second)

-1

RUN #4
Single Navigator
Average Filter

VFDI

+0.03% Y Accelerometer Scale Factor Shift
on IMU #3

10 Minutes iuto Navigation

Error Not Detected
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RUN #5

Single Navigator
Average Tilter

VFDI

0.01 M/S2 X Accelerometer Bias

on IMU #2

10 Minutes into Navigation
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Velocity (Meters/second)

-1

RUN #6
Multinavigator
Mid-Value Filter

VFDI
No Miscompensation

Error Detected and Isolated @ 2260 Seconds

Time (Minutes)
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Velocity (Meters/se

RUN #7
Multinavigator
Mid-Value Filter

Vel

1°/hr Y Gyro Bias

on IMU #1

10 Minutes into Navigation

Error Detected & Isolated @ 1075 Seconds
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Velocity (Meters/Second)

Run #8
Multinavigator
Mid-Value Filter

VDI
+0.01 m/s“ X Accelerometer Bias Shift
on IMU #2

10 Minutes into Navigation

Error Detected & Isolated @ 1375 seconds
Error Isolated to Y Axis, IMU #2
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Run #9

2 IMU FDI

VFDI

No Miscompensation

Error Not Detected
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Velocity (Meters/Second)

Run #10
2 IMU FDI

VEDI, EDV = 0.075

+1°/hr X Gyro Bias Shift
on Non-Skewed IMU

10 Minutes into Navigation

Error Detected & Isolated @ 1100 Seconds
Error Isolated to Y Axis, Non-Skewed IMU
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Velocity (Meters/Second)

Run #11
2 IMU FDI

VFDI, EDV = 0.075

+1°/hr X Gyro Bias Shift
on Skewed IMU

10 Minutes into Navigation

Error Detected & Isolated @ 1070 seconds
Error Isolated to Y Axis of Skewed IMU

Time (Minutes)
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Run #12
2 IMU FDI

VFDI EDV = 0.075
+1°/hr Y Gyro Bias Shift

Velocity (Meters/Second)

- o | I 0 0 B on Non-Skewed IMU
[ 8 O 0 D I 0 1 10 Minutes into Navigation
b 1 [T‘, ‘i |
I — Error Detected & Tsolated
— e @ 1145 seconds
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Velocity (Meters/Second)

1
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U
N

Run #13
2 IMU FDI

VFDI, EDV = 0.075

+1°/hr Y Gyro Bias Shift
on Skewed IMU

10 Minutes into Navigation

Error Detected & Isolated @

1160 seconds
Skewed IMU

Time (Minutes)
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Run #14

2 IMU FDI

ion

Shift

+1°/hr Z Gyro Bias
on Non-Skewed IMU
10 Minutes into Navigat

VFDI, EDV = 0.075

Error not Detected
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2 IMU FDI

Run #15

Error Detected & Isolated @ 2165 Seconds
Error Isolatad to Y Axis of Skewed IMU

VFDI, EDV = J.075

+1°/hr Z Gyro Bias Shift
10 Minutes into Navigation

on Skewed IMU
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Velocity (Meters/Second)

10

=10

=15

-20

Run #16
2 IMU FDI

VFDI, EDV = 0.075

-1°/hr Z Gyro Bias Shift
on Non-Skewed IMU

10 Minutes into Navigation

Error Detected & Isolated @ 2900 seconds
Error Isolated to X Axis of Non-Skewed IMU

{ T T T
! | I
Lt I
! I W | T =
| N ;\l 1
T I T ‘H ::_/JI
i 1 TTIT A
i Do e et
1 o | HHHHHEH Ef—++ .
Jil O 1 1 T 1 ! T !
L O I 15| ! I i | I I
] =l | 1 { ] 11 A R i
1 W] |1 B O D 1 | P | —_— |
o T e e e
O 11 | 1. '?11 ‘lJ’ i |
- I TP ! i
| H bl | [ 4 G 1
! i 1 | all 1] ¢|' | Il
; e : - i -
1 | '
| 83 O O L i | i
| i ! N 5. s [ |
| I P 0 T | il
I | 11 | | 4
H b U Y - ““
g ] 0 T
: i +
T I ! N 1 T
N\ ! S
| i N I
1
] . % t —
NN —
N\ |
N\ 4 | I
N I IR
| { I
t 1
T L b B 551 e
il ! N !
2 3 N T B I W 4 1
) I N
= b, e 1 ! 1
=+
i — DETECTION —f ]
: : o & ISOLATION- |-
———e s — o — 4 ‘; -
e — i e
e I ) 3 S SA N ) E
0 10 20 30 40 50 60

Time (Minutes)

63



64

Velocity (Meters/Second)

-i5

Run #17
2 IMU FDI

VFDI, EDV = 0.075

-1°/hr X Gyro Bias Shift
on Non-Skewed IMU

10 Minutes into Navigation

Error Detected & Isolated @ 1350 Seconds
Error Isolated to Y Axis of Non-Skewed IMU
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Velocity (Meters/Second)

Run #18
2 IMU FDI

VFDI, EDV = 0.075

-1°/hr X Gyro Bias Shift
on Skewed IMU

10 Minutes into Navigation

Error Detected & Isolated @ 1135 Seconds
Error Isolated to Y Axis of Skewed IMU

Time (Minutes)
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Velocity (Meters,'Second)

g

-15

=20

=25

Run #19
2 IMU FDI

VFDI, EDV = 0.075
-1°/hr Y Gyro Bias Shift

on
10

Error Detected & Isolated @ 1450 Seconds

Non-Skewed IMU
Minutes into Navigation

Error Isolated to X Axis of Non-Skewed IMU
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Run #20
VFDI, EDV = 0.075

2 IMU FDI
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Run #21
2 IMU FDI

VFDI, EDV = 0.075

-1°/hr Z Gyro Bias Shift
on Skewed IMU

10 Minutes into Navigation

Error Detected & Isolated @ 2070 Seconds
Error Isolated to Y Axis of Skewed IMU
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Run #22
2 IMU FDI

VFDI, EDV = 0.075

+1°/hr Z Gyro Bias Shift
on Non-Skewed IMU

10 Minutes into Navigation

Error Detected & Isolated @ 3510 Seconds
Error Isolated to Y Axis of Skewed IMU
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