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I. INTRODUCTION

This report documents results of the redundant strapped-down
(strapdown) Inertial Navigation System (INS) preliminary design
study conducted by Litton Industries Guidance and Control Systems
division under contract number NAS1-13847 for the NASA Langley
Research Center (LaRC). This study is part of the LaRC VTOL
Automatic Landing Technology (VALT) program. The purpose of the
VALT program is to foster the development of the various tech-
nologies needed by the VTOL aircraft in an intra-urban setting.
Low-cost, highly reliable avionics are essential for the economic
viability of this mode of transportation.

One means of achieving lower costs for both VIOL and conventional
aircraft is improved integration of avionics functions. Cur-
rently, there is considerable interest in replacing the multiple
flight control sensors of a typical, modern commercial aircraft
with a skewed array of strapdown inertial navigation sensors,

and using redundant computers to perform multiple functions such
as flight control, air data, and strapdown navigation. Net cost
has been shown to be less than current, non-integrated systems.
Inertial navigation capability is thus available without addi-
tional cost. This integrated avionics approach depends upon
redundancy to achieve the reliability needed in flight control
loops. VTOL and other modern aircraft will be designed to depend
upon the flight control avionics for their flight stability in
order to achieve various performance and economic improvements.
Thus, flight control system reliability and flight safety depend
upon integrated avionics reliability. Thorough analysis of
skewed sensor system reliability, then, is essential.

This redundant strapdown INS preliminary design study demonstrates
the practicality of a skewed sensor system configuration by
means of:

e Devising a practical system mechanization utilizing proven
strapdown instruments.

e Thoroughly analysing the skewed sensor redundancy manage-
ment concept to determine optimum geometry, data process-
ing requirements, and realistic reliability estimates.

e Implementing the redundant computers into a low-cost,
maintainable configuration.

e Providing a practical, maintainable packaging concept
suitable for airline use.

e Estimating system size, weight, power and cost for a
production system configuration.
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The redundant strapdown INS design is founded upon proven strap-
down gyros and accelerometers used in Litton's LN-50 developmental
strapdown system. This system, undergoing flight test at the

time this report was written, is proving the practicality of
strapdown navigation using two-degree-of-freedom (TDF), tuned-
gimbal gyroscopes. These gyroscopes are an extension of the type
of instrument used on a wide variety of production, gimballed
inertial systems manufactured by Litton, and other companies.

They employ conventional, non-exotic techniques very close to a
production configuration.

The TDF capability of these tuned-gimbal gyroscopes is partic-
ularly suited to a redundant system configuration. A fail-
operational/fail-operational (fail-op/fail-op) system can be
achieved using only four gyros versus six single-degree-of-
freedom instruments. Tuned-gimbal gyro costs are quite low
compared to present forms of exotic instruments, resulting in a
particularly low cost for the high-reliability, redundant system.

The compact size of the tuned-gimbal gyro lends itself to a
redundant system, resulting in a small net configuration. This
is useful in solving aircraft installation problems, improving
maintainability, and in assuring the required gyro-to-gyro me-
chanical alignment stability needed for accurate strapdown
navigation.

The preliminary electronics estimates of the remaining system
constituents are based on current technology. Extensive tech-
nology extrapolations are not employed. The size and cost esti-
mates presented in this study are thus very realistic for
application of such a system into airline use in the early 1980's.
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II. SUMMARY

2.1 General Program Description

This report documents the preliminary design of a redundant
strapdown navigator using four, two-degree-of-freedom, tuned-
gimbal gyroscopes. NASA/Langley Research Center requirements
defined in Contract NAS1-13847 are for fail-operational/fail-
operational reliability with a failure probability per 0.5 hour
flight of less than 10-6. Accuracy is required to be 1.03 m/sec
(2 knots) with radio aid updates having drop-outs up to 60 seconds
in Quration. Exceptionally low system cost is a firm requirement.

The fail-op/fail-op navigator designed to meet these requirements
in this study has been configured to consist of four, inter-
changeable plug-in units for lowest cost. Each unit contains one
channel of hardware consisting of a TDF tuned gimbal gyro, two
linear accelerometers, a computer, and a power supply.

The gyro/accelerometer axes are skewed within each chassis so
that when the four channels are installed as shown in figure 2-1,
the four gyro, eight accelerometer axes are distributed in space.
This distribution assures that normal operation continues regard-
less of which two sensors fail. A precision alignment block
would be located within the central core of the array. Thus,
accurate angular registration between instruments of the four
channels can be obtained easily.

Some applications may require a physical separation between
channels to reduce overall system susceptibility to a common
disaster. Other solutions to this susceptibility are preferred,
however, such as proper location of the units in the aircraft
and/or structural and thermal isolation. If these methods are
not adequate, the four channels can be split into pairs as shown
in figure 2-2. Stiffness of the aircraft must be assured or the
reliability and performance of the second fail-op level are
significantly degraded. Added software is also needed if pre-
cision boresighting between location is to be avoided. This
report concentrates on the preliminary system design for the in-
stallation method of figure 2-1.

The system characteristics for the full fail-op/fail-op redundant
strapdown INS are as follows:

Power: 540 watts
Weight: 27.7 Kg (61 pounds)
Dimensions: 0.33m x 0.33m x 0.36m

(13" x 13" x 14")
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Accuracy*: 1.03 m/sec (2 knots)(95%)
Reliability, 1 hour flight
Flight control outputs: 0.4 x 10-10
Navigation outputs: 0.5 x 10~°
Cost (production): $98,000
A baseline system specification is included as Appendix A of this
report. The preliminary design of the redundant strapdown INS

indicates that production equipment meeting these specifications
could be available in the early 1980's.

2.2 System Description

A simplified system block diagram for the redundant strapdown
INS is shown in figure 2-3. The complete system is composed of
four identical channels. Each channel of the INS consists of
the following elements:

a. An Inertial Measurement Module (IMM) containing the
basic inertial sensing devices, one TDF tuned gimbal
gyro and two axes of acceleration measurement, with
the associated electronics.

b. A computer which performs redundancy management, instru-
ment compensations, coordinate transformations, and the
inertial navigation computations.

c. External I/0 which interfaces the computer with other
aircraft equipment. Note that there is no self-contained
voting in the system between the computers and these
outputs. The external equipment must perform some
voting between channels (in addition to using validity
information provided by each channel) in determining
the final navigation variable to be used.

d. Inter-computer I/O which is used to transfer gyro and
accelerometer measurement data from one channel to all
others for use in redundancy management, and for deriva-

tion of the full 3-dimensional rate and acceleration
inputs.

e. A power supply used to drive all elements in a channel.
Note that there is no cross-feeding of power between

*With position updates from DME, differential Omega, Loran C, oOr
GPS.
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channels. This results in a simple, low-cost power
supply design with a negligible decrease in system reli-
ability over a modularly redundant power supply
configuration

A more detailed block diagram for one of the four Inertial Navi-
gation Modules (INM) is shown in figure 2-4. The equipment
shown 1is packaged in its own chassis and four of these chasses
installed into a common mount comprise the complete redundant
strapdown INS.

G-6 Gyroscope (Figure 2-5)

The baseline gyroscope for the production program is designated
the G-6. It is used in the LN-50 program and has proven per-
formance. The design is based on the production Litton G-1200
gyro used in the LN-30 family of gimballed inertial navigation
systems and the LTN-72 commercial system. It has a considerably
increased torquing rate capability (up to 240°/sec) to be suited
to strapdown INS usage. A smaller, lower-performance, lower-
cost version of this instrument (designated the G-7) is currently
under development. Its applicability to LaRC requirements has
been considered due to the stringent cost goals of the study
program.

Both the G-6 and G-7 are TDF, tuned gimbal, nonfloated gyro-
scopes. The gyroscopic element is attached to the rotor of a
synchronous motor by means of two pairs of flexible hinges
separated by an intermediate gimbal. The kinetic forces on the
gimbal when rotating at operating speed are designed to cancel
the hinge torques occurring at normal gyroscope displacement
angles. Thus the gyroscope is capable of accurately measuring
the extremely small angular rates required for inertial
navigation.

Electromagnetic pick-offs are provided to sense displacements

between the gyro case and the gyroscope rotating wheel. These
pick-off outputs are then used in electronic circuitry to pre-
cess the gyro wheel to null the displacement in a high-speed,

closed loop.

Gyro precession is produced by a pair of electromagnetic torquers
attached to the gyro case, acting against a permanent magnet

on the rotating wheel. The amount of current in the torquers
required to keep the pick-offs nulled is the measure of vehicle
angular rate about the two torquing axes. Special design features
are provided in the torquing mechanization so that the torquing
current accurately represents precession rate over the wide
dynamic range appearing in a strapdown INS.
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A-1000 Accelerometer (Figure 2-5)

The baseline accelerometer selected for the production program

is designated the A-1000. It is a single-degree-of-freedom
instrument used in the production LN-30 gimballed inertial navi-
gation systems, the LTN-72 commercial gimballed systems, and the
LN-50 strapdown navigation program. Minor modifications are
made to the external instrument circuitry when used in the strap-
down program to provide for digital rebalance instead of the
normal analog rebalance.

The A-1000 accelerometer is a flexible hinge (dry), torque-to-
balance instrument. It has a capacitive pick-off to detect
rotations of the rotary, pendulous sensitive element. Pick-off
deflections are then used in external electronics to produce
current in an electromagnetic permanent magnet torquer in the
accelerometer to drive the pick-off to null. The torquer current
is then a measure of vehicle acceleration normal to the pendulous
and rotary axes.

Gyro/Accelerometer Rebalance Electronics

Each of the gyro and accelerometer rebalance electronics takes
essentially the same form, as shown in figure 2-4. The gyro
loops have more difficult requirements so the following loop
description and design criteria will be directed towards their
concepts. Accelerometer loops are somewhat simpler but with
wider bandwidth.

The gyro pick-offs are amplified, demodulated from their 54 KHz
carrier, and the resultant is further amplified with frequency
compensation. This compensation provides appropriate character-
jstics when the loop is closed through the gyro torquer. When
the output of the compensation amplifier crosses a threshold,
the duty cycle of a switched, constant-current supply is modified
proportionately to change the gyro torquing level. This closed
loop system is designed to be of a wide bandwidth within the
capability of the gyroscope (approximately 80 Hz), and thus
provides an accurate representation of vehicle angular rates
during normal vehicle vibration. Dynamic errors which might
occur during such vibration may then be compensated in the
computer.

Designed in this manner (fixed-frequency square wave, duty-cycle
modulated), the loop design is linear and well-behaved. &n
excellent incremental angle resolution of 0.5 arc seconds is
achieved. Furthermore, loop compensation design is much simpler
than for nonlinear systems. High noise methods such as lead

11
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networks and cross-coupled loops can be avoided in the stabiliza-
tion of gyro nutation and for the elimination of spin-frequency
pick-off noise.

The switch which injects a constant current of alternating
polarity into the gyro torquer is carefully designed to achieve
exactly equal current in each direction. Imbalance of current
leads to an equivalent gyro drift which is proportional to the
maximum current supplied. To further decrease the electronics
contribution to gyro drift, a mode change is incorporated which
increases the current by a factor of 8 at high vehicle angular
rates. Thus, during normal flight, the dynamic range of gyro
torquing (the ratio of maximum vehicle rate to maximum allowable
sensor rate error) is reduced for improved performance.

Temperature Sensitivity Correction

The gyro and rebalance electronics parameters are designed to
have low sensitivity to operating temperature. There are limits
to how insensitive these devices can be made, however. The
residual coefficients are sufficiently stable with time so that
the net system error budget can be achieved either with

° monitoring of component operating temperature, with
computer corrections applied using factory-calibrated
coefficients, or

° rapid component warmup anditemperature control.
The advantages of the calibration method are:

° system power consumption is reduced

° component operating temperature is lower, resulting in
improved reliability.

Additional benefits derived from avoiding a large thermal tran-
sient at turn-on are: 1) Electronics failures are often induced
by the stresses associated with large thermal gradients, so net
reliability is further improved over straight parts-count con-
siderations: 2) A thermal, and thus instrument performance
transient during ground alignment is eliminated. Such a transient
can seriously contaminate gyrocompassing if not controlled. The
instrument/electronic thermal design becomes very critical in
temperature-controlled systems so that transients are completed
soon enough to achieve alignment in the required 10 minutes.

Increased calibration costs result with this method, however,
since instrument/electronic constants must be derived at a number

12
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of temperatures instead of at a single point. Test equipment
complexity, test time, and the number of testers needed for
significant production rates are all increased.

The final tradeoff of whether or not to temperature-control
instruments is left until the final production equipment design.
System design is described for a compensated implementation.

Inertial Instrument/Computer Interface

The interface between the inertial instruments, the gyros and
accelerometers, and the digital computer is shown in the block
diagram of figure 2-4. Four of the inputs are the duty-cycle
modulated squarewaves from the gyro and accelerometer digital re-
balance loops. An indication of high rate mode is also required
to change pulse weighting.

The conversion of duty-cycle modulated square-waves to a parallel
digital word for entry into the computer is performed by up-down
counters. While gyro or accelerometer torquer current is posi-
tive, the count in a register increments at some fixed clock
rate. When torquer current switches negative, the register count
decrements. The net counter value over one digital torquing
interval (approximately 500 microseconds for gyros, 250 microsec-
onds for accelerometers) is representative of the angular change
of the vehicle about that axis during the interval for gyros,

and velocity change for accelerometers. No unusual design tech-
niques are needed for this function since clock rates of approxi-
mately 400 kHz can be employed. The main constraint is that the
digital rebalance duty-cycle transition occurs only at one of

the counter clock pulses so that no information is lost.

Temperature sensors are installed at the instruments for computed
compensations. These sensors are platinum resistance elements
put into a bridge circuit, the outputs of which are dc voltages
proportional to temperature. Thus a 10-bit analog-to-digital
converter is needed to develop the digital words for application
to the computer data bus.

Since the digital rebalance circuits have their own sensitivity
to temperature, gradients between the gyro temperature sensor
and the thermally sensitive electronic components with, for
example, different cooling air flows must also be considered.
Adding a temperature sensor to the electronics implies that in-
struments and electronics are calibrated at the factory
separately. This not only increases cost, but alsoc may be
impractical due to the accuracy requirements. Therefore,
sensitive portions of rebalance electronics will be closely
packaged with their corresponding instruments to assure a common
thermal environment, and then will be calibrated together.

13
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Digital Computer Design

A specific digital computer was not selected for the production
redundant strapdown INS. There are two reasons for this decision.

® Digital computer technology is evolving so rapidly that
lowest system cost can be achieved by making such a
choice when production system detailed design is started.
Cost and reliability estimates for the preliminary
design are made based on use of components recently
announced in the literature with price extrapolation.

° The primary use of a redundant strapdown INS is in a
highly integrated avionics suit. Therefore, computer
duty cycle and memory margin are needed for other
functions such as flight control and display. A firm
computer choice cannot be made until these other func-
tions are delineated.

The redundant strapdown computation requires approximately 8000
words of memory. Throughput requirement is approximately 198 000
instructions per second. Modern digital computers employing
features such as microprogrammability, general registers, vectored
hardware interrupts, floating point, DMA, etc. are available with
more than adequate speed. 32-bit arithmetic, including multi-
plication, is highly desirable.

A combination ROM/RAM semiconductor memory was chosen for lowest
cost. This choice is based on the assumption that few software
changes will be needed once the program is de-bugged. This
assumption is valid for the LaRC problem as defined since the
redundant strapdown INS is basically a sensor. If functions such
as steering, flight control, or display are added, these would
generally change from aircraft to aircraft. Therefore, higher-
cost approaches such as all-RAM, EAROM, EPROM, or core would

need to be considered.

The RAM chosen is of the CMOS type. The lower power dissipation
of CMOS allows the addition of a small battery which prevents
loss of memory (self-test data, modified calibration values,
initial position) during power shutdown. A high speed construc-
tion technique such as Silicon-on-Saphire (SOS) is needed to
maintain throughput.

A PROM is also included which stores factory-derived instrument
coefficients such as bias, scale-factor, g-sensitivity, etc. It
is read out by the computer at the start of every flight. It is
programmed only at the factory or repair depot following system
calibration.

14
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Computer I1/0

Input/output format between each redundant strapdown INS computer
and external avionics has been assumed to be in a serial format
commonly used by commercial aircraft, ARINC-575. This format is
clearly subject to change in future avionics. The low bit-rate
(approximately 10 kHz) is quite marginal for modern-day, digital
avionics. I/0 cost, however, was felt to be representative. A
failure output discrete is also planned, in addition to the
serial data, to inform external equipment and failure annuncia-
tors of channel failure condition.

The internal I/O consists primarily of computer-to-computer data
transfer. During normal operation the data to be transferred
between computers is relatively light, consisting basically of
corrected instrument measurement, 6 words at a rate of 128 times
per second. Initialization modes are provided to correct one
potentially erroneous computer with a known good one following

a pre-flight channel replacement and following some instrument
failures. A transfer of about 75 words of the variable-data
memory would then be required.

Data transfer is shown in figure 2-4 as a read-only function from
the RAM. This assures that failure of one of the three other

INM computers cannot cause destruction of RAM data. Since in-
struction storage is in unmodifiable ROM, the possibility of
multiple-channel instruction-sequencing failure modes is
precluded.

Serial data transfer between channels is preferred due to the
reduced connector/wiring requirements. Data transfer rates must
be high enough to achieve the above initialization timing. Bit
rates of 1to 2 MHz are practical with present technology.

Interrupt Synchronization

The software in each computer is driven by an external interrupt
occurring once for each fast cycle (128 per second). Since gyro
and accelerometer data are transferred between computers and
time-coherence of samples is required, each computer must start
its fast cycle at the same time. Circuitry is needed to lock the
four interrupt pulse generators together. In addition, the cir-
cuit design must be protected so that failure of circuitry in

one interrupt generator does not cause failure in any other
unit's interrupt and deactivate its computer.

Power Supply

The INM power supply design is conventional, based primarily on
use of a converter-regulator and switching regulators for high
power-utilization efficiency. Primary power is assumed to be
115v, 400 Hz from one of the aircraft generator busses.

15
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One relatively high-voltage supply (80 volts) is needed to
generate the high temporary currents needed when gyro rebalance
loops switch into the high rate mode.

Software

The software organization for the four-computer system is shown
in figure 2-6. Gyro and accelerometer data are requested via
the I/0. Static and dynamic compensation are then applied as
follows:

Accelerometer Compensation

a. Scale Factor
b. Axis alignment

c. Bias

Gyro Compensation

a. Scale factor (normal/high rate)
b. Torquer axis transformation

c. Inertial compensation

d. Spin axis alignment

e. G-Sensitive drift

f. Bias

Following compensation and transformation from skewed instrument
coordinates to aircraft body coordinates, the corrected gyro and
accelerometer data are available for use by other channel
computers. Note that each computer compensates only one gyro.
Thus, the selected redundant configuration has a lower computer
throughput requirement than a nonredundant (2-gyro) strapdown
system. The inertia compensation must be performed at high rates
to be effective so is very significant in duty cycle calculations.

The FDI equations accept data from the four (or three during
failure modes) gyros and up to 8 accelerometer axes for failure
detection, isolation, and system reconfiguration. The selected
instrument axis orientation is shown in figure 2-7. Spin axes

Sj. are configured normal to faces of one-half of an octahedron,
represented by the pyramid constructed from equilateral triangles.
Gyro torquer axes and accelerometer input axes, X;¢ Yjo are also
shown.

16
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Parity equations are derived by comparing one gyro's rate
measurement with another's along a direction ejj parallel to the
intersection of the two gyro measurement planes. Since the gyro
measurement planes are on the faces of the octahedron, the edges
of the octahedron are these intersections. Thus, two gyro
measurements of the same component of vehicle angular rate can
be directly compared to detect errors.

Six unique parity equations Tjj are available as shown in figure
2-7. 1If two or more equations”involving a specific gyro indicate
an error condition, that gyro is classified as failed. After

one gyro failure, only three equations remain. The "two-or-more"
criterion still applies, however. A more sophisticated detection/
isolation method is presently under consideration and will be
described in Paragraph 5.3.

Processing of a parity equation involves an imperfect integration.
For very small nonfailure gyro drift errors, the output remains
below the error detection threshold. The threshold may thus be
kept constant as a function of time. For large drift errors, the
output is essentially an angle. Thus, angular transients to the
flight control system during failure modes can be kept below a
desired level.

Design equations form a least-squares solution of the angular
rates from two gyros (format is similar for accelerometers) to
derive three orthogonal axes of data from four measurement axes.
The logic for selection of instruments to be used in the design
equations is shown in figure 2-6. When all four channels are
operating normally, channel 1 design equations use instrument
data from channels 1 and 2. If channel 2 is determined to be in
error by parity equations, instrument data from channels 1 and 3
are used, etc.

The resultant rates and acceleration data are then processed by
the coordinate converter to determine aircraft body angles rela-
tive to the inertial navigation coordinate system and to

convert body accelerations into that system. A partial 5th
order quaternion integration algorithm is employed.

The basic inertial navigation equations are of a relatively con-
ventional form, and include provisions for rapid ground align-
ment with optimally-derived, time-varying coefficients. Inertial
angular rates are derived based on alignment equations on the
ground, or vehicle position and velocity during flight to correct
the body-to-computer axis quaternions.
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The computation rates for the various software modules will be
as follows:

Gyro compensation 128/sec
Accelerometer compensation 128/sec
Parity equations 128/sec
Design equations 64/ sec
Quaternion integration 64/sec
Coordinate transformation 64/sec
Outputs 32/sec
Navigation 8/sec
Alignment 8/ sec

Table 2-1 lists the major software FDI features recommended as a
result of the study. Table 2-2 gives a conservative estimate of
word-count and duty cycle requirements for the baseline computer.
Various means of reducing computation time will be investigated
during system final design. They include reduction of compen-
sation and quaternion integration iteration rates by a factor of
two, and use of special microprogrammed instructions.

TABLE 2-1. FAILURE DETECTION, ISOLATION, SWITCHING CONCLUSIONS

[ PROCESS EACH PARITY EQUATION WITH SIMPLE LOW-PASS
FILTER

® USE TABLE LOOK-UP OR LOGIC EQUATIONS FOR FAULT
ISOLATION

° CONSIDER ADDITION OF PROCESSED PARITY EQUATIONS FOR
TIGHTER DETECTION LEVELS

° EQUATIONS AND/OR SWITCHING LEVELS SHOULD BE MODIFIED
BETWEEN GROUND ALIGNMENT, NORMAL AND MANEUVERING
FLIGHT SINCE ERROR MODEL CHANGES

CONTINUE MONITORING SOFT-FAILED GYRO.

CONSIDER USE OF SOFT-FAILED GYRO FOR THIRD FAIL-SAFE
OR TO RESOLVE 3-GYRO ISOLATION AMBIGUITY

] TREAT ACCELEROMETER AND GYROS AS BEING INDEPENDENT
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ISOLATION, SWITCHING

IF ONE AXIS OF A CHANNEL FAILS, SWITCH OUT BOTH AXES
CONSIDER REINITIALIZATION FOLLOWING ANY SWITCHING

o CONS IDER COMPARISON BETWEEN OUTPUT TABLES IF SOFT-
WARE, AND REINITIALIZATION IF SIGNIFICANT ERROR IS
DETECTED. ACCOUNTS FOR COMPUTER TRANSIENT ERRORS
BETWEEN INSTRUMENT COMPARISONS AND OUTPUT FORMULATION

e USE RADIO AID UPDATES TO DETECT SMALL ERRORS OR TO
RESOLVE 3-GYRO ISOLATION AMBIGUITY

TABLE 2-2. COMPUTER RESOURCE ESTIMATES
TASK CYgggY( %) MEMORY RATE (Hz)

COMPENSATION - FAST 15.2 500 128
COMPENSATION - SLOW 0.3 200 2
FDI - DESIGN EQON 16.6 700 128
COORDINATE CONVERTER 15.9 750 64
NAVIGATION - FAST 2.1 650 8
NAVIGATION - SLOW 2.1 300 2
ALIGNMENT GAIN SELECT 0.1 100 1
MODE CONTROLLER 0.7 600 1
BARO-ALTITUDE 0.1 150 2
EXECUT IVE-SCHEDULER 4.8 250 128
CUTPUT FORMATTER 2.1 200 32
DATA BASE - SUBROUTINES 2000

TOTALS 60.0 6400
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The redundant strapdown INS will have the following output

accuracy:

Attitude rate
Attitude

Heading, True

Position Rate

Acceleration

0.05°/sec,

0.1°,

rms, per axis

rms, per axis

0.2°, rms, 0.5 hr. flight

1.03 m/sec (2 knots)(95%) radial
with external updates every 5 sec.,
update noise of 122m rms, zero

correlation time,

61m,

rms, 20

sec correlation time per axis,
30 minutes flight duration

0.003m/sec?

This accuracy applies with either 0, 1, or 2 hardware failures,

and through the required operational environment.

that aircraft installation errors are not included,

parking coordinates have been
compassing alignment has been
at a latitude of 45°

turn-on,

The system error expected per

2-8 and 2-9. The simulations

It is assumed
aircraft
entered perfectly and a full gyro-
completed in 10 minutes after
prior to first aircraft motion.

channel is illustrated in figures
are based on a realistic error

budget and show 50 percent probability errors with and without

radio aid updating.

(95%) as required.

Aided performance is essentially 1 m/sec

Outputs provided by the redundant strapdown INS are as follows:

Category Quantity Resolution Range Bits | Cycle Time
Pitch 27?/215 /2% 14 0.031 sec
(Elevation)

Attitude Roll 27r/215 tn 15 0.031 sec
Heading, 27r/215 i 15 0.031 sec
true
Pitch rate 0.05°/sec +4 rad/ 14 0.031 sec

sec

Attitude Roll rate 0.05°/sec +4 rad/ 14 0.031 sec

Rate sec
Yaw rate 0.05°/sec *4 rad/ 14 0.031 sec

sec
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Category Quantity Resolution Range Bits | Cycle Time
Longitudinal| 0.003 m/ 310 g 11 0.031 sec
Accel. sec?

Body>* 1 0.003 +10 11 |0.031

Accel. Latera . m/ + g . sec
Accel. sec
Vertical 0.003 m/ 10 g 11 0.031 sec
Accel. sec?
(Body)
North 0.03 m/ +1686 16 0.125 sec
Velocity sec m/sec
East 0.03 m/ +1686 16 0.125 sec

Nav Velocity sec m/sec

Outputs Vertical 0.03 m/ +1686 16 0.125 sec
Velocity sec m/sec
(Earth)
Latitude 271/219 +n/2% 18 0.125 sec
Longitude 27r/219 i 19 0.125 sec
Altitude 0.3 m -305m to 16 0.125 sec

18.3 km
*These outputs are generally scaled at #*m,
**Installation is assumed to be at the aircraft center of
gravity, so lever-arm accelerations are not included.

An output line indicating failure of one or more system
components/subsystems will be provided from each redundant
computer.

Input requirements consist of altitude from an air-data system

and update data, for example, Kalman filter updates based on
VOR/DME or OMEGA data. Baseline update quantities are 2 velocities
and 2 position, (4 total) at a rate of one full update at least
every 30 seconds. Additional inputs, TBD, will be received from

a display.

Packaging Description

The complete redundant strapdown INS consists of 4 identical
inertial navigation modules plugged into a common mount. One of
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the inertial navigation modules is illustrated in figures 2-10,
It consists of the chassis, power supply, electronics cards, and
an instrument block, and has a weight of approximately 5.9 Kg
Cooling is assumed to be direct impingement of cabin air on the
components, so no heat exchanger is required.

The instrument block is attached to the chassis by means of a
lever mechanism. When the chassis is plugged into the common
mount, a plunger pushes on the engagement lever causing the block
to move so the alignment feet can engage a central alignment
block in the mount. This mechanism provides for angular align-
ment accuracy of 10-20 arc seconds between the four instrument
blocks of the entire system. Each instrument block consists of
one G-6 Gyro, two A-1000 Accelerometers, and an electronics

card, as shown in figure 2-11.

The mount chassis shown in figure 2-10 forms a common shell for
the four inertial navigation modules. The mount chassis weight
is approximately 4 Kg for a total installed weight of under

27.7 Kg. Module orientations are rotated by 90 degrees within
the mount chassis. This allows all four plug-in inertial navi-
gation modules to be identical yet achieve the desired gyro and
accelerometer axis orientations. After an inertial navigation
module is inserted into a slot, a lever on the actuator assembly
is pushed forward, causing the instrument block to be pressed
onto a common alignment block in the rear of the mount.

The unit cam-lock handles are of a type used on commercial
avionics. The bottom of the handle engages a hook on the mount
(figure 2-12), and when the lever in the handle is pushed in,
the chassis mates with the connector and the unit is locked in
place.

Figure 2-13 shows some details of the actuator assembly and the
alignment block.

Environmental/Aircraft Characteristics

General environmental and aircraft specifications are derived
from the present commercial inertial specifications, ARINC 561,
and the LaRC SOW. To make the redundant strapdown INS more
broadly applicable, civil or general aviation performance limits
are assumed to apply. The required and desired aircraft opera-
tional performance limits are:

Civil or General

VTOL Aviation
Angular Rates 4 rad/sec 4 rad/sec
Angular Acceleration 50 rad/sec2 50 rad/sec2
Linear Accel (maneuver) #3 g +3 g
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VTOL Civil or General

Aviation

Velocity (max) 154 m/sec 1029 m/sec (ARINC 561)
Altitude 3,048 m 18,288 m (ARINC 561)
Aircraft tilt (parked) t5° t5°
Range of operation +70° Worldwide
(Lat)
Normal ambient 30°C (ARINC 561)
temperature:
Maximum continuous 50°C
operation:
Short-term (30 min) 71°C
overtemp:
Low operating temp: -15°C
Vibration (flight) 0.762 mm 10-55 Hz

5 g 55-500 Hz

It is assumed that ARINC 404 cooling air will be available with
a flow of 13.6 kg/hour/100 watts of dissipation, but that the
ARINC 404 form factor and cooling air attachment methods are not
applicable. ARINC 600 will require review when available.

Reliability

The reliability of a single channel of the redundant strapdown
INS has been calculated to be 4100 hours MTBF. This calculation
is based on MIL-HDBK-217B failure rates, an "Airborne Inhabited"
application with part ambient temperatures stabilized at a
maximum of 70°C. The-detailed failure rate breakdown is given
in Appendix G.

This reliability may be expected for a production system in com-
mercial airline use at some time after introduction into service.
Reliability is expected to grow with time from some initial
value as marginal components and circuits are weeded out of the
system. An example of this reliability growth is shown in
figure 2-14 for a first generation gimballed commercial inertial
system. Approximately three years is needed to achieve mature
reliability. One channel of the redundant strapdown involves
considerably less equipment than a present ARINC system (no
gimbals, one less gyro, one less accelerometer, smaller power
supplies, more modern computer, considerably less I/0) so 4000
hours MTBF appears a reasonable prediction for mature channel
reliability.
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The system failure probabilities are given in figure 2-15 for a
channel MTBF of 2000 or 4000 hours, flight durations of 0.5, 1
and 8 hours. In addition, reliability is also a function of the
allowable errors, improving significantly for outputs to the
flight control system where it is needed for flight safety. In-
strument noise, probability of two simultaneous failures, and
information limitations of the 4 and 3 TDF gyro array were con-
sidered in these calculations.

Note that for flight durations of 8 hours, reliability is signif-
icantly degraded. Reliability can be improved for these long
missions, particularly for flight control outputs, with a more
flexible I/0 structure between instruments and computers so any
computer can read any instrument without other computers working.
Probability of flight control reference failure is reduced by a
factor of 40. For the short flight-time VTOL application, the
lower-flexibility, lower-cost configuration is adequate.

Maintainability

Particular attention was focused on airline maintainability
considerations during the preliminary system design. For example,
the total cost of spares needed by the airlines to support the
equipment during operational use is considerably reduced by
having the system consist of four identical modules.

Since the redundant strapdown INS is designed to provide signals
to the flight control system, it must be considered a dispatch
critical item. This means that if any of the four channels
indicates a failure, the aircraft will not take off. Thus,
removal and replacement time must be minimized in order to limit
dispatch delays - a costly action for airlines, particularly in
short-haul applications.

The packaging design of the redundant strapdown INS was especially
directed toward rapid removal and replacement of a module in the
aircraft. Very simple latching mechanisms are used to engage

the connector, lock the unit in place, and lock the inertial
instruments into precise alignment with each other. Furthermore,
this maintenance action can be performed without removing power

to the remaining 3 channels so therefore the ground gyrocompas-
sing mode need not be reinitiated, further shortening dispatch
delay. Once redundancy management equations are satisfied, the
complete fail-op/fail-op system is ready for takeoff.
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III. SPECIFICATION OF SYSTEM REQUIREMENTS

The detailed INU design requirements are based first upon the
LaRC Statement of Work [1]. Expansions upon these requirements
are also provided in the Litton proposal to LaRC {2] and the
preliminary study for NASA, CR-132419 [3]. The means utilized
to fill in the remainder of design requirements is to use the
commercial INS specifications, ARINC 561 and 571 [4] and [5] as
guides. Additional material is utilized where appropriate with
the source identified.

ARINC 561 formed the basis for introduction of inertial systems
into commercial airlines. It was prepared by a committee com-
posed of both INS manufacturers and airlines and thus represents
environmental, installation, and design standards accepted by
the majority of the commercial avionics community. It also
references the other applicable general specifications accepted
by the airlines such as for packaging and environmental testing.
Some ARINC 561 requirements are not applicable to redundant
strapdown INS, and these will be analyzed as required. The
input/output and display requirements of the strapdown INS will
not be included in this report except in a very general manner.

3.1 Cost Factors

The system cost goal of the redundant strapdown navigator shall
be under $50,000 for initial production gquantities of approxi-
mately 200 units. The cost data are to be presented in the form
of CR-132419 (3], tables 4 and 5, per the LaRC SOW. Amortized
design, development and test equipment costs shall be included
so that unit cost to an airline is developed. Cost of warranty
and@ training shall not be included at this time.

This system cost goal is a considerable challenge judging from
present generation, non-redundant INS costs of $80K - $100K per unit,
and the conclusion from CR-132419 (page 278) that a best-case
10-6 reliability system would cost about $78K (excluding develop-
ment and test equipment). The CR-132419 report concluded that
only an "advanced strapdown configuration" requiring significant
technology advances could meet the goal. Further, fail-op/fail-
op capability adds considerably to the amount of redundant
hardware needed. 1In fact, the system reliability requirement is
effectively increased from a 10-© failure probability to almost

a 10-9 fajlure probability for a 30-minute flight. Best-case

INS cost for this reliability is projected to be about $S90K in
the CR-132419 report, excluding development, test equipment and
tooling.

The redundant strapdown INS is considered to consist of the
following elements, as a minimum:
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Four two-degree-of-freedom tuned gimbal gyroscopes.
Eight single axis accelerometers.
Capture electronics for each of the above.

Temperature sensor/control electronics for the above,
as needed to meet system accuracy requirements.

Redundant computers to process data from the instru-
ments to produce required system outputs. For the
purpose of preliminary design, four computers will
be assumed.

Redundant instrument-to-computer input/output
provisions.

Redundant computer-to-computer interface provisions.

Representative system digital input/output channels
to tie the redundant strapdown INS to displays and
other aircraft avionics.

Redundant power supplies, clocks, etc. required for
system operation.

The design of the redundant computers with associated I/0O will
be based on representative hardware expected to be available for
production go-ahead in the late 1970's. Digital subsystem
designs will only be detailed to the extent needed for costing
and reliability estimating and will not necessarily reflect the
optimum redundancy management approach.

To achieve a clearer understanding of cost vs. system design
parameters, trade-off analyses are required in the following
categories:

36

a.

Derive cost as a function of packaging philosophy. The
optimum packaging to be employed for all the various
elements of the redundant strapdown INS is a function
of not only unit cost, but also airline maintenance
methods and aircraft dispatch constraints. A broad
analysis, including airborne-incurred cost factors

such as spares costs and dispatch-delay costs is
required.

Determine optimum power supply (including clocks,
reference voltages, etc.) configuration (three with
switching as described in the Litton proposal [2] vs
four unswitched).

Determine the lowest-cost redundancy mechanization
which will meet the fail-op/fail-op and system
reliability requirements.
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A common means of reducing the cost of an item is to increase the
production base through sales to a variety of customers. The
ARINC 561 INS is a good example. A standardized design allowed
application of the system to a variety of customers, commercial
and private. This increased the production base and maintained

a relatively low price for an item of rather sophisticated
avionics. Therefore, the redundant strapdown INS should not be
tailored precisely to expected VTOL needs unless the cost
benefits are clear.

Present generation INS have a material/labor split of approxi-
mately 60%/40%, respectively. Labor costs normally follow a
learning curve such as the Northrop 87 curve, and would reduce
by approximately 13% if the system quantity is doubled (200 to
400 systems). Material costs savings only benefit if large
single buys can be made. Assuming labor cost savings only, a
system costing $50K at quantity 200 will cost $47K for 400.
Therefore, some cost penalties may be allowed in the interest of
standardization for an increased production base. One example of
this concept is to include a small amount of extra computer
memory for wider aircraft altitude, speed, and latitude capa-
bility rather than limiting performance to the VTOL envelope.

3.2 Reliability

The redundant strapdown INS shall be a fail-op/fail-op design,
such that any two failures of any component or subsystem can be
detected, isolated and disconnected without compromising system
performance as specified in Paragraph 3.3 of this report.

The probability that more than two failures occur or are detected
and disconnected (even if they did not occur), shall be less than
10-6 for a 30-minute flight. It is assumed that take-off will
not proceed if one or more failures have been detected prior to
flight.

Failures are classified as either hard or soft failures. A hard
failure is defined as a condition where a subsystem (gyro,
accelerometer, computer, power supply) becomes totally incapable
of performing its intended function due to a component failure
or out-of-tolerance failure mode. A soft failure is defined as
a condition where a subsystem looses a portion of its intended
function due to a component failure or out-of-tolerance failure
mode, resulting in degradation of system output accuracy.

A "failure" of the redundant strapdown INS is defined as the
condition where the outputs required in Paragraph 3.4 are not
available due to a number of hard failures, or where the accuracy
of one or more of the system outputs has degraded to greater than
(TBD) times the required rms.accuracy.
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Completely separate computer I/0 channels to other aircraft
avionics will be assumed for each computer, with the selection
of the proper channel performed by the external equipment, based
on redundant strapdown INS self-test indications and external
voting logic. All other redundancy management and switching
will be self-contained. Any switching circuitry included for
redundancy management is also subject to the fail-op/fail-op
requirement.

Present generation commercial (e.g., Litton LTN-72) INS are
currently achieving an in-service MTBF of about 2000 hours.
Therefore meeting considerably better than 10™° probability of
complete system failure for the redundant strapdown INS is
assured once the fail-op/fail-op design is implemented. Achiev-
ing high total part-count MTBF if also highly desirable, however,
in order to reduce maintenance costs and minimize dispatch de-
lays. A sound, system thermal design is essential to meet this
goal. As stated in ARINC 561, "....the rule of thumb on elec-
trical component failures indicates a four-fold increase in
failure rates when the normal operating component temperature is
increased 30 to 50°C." While calculations performed at Litton
using RADC Reliability Notebook failure rates indicate degrada-
tion of only about 20-30% for a typical modern inertial system
under these thermal conditions, adequate cooling provisions are
still essential to good system design.

Aircraft and personnel safety are of primary concern in the de-
sign of the failure detection and disconnection mechanizations.

Redundancy management switching due to soft failures shall not
cause transients or steps in the output signals. Reconfigured
outputs shall transition from the previous to the new value with
a time constant long enough to not cause passenger discomfort.
System elements removed from output calculations shall still be
monitored for both hard and soft failure criteria. In the event
of more than two component failures, the soft-failure component
may be restored to operation if still available, if aircraft
safety is thereby improved. Once a component is rejected for a
hard failure it shall not be used for the remainder of the
flight.

The concept of redundancy also includes the external effects on
proper INS operation. Thus, separate aircraft power circuits
must be available for the redundant INS power supplies. This
concept could be carried further to the cooling system. How-
ever, since the INS can probably be designed to operate for

30 minutes without cooling air, redundant cooling is not required.
Triple redundant INS are presently installed side-by-side in the
Boeing 747, cooled by the same down-draft blower. While it is
also desirable that redundant elements be located in different
parts of the aircraft so they are not subject to the same
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catastrophic event (e.g., lightning strike, explosion, etc.) it
appears impractical to do so with strapdown system components.
Substantial accuracy degradation occurs with aircraft flexure.
Aircraft designers must locate the strapdown redundant INS away
from rotating machinery such as engines or APU's which could
shed debris during failure modes and thus simultaneously cause
complete redundant strapdown INS failure.

Chain type failures must also be avoided within the INS, partly
to reduce maintenance costs but primarily to avoid excessive
heat or tripping of breakers which could lead to loss of other
redundant functions. The need for partial power supply shut-
down, short-circuit and overvoltage protection should be
considered for this purpose.

3.3 Accuracy

The redundant strapdown INS shall have the following output
accuracy:

Attitude rate 0.05°/sec, rms, per axis

Attitude 0.1°, rms, per axis

Heading 0.2°, rms

Position rate 1.03 m/sec (95) radial with external

updates every 5 seconds, update noise
of 122m rms, zero correlation time,
61lm rms, 20 second correlation time,
per axis

Acceleration 0.003 m/sec?

This accuracy shall apply with either 0, 1 or 2 hardware failures,
through the operational environment described in paragraph 3.7

of this report and with an external update outage of 60 seconds.
It is assumed that aircraft installation errors are not included,
aircraft parking coordinates have been entered perfectly and a
full gyrocompassing alignment (paragraph 3.5) has been completed
at a latitude of 45° prior to first aircraft motion.

3.4 System Input/Output

Output requirements are as listed in the following table.
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This list contains the minimum of items typically provided by an
aircraft INS. It does not include special functions such as way-
point steering which are assumed to be performed by a central
computer complex and display. For the purposes of size, weight,
reliability and cost estimates, one ARINC 575 serial output
channel shall be provided for each of the redundant INS computers.
The capacity of this type of I/O is 439 24-bit words/sec vs 300
words/sec for the above list, not including the display. The
parts count for implementation is considered representative of
moderate performance, serial digital I/O techniques.

A separate output line indicating failure of one or more system
components/subsystems shall be provided from each redundant com-
puter.

Input requirements consist of altitude from an air-data system
and filter updates based on VOR/DME or OMEGA data. Baseline
update quantities are 2 velocities and 2 position, (4 total), at
a maximum rate of one full update every 5 seconds. Additional
inputs, TBD, will be received from a display. The present ARINC
575 digital I/O format cannot drive a receiver from more than one
transmitter. For the purposes of size, weight, reliability and
cost estimates, therefore, three ARINC 575 serial digital input
channels shall be provided for each of the redundant INS com-
puters. Additional channels may be needed for inter-computer
data transfer (not necessarily to ARINC format).

3.5 Reaction Time

The redundant strapdown INS shall complete its self-contained
alignment in less than 10 minutes from system turn-on. No
external inputs shall be required, with the exception of air-
craft latitude and longitude entered within two minutes after
system turn-on. Aircraft motion during alignment shall consist
of the model described in Paragraph 3.7.4.1 of this report. The
alignment time required applies for a starting ambient tempera-
ture greater than 0°C (ARINC 561) and less than 50°C and for a
latitude less than 70°.

3.6 Modes of Operation

OFF All power is removed from the system.

ALIGN Automatic sequencing through the various steps
needed for alignment shall be provided. The align
mode is initiated only on the ground. Automatic
transfer to the navigate mode shall occur if
aircraft motion is detected via the INS acceler-
ometers.
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All outputs shall be provided to full accuracy in
this mode.

UPDATE External inputs to the INS shall be accepted while

in the NAV mode to correct INS position and
velocity.

ATTITUDE Consideration shall be given to use of a pendulous

attitude mode in flight during certain failure
conditions if the end reliability of attitude and
attitude rate outputs can be improved.

3.7 Environment

The redundant strapdown INS shall be designed in accordance with
ARINC 414 (6] except as modified herein, and be capable of being
tested in accordance with RTCA Paper 120-61/D0-108, [7], with
conditions modified to be consistent with this specification.

3.7.1 Flight Profile Operating Conditions

A typical flight profile for the VTOL application consists of:

da.

b.

C.

d.

System turn-on at 20°C, start alignment, passenger
loading/refueling in progress, aircraft subject to
wind gusts, ground power applied to the aircraft.

Engine turn-on after 5 minutes.

System advanced to Navigate Mode after 10 minutes,
remove ground power.

Engage rotors, perform vertical take-off.

Climb to 300 m altitude, turn left 90° at a turn
rate of 3°/sec.

Accelerate to 103 m/sec and cruise for 6 minutes.

Turn left 90° then spiral down at turn rates of 3°/sec.
(typical peak turn rate of 30°/sec is indicated in
the data of the reference [10) CH-46 flight testing).

Decelerate and perform vertical descent to touchdown.

Disengage rotors, unload/reload passengers for 3.5
minutes.

Repeat d. thru h. two additional times, then turn off
system power.

The non-VTOL applications are assumed to have the flight profile
as follows:
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a. through c. - Same as above

d. Take-off, climb to 9,000 m altitude, accelerate to
257 m/sec,

e. Turn left 90° at a turn rate of 3°/sec.,

f. Cruise for 2 hours with two 10° course changes at

turn rates of 1°/sec.

The required and desired aircraft operational performance limits
are:

CIVIL OR GENERAL

VTOL AVIATION
Angular Rates 4 rad/sec 4 rad/sec
Angular Acceleration 50 rad/sec? 50 rad/sec?
Linear Accel.(maneuver) *3 g +3 g
Velocity (max.) 154 m/sec 1029 m/sec (ARINC 561)
Altitude ' 3,048 m 18,288 m (ARINC 561)
Aircraft tilt (parked) #5° *5°
Range of operation +70° Worldwide

(latitude)

3.7.2 Ambient Temperature (Per ARINC 561)

Normal ambient temperature: 30°C
Maximum continuous operation: 50°C
Short term (30 min.) overtemp: 71°C
Low operating temp: -15°C

Note: The ARINC Airlines Electronics Engineering Com-
mittee 1is currently reviewing all avionics in-
stallation methods for next-generation aircraft.
Revised packaging and cooling methods contained
in ARINC 600, not released at this time., require
further review.

3.7.3 Cooling Air

It is highly desirable that the redundant strapdown INS operate
without requiring the use of cooling air since ARINC 404 cooling
(impingement) produces internal contamination. This could be
accomplished if the aircraft installation design limits the
maximum continuous ambient temperature to 30°C. In order to
provide installation flexibility, however, ARINC 404 {8] cooling
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provisions should also be included, with a cooling air flow of
13.6 Kg/hour/100 watts of dissipation. The use of heat ex-
changers having small openings shall be avoided due to the high
likelihood of closure with dust. If the installation requires
extended operation at 50°C ambient conditions, the cooling air
will be utilized to achieve highest reliability.

3.7.4 Vibration
3.7.4.1 Ground

Movement of the aircraft while parked may occur due to wind gusts
impinging on the fuselage, loading and unloading of passengers,
refueling activities, and engine vibrations. The statistical
properties of wind are described in NACA Report 1272. When this
power spectrum is applied to a typical parked aircraft transfer
function, the resulting horizontal motion may be modeled as a
first order Markov process with a standard deviation of 4mm and
a correlation time of 20 seconds. This model will need to be
reviewed once the VTOL weight, form factor and INS location in
the aircraft are established. The above model is felt to be
conservative.

Data are available[9] on aircraft motion while parked for a
number of aircraft, including the British Canberra, Comet, and
the Boeing 707 . These data were not reduced into a statistical
model, but horizontal motion of the Canberra (which is approxi-
mately 21m in length and weighs 13,600 Kg vs 13m and 9,000 Kg
for the CH-46) was under 3mm peak-to-peak during wind gusts of
up to 12 m/sec and from varying directions.

Another effect described in [9] is excitation of the aircraft
undercarriage resonance, approximately 1 cps for these aircraft,
by wind, refueling and passenger movement. Motions of 2.5 arc
minutes, peak-to-peak in roll and 3.8 arc minutes in yaw were
recorded.

Data on motion of a CH-46 were taken [10] to determine errors of
a strapdown navigator in the helicopter vibration environment.
Unfortunately, the main data reduction of the report was limited
to flight data (discussed in the next section of this report).

A review of partially reduced ground data from [10] indicates an
apparent CR-46 undercarriage resonance at approximately 4.5 cps,
and angular motion of roughly 0.4 arc minutes peak-to-peak.

For the purposes of this report, pure coning motions of 4 arc
minutes (cone whole-angle) at 1 cps and one arc minute at 4.5
cps shall be assumed.

Passenger loading also causes variable compression of the air-
craft undercarriage. Vertical motions of up to 0.1 m have been
recorded [9] . This could result in pitch or roll rotations of
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up to 0.5°, depending on the dimensions of the aircraft and the
location of oleo struts. Also, this motion is sudden as the
static friction of the oleo struts is overcome. Sudden changes
of yaw up to 2.5 arc minutes were also observed.

In the flight profile of Paragraph 3.7.1 of this report, it was
assumed that the INS would be transferred to the navigate mode
before rotors are engaged. While this may generally be the
case, it is possible that the reverse will occur. Comparison
of the partially reduced CH-46 ground data from [10] {(rotors on)
with flight data shows PSD vibration peaks to be factors of 4 to
100 less than those occurring during flight. Therefore, it will
be assumed that 1/4 of the in-flight coning and sculling vibra-
tion power levels are also occurring on the ground during align-
ment.

3.7.4.2 Flight

The redundant strapdown INS shall operate with specified accuracy
during vibration as specified by RTCA Paper 120-61/D0-108,
Category A. This vibration level consists of a constant total
excursion of 0.762 mm from 10 to 55 cps with a maximum of 5 g,
and of 5 g from 55 to 500 cps.

3.7.4.3 Coning and Sculling Motions

The power spectral density and Co and Quad spectral density plots
for the CH-46C, as derived from flight test [10], can be repre-
sented by the approximate environment shown below:

SINUSOIDAL RANDOM

2
_ 0.00045 (gpyc) /HZ
Linear
0-200 HZ (0.3gRMS)

0.033 (DE@GECRMS?/HZ
Angular 1.0 DEG/SECRMSa 15 HZ
0-30 HZ (1.0 DEG/SECy¢)

0.0033 (g,,,cDEG/SEC )

iz RMS RMS

Linear/Angular 0.1 gRMS-DEG/SECRMS 2l5 HZ 0-30 KZ (0.1

- :1 9rMs
DEG/SECp),q)
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Further analysis of these data is presented in [ll]. These data
may be used to determine redundant strapdown INS errors due to
aircraft coning and sculling. (Coning is an angular motion of a
body described by sinusoidal velocities about one body fixed
axis and one space-fixed axis which will cause a third axis to
prescribe a pure cone in inertial space. The two oscillatory
rates ?re in quadrature to produce the conical motion of the
third.

(Sculling motion is made up of a combination of a linear vibra-
tion along one axis and an angular oscillation around a perpen-

dicular axis - both at the same frequency.)

These data are taken from a vibration measurement system flown

in a CH-46C helicopter at Langley Research Center in August 1969.
The motions of the vehicle were recorded for various conditions,
both on the ground and in flight. A one-minute portion of the
recorded motions during level flight with the start of a deceler-
ation was used to generate power and cross spectral densities.
Analog spectral analysis equipment was used to generate the in-
phase and quadrature portions of the spectra. The resulting
spectra indicate that most of the environment is near dc, due to
the normal maneuvering of the vehicle and near 15 Hz and 27 Hz
which is coming from the rotors. There is some energy near 400
Hz which would come from the helicopter turbine engines.

3.7.5 Shock

Operational: 6 g with a time duration of at least 10 milli-
seconds, in accordance with the procedure of
RTCA Paper 120-61/D0O-108.

Crash Safety: 15 g with a time duration of at least 10
milliseconds, in each direction.

3.8 Power

The aircraft power supply characteristics, utilization and
general guidance, are given in ARINC 413. The redundant strap-
down INS shall be designed to use 115V AC single phase power,
per MIL-STD-704, Category B. A separate input shall be utilized
for each redundant power supply.

Capability of operation from an external battery, equivalent to
Sonotone P/N CA-51N, shall be provided with each redundant power
supply. In addition, each supply shall contain a battery charger,
as required by ARINC 561. Due to the dependence of the INS upon
the battery during power interruptions such as transfer from
ground to aircraft power, the INS suppliers have traditionally
insisted upon retaining the responsibility for maintaining the
battery in a charged state. The redundant strapdown INS shall
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also have the capability of operating from redundant standby
computer DC buses for backup power, as defined in ARINC 571,
paragraph 2.4.5.1, in lieu of the battery.

3.9 Memory Non-Volatility

The computer program memory shall not be altered by short or long
primary power interruptions. In addition, permanent gyro/
accelerometer constants such as scale factors and non-
orthogonalities, shall be stored in a non-volatile memory. Also,
the last computed values of following variables shall be retained
after system power shut-down for use during the next alignment:

a. Gyro compensation constants

b. Accelerometer compensation constants

c. Other modifiable calibration constants

d. Latitude and longitude

e. Maintenance related data, e.g., self-test results

3.10 Packaging Philosophy

While redundant navigation/autopilot equipment currently in use
by airlines consists of separate, non-redundant boxes, no FAA
directive has been found giving this approach as a firm require-
ment. The overriding concern of systems using redundant elements
is that a failure in one element not cause a failure of another.
Separate packaging of each element is helpful in achieving this
requirement. Electrical interactions are more common prcblems,
however, and avoidance of these is more a function of good design
practice rather than the physical arrangement.

Low system cost in service is a major design constraint. Packag-
ing all components into a single unit reduces the number of
connectors, chassis cost, wire harness cost and special components
to drive/receive signals through cables. A more modular concept,
on the other hand, reduces the total number of spares required
(each VTOL-port needs spares since takeoff cannot occur with
failures in any redundant element), and conceivably could reduce
dispatch time if the total system can be left running during
replacement of the failed element. The selection of the packag-
ing concept will be made after a cost tradeoff, as discussed in
paragraph 3.1 of this report. To assure non-interactive failures,
the following design constraints shall apply:

a. Redundant elements shall not be packaged into the
same card or plug-in module.
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b. Separate ground buses shall be used to prevent high
failure currents from interfering with other elements.

c. Redundant signals may share the same external connector
but pins must be sufficiently separated that a bent
pin will not interfere with another element.

d. A high current drain due to a failure shall not cause
a power supply failure if that supply is used by
another element.

e. Consideration should be given to electromagnetic
isolation and/or power shutdown where high RFI
conditions may result from a failure.

f. The module designs shall be such that they may be
packaged into a non-redundant strapdown INS unit if
desired for other applications.

3.11 Form-Factor/Weight

The Airlines Electronic Engineering Committee (AEEC) of ARINC is
currently reviewing packaging and installation requirements for
future avionics. Revised packaging, form-factor, cooling, etc.,
requirements may result from this review. In the meantime,
however, as a goal ARINC 404 [8]) packaging methods are assumed
to apply. Deviations to this requirement shall be supported by
cost trade-off data. For ease of handling, the weight of any
unit replaceable on the aircraft shall be less than 20.4 kg
(this ?s the approximate weight of present-generation ARINC 571
[5]1IsS).

3.12 Installation Provisions

The redundant strapdown INS shall use the mounting provisions
and handles similar to current commercial INS, per ARINC 561, if
practical. Units shall be capable of installation into the
aircraft by personnel with minimum training and in a maximum
time duration of 1 minute.

The redundant strapdown INS shall have the capability of instal-
lation with the unit long dimension either along-ship or cross-
ship. It is assumed that computer software (or firmware)
modifications are needed to change installation orientation.

The redundant strapdown INS unit will be installed in the air-
craft with an installation tolerance of *6 arc minutes in pitch
and roll and *12 arc minutes in azimuth (per ARINC 561 for SST
aircraft) as a goal, with *12 arc minutes in all axes as a firm
requirement. The system accuracy requirement of paragraph 3.3
of this report does not include the effects of this misalignment.
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The INS base (mount), if needed, is considered part of the
redundant strapdown INS.

3.13 Maintenance Philosophy

The maintenance philosophy generally desired by commercial air-
lines is to do all of their own repairs, down to the piece-part
level. This is partly to protect themselves against vendor
problems such as strikes, bankruptcy., etc.. In the case of INS,
however this policy is modified since test equipment and training
costs are high. Large airlines or airline pools do most of their
own repairs, with the exception of gyros and accelerometers.

Some airlines only do module replacement, smaller users send the
entire unit back to the manufacturer under a maintenance contract
(a fixed cost/unit/operating hour).

The maintenance levels have been characterized by Litton as
follows:

Level 1. Unit replacement, in aircraft
Level 2. Module replacement, in the shop

Level 3. Module repair (excluding gyros and. acceler-
ometers)

Level 4. Gyro/accelerometer repair

Maintenance levels 3 and 4 will not be considered further in this
report.

Level 1 maintenance is performed at all airports serviced by the
airline for units Adesignated dispatch items. Take-off is not
allowed with a failure in a piece of avionics so designated since
flight safety is involved. The redundant strapdown INS falls
into this category since it is required by the flight control/
stability augmentation system. The speed at which such a unit
replacement may be made is very important to airlines since
flight delays result in significant cost penalties. Ability to
replace a portion of a redundant system without turning off
system power or requiring a realignment would be a very desirable
feature.

3.14 Maintainability Design

Plug-in assembly construction shall be used to the greatest
extent practical. All modules bearing the same part number
shall be interchangeable. As a goal, electronic modules shall
not require adjustment or recalibration after replacement. Care
should be exercised in locating and mounting of modules and
components for ease of accessibility.
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Each aircraft-replaceable unit shall have a failure indicator,
visible from the front panel which indicates that one or more of
the internal modules has failed. This indication shall be present
with or without power applied to the system and shall only be
reset upon successful completion of self-test.

Highly reliable self-test shall be included, consistent with
redundancy management requirements. All self-test provisions
shall be continuous and automatic, with no pilot-initiated tests.

Sufficient unit test points shall be included to allow fault
isolation to the module level using the test equipment defined
in paragraph 3.15 of this report. Module test points shall be
provided to allow fault isolation to the failed component with-
out probing.

3.15 Test/Calibration

A. Level 1 Maintenance - in aircraft.

No test equipment shall be required for operation/calibration of
the redundant strapdown INS while it is installed in the aircraft.
An zutomatic partial-calibration of gyro drifts shall be per-
formed during ground alignment. The redundant sensor data

(during conditions of no failures) may be used for self-calibration
to the extent practical.

B. Level 2 Maintenance - in shop.

Special purpose test equipment requirements shall be identified
for use during routine maintenance. It shall be capable of
performing strapdown sensor calibrations as required for accu-
rate system operation and of entering these constants into the
non-volatile airborne system memory. The design of this test
equipment shall allow its use for Level 2 maintenance by airline
personnel.

C. Level 3 Maintenance - not considered at this time.

D. Level 4 Maintenance - not considered at this time.

3.16 Operational Service Life

The redundant strapdown INS shall be capable of operation for at
least 3,000 hours, preferably 5,000 hours, without additional
lubrication, adjustment or replacement of components (per ARINC
414). Scheduled calibrations required to be performed during
Level 2 maintenance, shall be minimized.
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3.17 Electromagnetic Interference

The redundant strapdown INS shall meet the conducted and radiated
susceptibility and emission requirements of ARINC 413, and the
test requirements of RTCA Paper 120-61/D0O-108, for Category A
equipment. Grounding and shielding practices shall be used in
accordance with ARINC 413. (NOTE: Category A is for aircraft
greater than 5670 kg, Category B is for light aircraft and

is less stringent).

3.18 Humidity

The redundant strapdown INS shall be capable of normal operation
during conditions of a relative humidity varying from 10% to
100%, combined with temperature and altitude cycling encountered
in normal aircraft operation, as defined by ARINC 414, for
Category A (standard) environment.

3.19 Explosive Atmosphere

Explosive atmosphere is not normally encountered by electronics
equipment in airline type aircraft. Specific installations
where explosive vapor presents an operating hazard are normally
defined by the airframe manufacturer.

3.20 Atmospheric Pressure

Normal atmospheric pressure range is from -305 m to 13,700 m.
Decompression from a pressure altitude of 2,133 m to 13,700 m in
15 seconds or less shall not degrade system performance, per
ARINC 414.
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IV. SYSTEM SYNTHESIS AND DESIGN

The approach used to reach the preliminary design concept in
this report is to first present general design constraints
(paragraph 4.1), followed with a description of hardware and
software needed to implement a non-redundant, strapdown INS
(paragraph 4.2). Redundancy is then introduced to the overall
system, to the instruments, and to the complete system software
mechanization. The advantages and disadvantages of various
alternative configurations are presented, along with the ration-
ale for selection of the final design.

System redundancy requirements are analyzed in paragraph 4.3.
Methods of achieving the system reliability requirement with a
fail-op/fail-op configuration are described. The effects of
imperfect failure detection and isolation are considered in
achieving the recommended system configuration.

The information content of three and four TDF gyro systems is
analyzed in depth in paragraph 4.4. Means of estimating failure
detection and isolation probability for a three gyro array is
presented. Discussion of instrument geometry, parity equations
used for failure detection and isolation, processing of parity
equations in the presence of system noise and methods of
switching information following the isolation process are also
covered in this section.

Software mechanization options are discussed in paragraph 4.5.
The selected mechanization considers maintaining visibility of
subtle errors throughout the processing to allow external
improvements in failure detection and isolation processing.
Capability of complete recovery from failures without retaining
errors needed to perform failure detection and isolation is also
provided. Software requirements for INS updating from radio
aids, and a trade-off of software compensation of strapdown
instrument errors are presented.

System packaging options are presented in paragraph 4.6. A cost-
of -ownership trade-off illustrates the large impact that the
packaging arrangement can have in airline cost. A baseline
packaging arrangement is developed.

System design decisions are summarized in paragraph 4.7.

4.1 General Design Requirements

Section III of this report gives the requirements imposed on the
redundant strapdown INS by the application. These requirements
stem from various customer or potential customer needs, including
those imposed by the total operational environment. Internal to
redundant strapdown INS, additional design constraints, guide-
lines or assumptions may be imposed prior to system synthesis,
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either to achieve more realistic cost/reliability estimates or
based on current manufacturing trends.

4.1.1 General Construction

The general construction of units has a strong impact on cost,
both unit cost and in-service cost. The following guidelines
will be applied to the preliminary design of the redundant
strapdown INS:

® Simplicity of construction is more important than
minimum size.

° Internal inter-module wiring should use low-cost produc-
ticn techniques such as fiex-print, multilayer laminates,
or automatic wiring machines, as applicable, with that
order of preference.

° Electronic modules should be designed to use modern
production assembly methods such as automatic component
insertion and wave soldering, as applicable. Hand-
soldering should be minimized.

® The total number of electronic modules (printed circuit
boards) should be limited., consistent with vibration
integrity and modularity needs, to reduce the number of
connectors, total printed circuit board cost, and test
cost. A multitude of small assemblies should be avoided.

4.1.2 Module Designs

The gyro design will be assumed to be the Litton G-6, tuned-
gimbal gyro. The accelerometer will be the production Litton
A-1000 (single axis).

The electronics designs should use low-power techniques where
practical. Having a low power requirement not only reduces
power supply costs, but also simplifies electronics packaging.
Heat exchangers may be eliminated or simplified and the overall
structure may be reduced. Reliability also benefits from lower
component operating temperature. 1In addition, aircraft battery
requirements to cover power interruptions are simplified.

Power supply cost may be further reduced by standardizing power
supply voltages. A fewer number of voltages to be generated
tends to cut down on the number of regulators needed.

The expanded use of digital components in the electronic design
(with a corresponding reduction of analog components, such as
operational amplifiers, capacitors, and even resistors) is
highly desirable. Digital component technology is evolving very
rapidly through the use of MSI and LSI (medium and large-scale
integration) techniques. Component costs are reducing
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dramatically, with lowered power dissipation and use of a single
power supply voltage (normally) as added benefits.

The digital computer which will be assumed for the purposes of
the study is a modern hi-performance strawman machine utilizing
state-of-the-art components while meeting the strapdown speed
requirements. Computers in this class are state-of-the-art and
available in gquantity at competitive prices. The computer
memory will be a semiconductor version. A core memory may be
used for flight test of early models of the redundant strapdown
INS for software validation. Production models, however, would
benefit from the lower cost of semiconductor memory.

4.1.3 Software Generation

It will be assumed that the software will be generated in
assembly language rather than in some higher order language such
as FORTRAN or JOVIAL. Inefficiencies incurred with compilers as
well as difficulties in real-time application result in 20%-50%
memory word-count and time penalties. The lowest unit cost,
therefore, will result from the most efficient computer program-
ming. This trade-off should be reviewed when the computer is
selected for the implementation phase of the redundant strap-
down program. Computer memory costs are becoming sc low that
some memory hardware could be wasted if the costs of programming
can be significantly reduced.

4.1.4 Test and Calibration

Computer-controlled module/unit test and calibration will be
assumed for minimum cost. This will have a significant impact
on unit price since electronic labor costs are already small
through the use of automated assembly methods.

The design of the redundant strapdown INS units and modules
should include capability of automatic test. This determines
the number and type of test points (this may require additional
or larger connectors) and some additional components for iso-
lation of sensitive circuits.

4.2 Element Block Diagrams

The system design will now be synthesized from the basic, non-
redundant constituents. Various alternative mechanizations are
shown, and trade-off discussions presented where applicable.

4.2.1 Non-Redundant System Block Diagram

A simplified block diagram of a non-redundant strapdown INS is
shown as figure 4-1. The G-6 tuned-gimbal gyro has two degrees-
of—-freedom and thus there is a redundant (R) channel. 1In addi-
tion, it is essentially a displacement gyro, as opposed to a
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rate gyro. Therefore, an amplifier is needed to derive angular
rate by precessing (torquing) whenever an angular displacement
(pick-off) occurs. Similarly, accelerometers are of the torque-
to-balance type where an amplifier produces an electrical cur-
rent into the electromagnetic torquer of the accelerometer.

This torque balances out the torque produced by the vehicle
acceleration acting through a pendulous mass in the instrument.

Gyro and accelerometer torquer signals must be converted into a
form which the computer can use and this conversion is desig-
nated IMU/computer I/O. After solution of alignment, attitude
and navigation equations, the computer forms the required out-
puts for the aircraft avionics. Inputs are also accepted by the
strapdown INS for update purposes. Special circuitry, assumed
to be all-digital, is required for this system I/0 since the
computer signal format is not usually adaptable for use with
aircraft wiring.

An alternative gyro and/or accelerometer torquing method is
shown on figure 4-1 with dashed lines. 1In this method, the com-
puter closes the loop arcund gyros and/or accelerometers, thus
simplifying the analog amplifiers. Since a single computer
cannot solve both the loop closures and the strapdown equations
due to the speed limitations of modern computers, additional
computational capacity must be added. This will not be dis-
cussed further in this report since it is more of a detailed
circuit-design rather than system-design option.

4.2.2 Gyro Mechanization

The G-6 gyro input and output requirements are shown in figure
4-2. System mechanization factors which need consideration are:
Gyro rebalance loop design.

Temperature sensitivity correction.

Spin motor power.

Pickoff excitation supply.

'Angular axis alignment methods.

Gyro Rebalance Loop Design

The G-6 tuned gimbal gyro input/output characteristics are shown
in figure 4-2. Since it is basically a limited range displace-
ment gyro rather than a rate gyro, electronics is needed to
sense displacements and drive them to a null. The driving
signals into the two torquer coils are a measure of the vehicle
angular rate about two axes.
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Loop closure can be performed either in an analog fashion or
digitally. Analog rebalance requires an analog-to-digital
converter for input of rate measurements into the digital compu-
ter. An analog mechanization is sometimes considered to have a
tighter loop gain with less noise than a digital technique. The
A/D conversion accuracy reguirement on the other hand, is very
difficult to achieve. Practical circuits have been implemented,
however.

A digital mechanization produces loop closure by means of pulses
into the torquer coil rather than a direct current. It is not
the purpose of this study to determine the most cost-effective
means of gyro rebalance loop implementation, but Litton prefers
the dlgltal method over analog plus A/D conversion on the basis
of minimum circuitry.

Reference [13] describes a number of pulse torque loop mechani-
zations. Litton uses a method very similar to what is termed
"forced binary loop" in reference 13]. With this method, a
fixed frequency sguare wave is derived where the duty cycle is
modulated as a function of the gyro pick-off signal.

Figure 4-3 illustrates this mechanization. Each marker clock
pulse (approximately 2 KHz) switches a positive current into

the gyro torquer coil. When the amplified, shaped pick-off
signal crosses a threshold, the next data clock pulse (approxi-
mately 400 KHz) causes the current to switch negative. The net
number of data pulses between marker pulses, counting positive
during positive torquing. negative during negative torquing, is
proportional to average gyro precession rate during the interval.
External counting logic determines net pulse changes between
computer sampling intervals for input of A6 to the computer.

The need and desirability of cross-coupling between the two gyro
rebalance loops is discussed in the detailed loop design
description given in paragraph 6.2.1.

The wheel pick-off signal may be used to detect synchronization
between wheel motion and motor power supply frequencies and is
thus useful for self-test purposes.

The advantages of the forced binary loop implementation are:

a. For high marker pulse rate, the loop is essentially
analog, and thus linear, resulting in high closed-loop
gain and band-width. Selection of high marker pulse
rate reduces digital noise to acceptable levels.

b. Good A6 resolution can easily be achieved (0.5 arc
second).

c. Power into the torquer coil is constant, resulting in
constant gyro thermal characteristics and improved
performance.
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d. Parts count is reduced over the analog-A/D method.

e. Excellent positive-to-negative torquing symmetry can be
achieved.

The "sampling error" described in [13] for this mechanization is
easily eliminated by synchronization of computer interrupts with
marker pulses, or by buffer registers.

A critical aspect of any rebalance loop implementation is
retaining stable symmetry between positive and negative torquing
scale factors. Any asymmetry drift from a calibrated condition
causes errors when the vehicle is in a dynamic environment
through a rectification of positive/negative motion. Achieving
0.01% scale factor stability (100 ppm) is a lesser challenge.

Null stability errors are a function of the balance between
positive and negative torquing, including pulse rise-time and
fall-time contributions. These are difficult parameters to
control and require careful circuit design. Since this bias
error is proportional to the maximum torquing rate, and very high
vehicle rates (up to 4 radians per second) are present for very
short time durations, a rate switch is included. One current
level representing 30°/sec is used during normal operation. A
second current level, 240°/sec, is applied during extreme vehicle
maneuvers.

If the aircraft autopilot is rate-limited in all three axes for
passenger comfort or other reasons, this extra rate switching
circuitry is generally not used. Safety considerations, however,
require that the sensor measurement range be higher than the
basic airframe capability.

Temperature Sensitivity Correction

The gyro and rebalance electronics parameters are designed to
have low sensitivity to operating temperature. There are limits
to how insensitive these devices can be made, however. The
residual coefficients are sufficiently stable with time so that
the net system error budget can be achieved either with

rapid component warmup and temperature control, or

monitoring of component operating temperature with
computer corrections applied using factory-calibrated
coefficients.

The advantages of the calibration method are:
° system power consumption is reduced

) component operating temperature is lower, resulting in
improved reliability.
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Additional benefits derived from avoiding a large thermal
transient at turn-on are: 1) Electronics failures are often
induced by the stresses associated with large thermal gradients,
so net reliability is further improved over straight parts-
count considerations: 2) A thermal, and thus instrument perfor-
mance transient during ground alignment is eliminated. Such a
transient can seriously contaminate gyrocompassing if not con-
trolled. The instrument/electronic thermal design becomes very
critical in temperature-controlled systems so that transients are
completed soon enough to achieve alignment in the required 10
minutes.

Increased calibration costs result with this method, however,
since instrument/electronic constants must be derived at a number
of temperatures instead of at a single point. Test equipment
complexity, test time, and the number of testers needed for
significant production rates are all increased.

The final tradeoff of whether or not to temperature-control
instruments is left until the final production equipment design.
System design is described for a compensated implementation.

Spin Motor Power

The G-6 gyro spin motor has been designed to operate with a
square-wave, three-phase supply voltage. This allows use of a
high-efficiency switching-type power source.

Tuned gimbal gyros are susceptible to vibrations at the spin
speed and especially at twice spin speed. Therefore, if each
gyro is run at a slightly different spin speed,coupling between
gyros through self-induced vibration effects, such as bearing
noise is avoided. If this coupling is significant, separate spin
motor power supplies are needed for each gyro.

A signal is available from the G-6 gyro, the wheel pickoff,
providing a voltage pulse for each rotation of the gyro wheel.
This signal is useful for self-test purposes to detect gyro

motor or major bearing failures. The pulse frequency is equal

to 1/4 the motor power supply frequency when the motor is operat-
ing synchronously. This pulse train could also be used to
determine motor hunting, and thus compensate for some dynamic
gyro errors. This type of compensation is not expected to be
needed in a CH-46 type of environment, as described in paragraph
4.5.3.

Pickoff Excitation Supply

The supply for gyro pickoff excitation is of straightforward
design. It must be sinusoidal, however, with low harmonic
content.
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Angular Axis Alignment Methods

Gyro axis misalignments of the spin axis and the torquer axes,
relative to the mounting structure, are needed to be known to an
accuracy of approximately 10 arc seconds. The cost of machining
to this tolerance would be quite high, so the approach assumed
is to machine to relatively loose tolerances and then calibrate
the misalignment angles during test. Thus, gyro axis misalign-
ments will be derived during the calibrations described for
temperature compensation, though these will probably not vary
with operating temperatures. This adds four constants per gyro
to be stored in a non-volatile memory for read-in by the computer
at the start of each flight.

4.2.3 Accelerometer Mechanization

The characteristics of the A-1000 accelerometer are very similar
to that of the gyro, except, of course, there is no spin motor.
The accelerometer rebalance loop may be mechanized in a manner
very similar to the gyro loop. Again, a digital loop is favored
for reduced parts count.

Accuracy requirements for the accelerometer rebalance loop
torquing are slightly less stringent than for the gyro, espe-
cially during flight. Approximately 10 ppm repeatability (100
micro-g out of 10g maximum) is typically acceptable. During
ground alignment, however, accelerometer bias drifts are in-
distinguishable from gyro bias. Equivalent bias drift must be
under 3 micro-g per minute (0.01°/hr) to achieve reasonable
ground alignment accuracy. Pulse torquing circuitry can be of
a common design between the gyro and accelerometer, except that
there is no mode equivalent to the high rate condition in the
accelerometer loop. Alsoc, avoiding temperature control with
its attendant transient will aid in achieving the low bias drift
needed during ground alignment.

4.2.4 IMU/Computer Interface

The interface between the Inertial Measurement Unit components,
the gyros and accelerometers, and the digital computer is shown
in the block diagram of figure 4-4. The diagram is structured
for a complete inertial navigator including two gyros {with one

redundant axis) and three accelerometer axes. Gx through G are

the duty-cycle modulated square-waves from the gyro digital re-
balance loops and Ax through Az are the equivalent signals from

accelerometer loops.

The conversion of duty-cycle modulated square-waves to a parallel
digital word for entry into the computer is performed by the
up-down counters. While gyro or accelerometer torquer current

63



403314

CLOCK
Gx i
Gy —
G —y UP-DOWN
z COUNTERS
GR —
Ax -
Ay -
A 2 —
COMPUTER
( ADDRESS 8US
o evne I DATA BUS
z-R GYRO -
o R -~
R
Y ACCEL —] A/DCONVERTER
Z ACCEL -
\

Figure 4-4. IMU/Computer Interface Block Diagram
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is positive the count in a register increments at some fixed
clock rate. When torquer current switches negative, the regis-
ter count decrements. The net counter value over one digital
torquing interval (approximately 500 microseconds for gyros, 250
microseconds for accelerometers) is representative of the angu-
lar change of the vehicle about that axis during the interval
for gyros, and velocity change for accelerometers. No unusual
design techniques are needed for this function since clock rates
of approximately 400kHz can be employed.

The main constraint is that the digital rebalance duty-cycle
transition occurs only at one of the counter clock pulses so
that no information is lost.

Temperature sensors are required at the instruments for computer
compensation. These sensors are typically a variable resistance
element, such as platinum, which are put into a bridge circuit,
the output of which may be a dc voltage proportional to tempera-
ture. Thus, a 10-bit analog-to-digital converter is needed to
develop the digital words for application to the computer data
bus. The number of sensors needed depends upon the thermal
design of the instrument block and the thermal gradients expected
under a variety of environments and power conditions.

Since the digital rebalance circuits have their own sensitivity
to temperature, gradients between the gyro temperature sensor and
the thermally sensitive electronic components with, for example,
different cooling air flows must also be considered. Adding a
temperature sensor to the electronics implies that instruments
and electronics are calibrated at the factory separately. This
not only increases cost but also may be impractical due to the
accuracy requirements. Therefore, rebalance electronics will be
closely packaged with their corresponding instruments to assure
a common thermal environment, and then will be calibrated
together.

4.2.5 Digital Computer Design

The basic computer performance and memory requirements for
strapdown navigation are defined elsewhere in this report.

Other aspects of the computer design such as architecture, 1/0
provisions, etc., are functions of detail design trade-offs
rather than preliminary design. This type of trade-off con-
siders design features which may add to unit CPU cost but reduce
memory cost and/or one-time programming costs. Only general
design trends likely to be applicable to a strapdown INS will be
covered in this preliminary design report.

16-bit computer architecture is used extensively in the mini-
computer field for data words, with single or multiple words
used as instructions. 24-bit computers are sometimes used in
avionics for simplified addressing and reduced double-precision
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requirements. The strapdown problem requires a significant
amount of higher-precision arithmetic so some 32-bit arithmetic
capability is very desirable. This function is included in the
typical instruction mix used in the throughput definition
described in paragraph 6.3, so is contained in the throughput
specification. 1In other words, the problem may be solved by a
fast 16-bit computer using software 32-bit subroutines, or by a
slower computer having hardware 32-bit arithmetic. The lower-
cost unit meeting the throughput requirement is the natural
selection. The added memory for the 32-bit subroutines should
also be considered, but the downward cost trends of semiconductor
memory make this a relatively small factor. 16-bit architecture
with good 32-bit arithmetic capability is assumed for the base-
line redundant strapdown computer.

Floating-point arithmetic is also a highly desirable feature,
primarily to simplify the variable-scaling aspects of program-
ming. While the wider dynamic range is a help in some cases, it
is not as essential as in a problem such as Kalman filtering
where convariances can assume such a wide range of values. To
be of use, the floating point capability would need to be rea-
sonably fast and use a mantissa of 24-bits or greater. Fixed
point capability would still need to be retained in the computer
for high-speed portions of the problem. Low cost implementations
of floating point arithmetic are generally significantly slower
than fixed-point.

The use of index registers as pointers to memory areas has been
found very valuable in simplifying programming and reducing
memory. The general trend is to have some of the index registers
also capable of operation as an accumulator (general register),
with register-to-register arithmetic capability. These type of
non-memory-reference operations are usually very fast and add to
net throughput performance.

Many modern computers have microprogrammable instruction sets so
they can more easily be tailored to a specific application and/or
available software. Thus a computer can be configured to emulate
a previous design, with potentially significant savings in soft-
ware generation costs, or a particular instruction may be inclu-
ded for a more efficient solution of the problem. For the strap-
down problem, for example, there may be an instruction format
which could solve the quaternion integration with lower word-
count /duty-cycle impact. Speed may be improved if the instruction
takes the place of several normal instructions, since only a
single instruction-fetch is -required. Execution time of normal,
long instructions, however, such as multiply and divide, is
degraded, if these are microprogrammed instead of implemented in
hardware. Thus, net performance gains, if any, need to be
clearly established. , :
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Most modern computers can be configured to perform input/output
operations either under software control or under hardware
control through direct memory access (DMA) by the external
device during times the CPU is not accessing memory. DMA capa-
bility is very useful in many applications in conserving duty
cycle,

The software of a real-time problem is often controlled by means
of an interrupt pulse. These pulses, occurring at some fixed
rate control the software executive. Counting of these pulses
is then used to schedule the various software tasks. An addi-
tional interrupt, usually the primary interrupt., is used to
start a sequence of software operations in the event of loss of
primary power. An example of such an operation is the rapid
storage of self-test results in non-volatile memory to aid in
post-flight evaluation of failures. A fairly simple computer
interrupt mechanization can be suitable to vector the software
to the correct memory location containing the interrupt sub-
routine. Extensive multi-level, vectored interrupt schemes are
not required. Special design features needed for redundancy
are discussed in a later section.

The total computer memory requirement may be divided into four
categories:

a. Program memory

b. Scratchpad memory

c. Electrically alterable, non-volatile memory
d. Factory-derived, instrument constant memory

The program memory contains the sequence of instructions to be
performed by the CPU. Many types of computer applications
require that the instruction memory be electrically alterable
(but non-volatile when power is off) so that program changes
can be easily incorporated. Core memories, CMOS semiconductor
RAM with a battery for non-volatility, and silicon nitride MOS
devices fall into this category. Ultra-viclet-erasable PROM
also provides program modification flexibility.

Since the redundant strapdown INS as presently conceived is
basically a sensor, it is assumed that the software will have
very few changes once the system is debugged and proven. There-
fore, low-cost ROM (read-only semiconductor memory) will be
assumed. This memory will also contain various constants needed
for program execution. A variety of devices of this type are
currently available at low cost with more than adequate speed
for this application.

Scratchpad memory provides temporary storage for system vari-
ables, flags, etc,. during processing and I/0 operations. It may
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be volatile since battery protection against short power
interruptions will be provided for the entire system, and the
variables are all reinitialized when the system is energized at
the start of a flight.

Some variables are required to be retained following system
deactivation, however, For example, position coordinates of the
aircraft at shutdown may be used during the next start-up
sequence if accumulated system errors are not too great. Some
system calibrations such as partial gyro biases need to be
retained so that further biasing during the next flight can
inprove on past estimates.

In addition, it is very useful to retain a record of system
variables and redundancy management or self-test results after a
failure is indicated. Since many failure modes cause a rapid
power shut-down (100 usec is typical) to avoid chain-type
failures, the write time of the non-volatile, read/write memory
holding these variables must be faster than the power supply
shutdown time constant. Silicon nitride memories now becoming
available, cannot be used for this function since write-times
are too long.

The total read/write memory function is assumed to be implemented
with a CMOS memory supported by a small battery. Several months
of non-volatility can be obtained with such a small battery.

SOS (silicon on sapphire) versions of CMOS are now becoming
available with adequate speed for this application.

The instrument constant memory (a read-only memory which is
programmed only once using a special item of test equipment) is
required to store some instrument constants which are not nor-
mally subject to change. This includes instrument non-
orthogonalities which are determined during manufacture. A
silicon nitride memory is not recommended since certain types
of computer failures might cause alteration of the constants,
thus necessitating instrument recalibration, a time-consuming
maintenance action. The instrument constant memory would be
implemented in a programmable ROM (PROM).

4.2.6 Computer Input/Output

The input/output between the digital computer and other aircraft
avionics has been designated to be all-digital, serial and in
the format defined in ARINC 575. For the non-redundant configu-
ration, there are no unique design problems associated with this
circuitry.
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4.2.7 Power Supply and Support Electronics

The remainder of electronics needed to complete a non-redundant
strapdown INS is shown in block diagram form in figure 4-5.
Primary aircraft power is converted to DC which is used to
derive the various voltages needed by the electronic components.
It is also used to charge the battery which provides the backup
power in the event of aircraft power interruptions.

Self-test circuits monitor critical gyro. accelerometer, and
power supply signals. When a failure is detected, the computer
is sent an interrupt so it can perform its shutdown subroutine,
and a failure indication is provided to other aircraft avionics.

A variety of frequency references are provided by the crystal
oscillator and countdown circuitry for such things as instru-
ment pickoff excitation, gyro spin power, digital rebalance loop
control, I/O circuit counting and timing, computer clock, the
software executive interrupt, and a computer-read time word used
in the solution of the equations to compensate for computational
time delays. A watch-dog timer is also incorporated, reset
periodically by software. If a problem develops and software
cannot reset the timer, self-test circuits are activated to
indicate a computer failure.

Mode sequencing circuits are used to initiate gyro spin power
once power supply voltages are stabilized and close gyro and
accelerometer digital rebalance loops once gyro motors are up to
speed.

4.2.8 Software

The general software mechanization of a strapdown inertial
navigation system implemented with TDF tuned-gimbal gyroscopes

is shown in figure 4-6. Following read-in of counts representing
the incremental change in angle and velocity occurring over the
previous sampling interval, in instrument coordinates, software
compensation is applied. Compensation converts the data into

the body coordinate system and applies correction to calibrated
or predictable error functions.

Accelerometer compensation consists of a scale-factor correction,
rotation of data through calibrated misalignment angles, and
bias correction. Gyro compensation consists of similar cor-
rections plus compensation for gravity-dependent bias and dynamic
error mechanisms.

The type of dynamic error compensation employed depends upon the
vibration environment of the vehicle, gyro parameters, gyro
rebalance loop characteristics, and the desired net system
accuracy. There is a significant penalty in use of computer
duty cycle so software tends to be tailored to the application.
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The most significant dynamic compensation used in strapdown
applications corrects for gyro inertia effects. When a gyro is
torqued, it not only processes 90° from the torquing and spin
axes, but also deflects about the torquing axis. This is a very
predictable effect but must be compensated at a high speed in
software to minimize errors due to angular vibration of the
vehicle.

Another compensation often employed uses gyro pick-off displace-
ments to offset rectification which could occur in a vibration
environment due to finite rebalance loop compliance. This
compensation is smaller and may be considered for elimination
in error budget trade-offs.

Compensated gyro outputs are then integrated in a quaternion
integration algorithm to determine the angle between the aircraft
body coordinate system and the coordinate system used in the
inertial navigation equations. 1In general, higher order inte-
gration algorithms such as second or fourth are used with reason-
able computer solution rates to prevent errors due to circulatory
vehicle vibration (coning).

Velocity increments are transformed from body coordinates to
navigation coordinates using these quaternions. From this point
on, equations to be solved are identical to the inertial navi-
gation equations of gimballed systems. The inertial rate of the
navigation coordinate system is also derived and returned to the
quaternion integration algorithm in a manner directly analogous
to gyro torquing.

Leveling and gyrocompassing are performed on the ground prior

to flight in the same manner as gimballed inertial systems.
Time-varying gains are normally employed, with high initial

gains to remove large initial conditions, gradually reducing to

a low value to provide filtering of either internal noise effects
or unpredictable motion of the aircraft due to wind gusts,
passenger loading, refueling, etc. The optimum time-schedule of
the gain is often determined using an off-line Kalman filtering
technique.

The design of compensation and quaternion integration must be
performed carefully to avoid undue airborne computer time con-
sumption. In a current strapdown program at Litton, approxi-
mately 40% of the total utilized duty cycle was consumed by
instrument compensation, 40% for quaternion integration and 20%
for the remainder of tasks. Compensation and quaternion time
consumption can be reduced for systems with reduced accuracy
requirements or reduced vibration environment, or can be reduced
by use of advanced techniques such as higher-order algorithms,
time-staggered A6, AV read-in, and special microprogrammed
computer instructions.
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4.3 System Redundancy Tradeoffs

System Design

The synthesis of the remainder of the redundant strapdown INS is
based on comparison of a channelized approach vs lower level
modular redundancy. This tradeoff is illustrated by figure 4-7.
In the channelized approach, failure of any element of the
channel {(IMM, computer, I/O, power supply) causes failure of the
entire channel. The IMM redundancy management requires communi-
cation between channels which then also provides the instrument
measurements to all computers.

The modular redundancy approach provides fault detection and
isolation at each module so that a failure of a power supply or
computer, for example, does not deactivate any other module.
The reliability of this method is higher than the channelized
approach, at some extra cost for monitoring and switching hard-
ware. This is a well-documented redundancy tradeoff [14].

An approximate calculation of redundant strapdown INS reliability
with the channelized approach will serve to scope the problem.

If reliability is marginal with this method, some modular
redundancy would need to be introduced.

One channel of the four redundant channels is expected to have
an MTBF of at least 3000 hours. This is consistent with relia-
bility actually experienced on ARINC 561/571 INS of 1500-2000
hours. These INS contain 2 gyros, 3 accelerometers, gimbals,
sliprings, servo amplifiers, considerable input/output circuitry,
and older, less-integrated component technology vs 1 gyro,

2 accelerometer axes, minimum I/0, and medium and large scale
integrated (LSI) circuitry in one redundant strapdown INS
channel.

A calculation of system reliability must take into account the
failure coverage* at each fail-operational level. The sensi-
tivity of system reliability to this variable, at each level, is
illustrated in figures 4-8a and 4-8b taken from reference [16].

Figure 4-8a (figure 3 of [16]) shows the effect of non-unity
coverage for the first failure, with a coverage of 0.9 for the
second. The system configuration for these curves is three
channels, the first failure detected by voting and the second by
BITE. While this condition is not identical to the redundant
strapdown INS, reliability trends are applicable. It is clear

*The term “coverage" has been defined in the literature [15] [16]
as the likelihood of detection and recovery given that a failure
has occurred. Thus coverage measures the confidence associated
with a fail-operational capability.
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that nearly perfect coverage for the first failure (Cl) is

needed to make full use of the inherent equipment reliability,
preferably better than 0.99999. One source of imperfect coverage
is the detection level used in the parity equations to detect
soft gyro or accelerometer errors. This detection level must be
set high enough that false failure isolation due to normal
measurement noise has a very low probability.

Figure 4-8b), a combination of figures & and 7 of [16], illus-
trates the effect of non-unity coverage of the second failure,
The top curve represents a 3-channel system with voting logic
(coverage of unity for one failure) and no BITE. This is analo-
gous to zero capability to fault-isolate the second gyro failure.
The second two curves show addition of BITE with increasing
probabilities of correct fault detection and isolation. The
fourth curve is a 4-channel voted system (triple modular redun-
dancy with a standby replacement channel) with perfect coverage
for two failures. From these curves it is clear that coverage
for the second failure should be greater than 0.9, preferably
greater than 0.99 to make full use of the inherent equipment
reliability. The analysis of the next section of this report
shows the practicality of achieving greater than this degree of
coverage for the second instrument failure.

From these curves, it appears that a reliability of approximately

1 X 1078 (for 0.5 hr) can be achieved with the channelized
approach, assuming a 3,000 hr MTBF/channel and considering
realistic failure coverage conditions.

The previous discussion is general and approximate. A more
rigorous presentation of reliability performance for the selected
system configuration is given in paragraph 5.3 of this report.
For purposes of system configuration trade-offs, however, the
following conclusions may be reached:

a. Low-level redundancy is not needed to meet the 10_6

failure probability requirement once the system is
configured to be fail-op/fail-op, except where neces-
sary to meet coverage requirements., The design should
be driven primarily by cost factors.

b. Coverage for the first failure should be greater than
0.9999, preferably 0.99999,

c. Coverage for the second failure should be greater than
0.99, preferably 0.999., A small amount of BITE cir-
cuitry should be employed to achieve this goal.

d. BITE circuitry to provide fault isolation for a third
failure is not needed. The primary function of BITE
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will be to prevent further damage following a failure
such as power supply burn-out, gyro hinge damage, or
other secondary failures.

As an illustration of the first point, two system configurations
may be considered. Figure 4-9 shows complete redundancy of
computers* and system input/output. The computer subsystem may
thus be designed to be fault-tolerant and the techniques
described in the literature, [17] and [18] for example, may be
applied in some form. This often includes redundancy at the
computer module level, CPU or memory, for further reliability
improvement. There is additional hardware needed for this
redundancy., however. Each computer needs to be able to accept
data from all four IMM's, and the redundant 1/0 needs to have
considerable monitoring and switching circuitry.

Based on the need for a low cost design, the concept of figure
4-10 is recommended. An IMM interfaces with only 1 computer,
simplifying that hardware. Data is made available to other com-
puters for IMM redundancy management through the basic inter-
computer I/0. External I/0 is dedicated to a computer with final
voting performed by the equipment tying into the redundant
strapdown INS.

This recommended approach essentially provides redundancy on a
channel level. Failure of any element of the channel causes
failure of the entire channel but not the failure of another
channel. This is consistent with the earlier conclusion that
low level redundancy is not needed.

The assumption that external subsystems can accept four inputs
and perform their own voting and fault masking appears reasonable
in light of redundant systems presently in service and since
future interfacing systems will probably contain a computer of
their own. .

Gyro and Accelerometer Electronics

Gyro and accelerometer rebalance loops must be operating con-
tinuously to provide accurate redundancy management. Therefore,
there is no circuitry reduction which may be achieved over includ-
ing separate circuits for each instrument. Since each gyro

*The use of 4 computers was a basic assumption of this study
program to.limit the required amount of trade-off analysis.
While 3 computers are considered to have fail-op/fail-op capa-
bility when used in conjunction with BITE, added BITE circuitry
and 1/0 tends to offset the cost reductions offered by one less
computer. This is particularly true considering the cost trends
of computers vs special-design 1/0.
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operates at a slightly different spin speed to eliminate the
possibility of errors due to vibrational crosscoupling, four
gyro spin supplies are also desirable.

IMM/Computer Interface

The interface between the instruments and the computer is
actually simpler for the redundant IMM configuration than for a
non-redundant Inertial Measurement Unit (IMU). This is due to
use of the channelized approach previously described where a
computer is dedicated to a single IMM (1 gyro, 2 axes of accel-
eration). This dedication not only reduces the number of inputs
but also simplifies timing requirements so that each IMM/Computer
channel may run essentially asynchronously from the others.

Digital Computer

The recommended system approach eliminates the need for hardware
voting. Any comparison of data between channels is performed in
software. This then eliminates the need for additional levels of
interrupt to reconfigure the system,recover from transients, etc.
Thus unique design features are not needed for redundancy, con-
trolling cost.

The use of an ROM program memory is considered a Reliability
Enhancement Technique since it cannot be altered during excessive
noise conditions. It would be desirable to have the capability
of reinitializing the RAM since the integration type of pro-
cessing in an INS does not recover from transient failures. This
is a rare condition so only minor cost penalty should be incurred
to provide it.

Computer I/0

The recommended system approach where a computer is dedicated to
a single IMM (1 gyro, 2 axes of acceleration) requires intercom-
munication between all computers in the system in addition to
communication to the external world. It is assumed for purposes
of this discussion that communications to the external world
will be provided via standard ARINC 575 Serial I/0 Buses.

The inter-computer communication scheme, however, requires care-
ful consideration since it can greatly affect reliability analy-
sis and redundancy considerations. A key consideration in the
system design should be a method to ensure that a faulty pro-
cessor cannot destroy data in another processor.

Approximately 75 variables need to be transferred from every
computer to every other computer. Transfer of variables from the
other three computers (225) should be initiated by software and
be available in a computer before the next executive interrupt
(128 per second). The gyro and accelerometer data (6 words per

80



403314

computer) should be transferred first since the software must
wait before performing other functions until these measurements
are available from the other three computers. Thus the wait-
time between data transfer initiation and receipt of instrument
data consumes computer duty cycle and should be minimized. The
use of DMA for data transfer is highly desirable due to its
speed and low impact on duty cycle.

One method of implementing this I/0 is to provide every memory
unit with four ports, one local port with both read and write
capability and three external ports with read only capability.
Each computer therefore has the capability of reading all the
state variables and data of every other computer. Software
voting algorithms will be employed to effect fault detection and
recovery processes.

Two port-methods of transferring the data between the four
computers have been considered. The first approach is to use a
16-bit parallel bus that time shares data and address lines.
Assuming approximately four control lines (Address Strobe, Data
Strobe, Memory Request, Memory Enable) for completely asynchro-
nous operation, this approach requires at least 80 signals lines
of interconnect between the four systems for computer-to-computer
communication. It has the inherent advantage of being simple

to implement with very fast response time to error detection.

In addition, in the event of a channel failure just prior to
take-off, substitution of a channel and IMU reinitialization
could be effected rapidly since all system variables are avail-
able and may be transferred from the three active systems to the
replaced system within a few milliseconds.

In this approach the RAM memory (approximately 1024 16-bit words
for each channel) of the entire system is contiguous within the
memory address structure. A discrete bit provided in the elec-
tronic harness will identify to the software the channel number
(1, 2, 3 or 4) of the local processor. If a program is operating
out of processor 2, therefore, it will be able to read addresses
within the entire spectrum but write only between addresses 2K
thru 3K. It is assumed that with parallel busses interconnecting
the four computers, data can be read directly from another
channel without any delay or extra buffering.

A second port method is to use a serial transmission scheme
between the computers. This approach can reduce the signal line
interconnect count to approximately twelve lines. A serial-to-
parallel converter is required at each receiving memory port and
a parallel-to-serial converter is required at each External
Memory Controller (see figure 4-1la). The disadvantage of this
approach is the relative slowness of the data transfer and the
extra complexity of the I/0 Controller.
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In a serial scheme the delay encountered in receiving a given
variable may adversely effect the fast iteration loops. There-
fore a block transfer of variables is assumed and a contiguous
addressing structure for the four computers is not needed.

The serial External Memory Controller of figure 4-1lla) can accept
the following type command:

Read n variables from location i— i + n from system s
and store in local locations 1—1 + n.

The command is sent to the controller and the CPU then continues
with another program task. The port structure of the memory will
contain logic to ensure that no single requestor can hang up a
RAM. At completion of the data transfer, the External Memory
controller could then signal the requesting processor via an
interrupt.

A third method of data transfer is illustrated in figure 4-11Db).
When data is ready in a particular computer, a programmed I/O
function initiates serial data transfer from that computer to all
other computers. When the serial I/0 is receiving data from a
particular channel, the channel number, word count and wired bits
are used to form the memory address for DMA logic. Use of this
method reguires that there be no component failure mode which
could cause multi-channel failure.

Selection of the specific inter-computer I/O mechanization has
been deferred to the detailed design phase. No matter which
method is selected, careful failure analysis must be performed

to retain a fail-op/fail-op capability at all levels.

Power Supply and Support Electronics

The power supply could also be configured to be modularly
redundant, i.e., a single power supply failure would not cause
failure of any other system element. Since monitoring (BITE)
circuits for power supplies are relatively straightforward, only
3 supplies would be needed for fail-op/fail-op capability.
Coverage could be made adequate for both failures.

After two power supply failures, however, one supply is driving
all 4 channels. Each of the supplies would need this power drive
capability, resulting in an inherent power drive capability of

4 X 3 or 12 channels, only 4 of which are applied at any one
time. For a channelized approach, a power supply is preassigned
to a single IMM/Computer. Thus a net drive capability of only 4
channels is required for the total redundant strapdown system.
Since power supply cost is strongly dependent upon power drive
capability, there is a significant system cost penalty for the
small amount of increased reliability provided by modular redun-
dancy (not even considering monitoring and switching components
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needed to switch-out the failed unit). Therefore, a channelized
approach for the power supply is selected, where a power supply
failure will cause loss of one IMM and one computer function.

Self-test circuits are applied for detection of hard instrument

and power supply failures to assist the redundancy management
function and to prevent further damage to instruments or other
components during this condition. Power shutdown of an entire
channel would be activated during such failures. Therefore,

these self-test circuits are best designed completely on a

channel basis, having minimum or no interaction with other channels.

The various frequency references needed for system implementation
could also be implemented to be independently redundant. There
is a relatively minor amount of circuitry involved so the final
decision is influenced by other factors such as packaging and
maintainability. Again, it appears that having separate channels
is preferred to eliminate elaborate detection and switching
circuits. There needs to be some interaction between channels,
however, to approximately synchronize computations so that data
comparisons are made following calculations within the same
computer iteration. This is attained by producing the software
executive interrupt simultaneously in all 4 channels. Local
clock stability would then produce adeguate synchronization for
the remainder of the iteration. Monitoring and switching cir-
cuitry is needed to prevent a single failure from deactivating
more than one channel.

Mode sequencing circuits for system start-up require a minor
amount of circuitry to produce outputs for activation of a
specific channel, such as computer reset, gyro spin-up, and

loop closures, based on power supply mode status. Thus, the
design clearly requires a channel approach vs modular redundancy,
with no interaction between channels.

4.4 Instrument Redundancy Trade-Offs

4.4.,1 General Concepts

The preceding channel redundancy approach does not apply to the
inertial instruments. Each so-called channel contains only two
axes of information and thus is not a complete navigator.
Instruments, therefore, are treated in a modular fashion, with
Failure Detection, Isolation (FDI) and subsequent system recon-
figuration included so that a single instrument failure will not
cause the deactivation of any other instrument. This FDI and
reconfiguration has been chosen to be performed in computer
software for lowest system cost.

Definitions of the following terms are taken from reference [19].
Detection is the decision that a degradation or failure has
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occurred at a threshold level established by mission phase
requirements. Isolation is the subsequent decision of which
particular instrument output is responsible for the system
degradation or failure.

A missed alarm is defined as an actual failure that remains
undetected and/or unisolated after the desired threshold limit

on system attitude or velocity error (or any other such detection
criterion) is exceeded.

False alarms occur when the inertial system truly has no failures
but transients or noise trigger the FDI system to falsely indi-
cate failure of a good instrument. False and missed alarm
probabilities together should form a valid criterion for mea-
suring the effectiveness (i.e., reliability) of a particular

FDI method. A more comprehensive judgment of the worth of FDI
in a particular system is derived by judging the overall relia-
bility of the composite system by combining the mean time before
failure (MTBF) estimates of the system components with the FDI
false and missed alarm probabilities over the critical mission
flight time,

Coverage is the probability of a successful system recovery
after any failure has occurred. Coverage then, is by this defi-
nition, the probability of a correct alarm when a failure occurs.
It is not a complete overall concept because it does not take
into account the probability of the FDI method having a false
alarm.

4.4.2 Two-Degree-Of-Freedom Gyro (TDF) Considerations

Much of the published work on strapdown gyro redundancy manage-
ment has been directed toward application of single-degree-of-
freedom gyros. References [20], [21], [22] and [23] present

some of the dodecahedron work of the Charles Stark Draper Labora-
tory, [24], [25] and [26] the work of TRW and [27] that of
Honeywell.

A major problem in the use of single-degree-of-freedom (SDF)
gyros is the large number of gyros (6) needed for fail-op/fail-
op capability. This leads to high system cost. SDF gyros have
not differed significantly in cost from TDF gyros in the past,
and this fact has led to the dominance of TDF gyros in the
highly competitive aircraft inertial system marketplace. The
projections to strapdown instruments, such as the laser gyro
(S4,000 ea., per reference [28]) indicate the same trend.
Noting that a 4-TDF gyro system is fail-op/fail-op while a 4-SDF
gyro system is only fail-safe highlights this comparison. Con-
siderable producibility efforts are needed on laser gyros to
offset the inherent TDF advantage of the tuned-gimbal gyro.
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The present published work on TDF gyro redundancy management,
references [3], Teledyne, and [29]), Kearfott make very restric-
tive assumptions as to how a TDF gyro will fail. Considering
the number of possible failure modes and the extent of inter-
action between the two axes of a TDF tuned-gimbal gyro., these
assumptions do not appear warranted.

Figure 4-12 illustrates the tuned-gimbal gyro components and
their supporting electronics. Some failure modes result in

drift errors on a single input axis. The circuitry which trans-
fers the digital data from each axis to the computer for example,
may have single-axis failure modes. This depends upon the actual
mechanization, however, since multiplexing is a common digital
design technique. The portion of the loop electronics or gyro
torquer which produces precision torquing from the digital sig-
nal has a number of soft failure modes which result in a dif-
ference between the rate indicated to the computer and the actual
gyro precession rate and thus a system error. Since the rebal-
ance loop may still be operating satisfactorily, there could be
little or no cross-coupling to the other axis.

Failures of components which are used in common between axes,
such as the gyro rotor and suspension system, magnet, bearings
and motor, result in degradation of performance of both axes.

In addition, errors are dependent on aircraft maneuvers. The
error due to a scale factor shift depends upon the axis about
which the aircraft is rotating. An error due to a high
g-sensitivity depends upon the instantaneous magnitude and direc-
tion of the g-vector.

Thus, the error of a TDF gyro should be considered a vector
quantity in the measurement plane of the gyro. There also exists
some probability density distribution vs. the direction of the
angle with higher probability densities in the vicinity of the
measurement (torquer) axes.

4.4.3 3-Gyro FDI Singularities

when all four TDF gyros are operating, there is a considerable
amount of redundant information. FDI algorithms leading to

100% coverage of the first failure are relatively straightfor-
ward, regardless of the gyro failure direction. Detection levels
must be set high enough above normal gyro drift transient effects
to avoid false alarms and missed alarms, but still be within the
level set by system accuracy requirements.

After one gyro failure, however, the ability to isclate a second
gyro failure is somewhat limited, depending on the magnitude and
direction of the failure. The majority of gyro failures are

catastrophic--they fail to spin, the rebalance loop opens, etc.,
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and are detectable by hardware means. The computer FDI is only
concerned with soft failures.

The FDI limitations for the 3 TDF gyro conditions may be con-
veniently analyzed considering three gyros with spin axes
orthogonal and, initially, with torquer axes along the three
principal axes.

The orientation of the three gyros relative to the reference
coordinate set is shown in figure 4-13, Gyro numbers 1, 2 and 3
have their spin axes aligned along X, Y, and Z axes of the refer-
ence coordinate set. The gyro outputs are denoted by w's with
subscripts and superscripts. The subscripts denote the reference
axis about which the measurement is made and the superscripts
denote the number of the gyro which performed the measurement.

Failure isolation equations (parity equations) can be written
by inspection of figure 4-13, as follows.

1 2
Kl = UZ - UZ (1)
1 3
Ky = wy -y (2)
_ 2 3
K3 = Wy T wy (3)
Using equations (1), (2), and (3) we may construct a truth table.

TABLE 4-1. TRUTH TABLE FOR ISOLATION OF A FAILED GYRO FOR
3 ORTHOGONAL TDF GYRO CONFIGURATION
WITH ORTHOGONAL SENSING AXES

Gyro # K K K
Failed 1 2 3
None 0 0 0
1 1 1 0
2 1 0 1l
3 0] 1 1

In the Truth Table 4-1, the symbol of unity denotes that a
failure has occurred and the isolation threshold level has been
exceeded. The symbol zero denotes no failure.

Since gyro outputs are incremental angles subject to noise, rate
measurements may be partially integrated for smoothing. There-
fore, isolation thresholds are often expressed in angle and

thus the symbol of unity represents a state in which the set
angular threshold has been reached or exceeded. Isolation error
is defined as the total angular error made in the time period
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bounded by the occurrence of a failure and determination of which
gyro caused the failure.

During certain failure modes, only one of the parity equations
has exceeded its threshold. Therefore, a determination of the
failed gyro from the Truth Table cannot be made. To determine
the cause and effect of this condition, let us assume that a soft
failure has occurred in gyro No. 1 and that the magnitude and
direction of this failure is represented by an error vector shown
in Figure 4-14. This error vector ¢ is measured relative to the

gyro axes Yl and Zl. Although the angle ¢ may assume any value

between 0° and 360°, it will be assumed for the purpose of the
initial discussion that 0 £ 6 < 45°,

It is noted that for O < 6 < 45°, the error rate along the Y

axis is larger or equal to the rate along the Zl axis. The error
angle accumulated along the gyro No. 1 axes is shown in figure

4-15. At the time tl' the output of the Yl
angular detection threshold level ¢o. At this time the failure

1

axis reaches the

detection system is aware of the fact that a failure has occurred.
The failure isolation mechanism is not actuated because it is not
known whether the error is caused by gyro No. 1 or gyro No. 3.

Referring to equation (2), it is noted that'K2 can assume a value
5 the

output of Zl axis reaches the angular detection threshold level
¢o. Thus at time t2 the failure isolation mechanism is actuated

of unity when either gyro No. 1l or No. 3 fails. At time t

and the failed gyro No. 1 is switched from the system. During
time t2, isolation error has been accumulated. From figure 4-15,

the magnitude of the isolation error as a function of the angle
¢is as follows:

Error angle accumulated about the Zl axis is:
¢, = (ésins) t, (4)
Error angle accumulated about the Yl axis is:

(¢ cos 6) t, (5)
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Figure 4-14.

Failure Error Vector
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Assuming the error angles are small so that they can be treated
as vectors, then the resultant isolation error is

6, = \/;02 + [(é cos e)tz]2 (6)

from equation (4) into equation (6),

2 2 1
= ¢ + ¢
€ \/ o o tan26

_ sin29 + 00526
= ¢y ¢o 2

sin“@

Substituting t2

_ 1
= 95 sine® (7)

The isolation error in nondimensional form is shown plotted in
figure 4-16. Similar reasoning that led to equation (7) can be
extended for values of 45 < 6 =< 360, thus obtaining nondimen-

sional isolation error for 0 < 6 < 360 as shown in figure 4-17.

As seen from figure 4-17, fault isolation singularities (isolation
error approaching infinity) occur for gyro error directions of

0°. 90°, 180° and 270°. For gyro errors along these directions,
parity equations can detect that an error has occurred (one of the
parity equations exceeds the threshold ¢o) but a determination

cannot be made as to which gyro has failed. 1In table 4-1, two
parity equations must exceed their detection levels for fault
isolation to occur. If only one egquation exceeds the detection
level, only one of the 3 gyros can be classified as good.

With gyro sensitive axes aligned along principal axes, that is
coincident with the spin axis of another gyro, a single-axis gyro
failure cannot be isclated. Since single-axis gyro failures are
expected to have a slightly higher probability of occurence than,
for example, an exactly equal drift rate about both axes simul-
taneously, it is appropriate to physically rotate the sensitive
axes away from the singular directions. A 45° rotation of the
gyro about its spin axis was suggested by Teledyne in reference
[3]. This reorientation does not remove the singularities but
simply moves them relative to probable gyro failure modes.

A physical interpretation of the singularities may be obtained
by referring to figure 4-13. 1In the direction along one of the
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gyro spin axes, say H3, there are only two measurements of
angular rate,cuzl and wzz. If an error in gyro #l occurs along
this axis, it appears in only one parity equation, which is
insufficient for the solution of two unknowns, the two gyro
drift rates. Physical rotation of the torquers about the gyro
spin axis does not introduce any more information since the same
effect can be achieved by a computational rotation.

The fault isolation singularities occur with any geometrical
arrangement of three TDF gyros, not only the orthogonal arrange-
ment, except for the trivial case of three coincident gyros.

The impact of this constraint on system design is that software
must be configured to handle the rare cases of failures along
the singular directions, gyro input axes should be oriented away
from the singular directions, and total system reliability is
slightly reduced due to non-unity coverage of the second failure.
It will be shown that coverage is much closer to unity for large
allowable isolation errors, as required for flight control use,
than for navigation errors.

4.4.4 Gyro Geometries

The geometry selected by Teledyne in reference {3] was to orient
three of the gyro spin axes orthogonal with sensitive axes
rotated 45° from coincidence with another gyro's spin axis, and
with the fourth gyro spin axis bisecting the orthogonal set.
This results in a rather unsymmetric condition, where perfor-
mance (FDI and navigation) and equations to be solved by the
computer after the first failure depend upon which gyro failed
first - the bisector or one of the three orthogonal gyros. A
more symmetric arrangement is desirable computationally and from
packaging considerations, provided that the computational burden
is not increased significantly.

An obvious symmetrical choice is a tetrahedron where spin axes
are directed toward the four vertexes and each gyro measurement
plane is one of the faces. Spin axes are thus distributed uni-
formly in space. Another form of the tetrahedron is half of an
octahedron. With this configuration, spin axes are distributed
uniformly about a hemisphere. This latter orientation is
directly analagous to the dodecahedron cof Draper Labs, reference
[20). 1In that case, distributing sensitive axes on faces of a
cube (hexahedron) results in pairs of coincident (one negative,
one positive) sensitive axes. Since the computer can make a
sign reversal, the desired angular distribution is not achieved.
Use of a dodecahedron achieves the desired distribution without
parallel axes. The octahedron has a property similar to the
dodecahedron in that pairs of the eight faces are parallel.
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Therefore, gyros on four non-parallel faces of the octahedron
are evenly distributed in space.

Figure 4-18 illustrates the octahedron, formed from equilateral
triangles, and two possible selections of gyro spin vectors.

The octahedron may be viewed as being composed of two pyramids
with the square bases tied together. 1In figure 4-18(a) the four
gyros are attached to only one pyramid. In figure 4-18(b) two

of the gyros are moved to the parallel opposite octahedral faces.
It can be shown that this latter configuration is equivalent to
the tetrahedron where the angles between any two spin vectors are
the familiar 109.46°.

In terms of information content, these two geometries are
identical. Certain error terms, however, behave differently in
the two configurations. In the tetrahedron, the net angular
velocity of the 4-gyro array is zero and some error terms,
notably the inertia term, cancel. Since the system must work
with one or two failed gyros, this feature cannot be fully
exploited. The semi-octahedron arrangement has certain packaging
advantages so that it is preferred over the tetrahedron.

The tetrahedron could be achieved by reversing the spin motors
of two of the semi-octahedrally mounted gyros. Many of the
instrument calibration coefficients such as bias, scale factor
and g-sensitivity, would not precisely reverse polarity with
reversed spin, so there would be additional calibration costs.
Again, the semi-octahedron is preferred for lowest system cost.

The symmetry of the semi-octahedron could still be retained with
some angle other than 109.46° between alternate spin vectors.
Considering spin vectors to be on a cone, this would be equiva-
lent to varying the cone angle to potentially improve some
system parameter. Some accuracy degradation would be expected
since the amount of measurement along the cone axis relative to
the measurement made in the base of the pyramid would change.
Since reliability is one of the most important of the system
parameters, some accuracy degradation might be acceptable if
improved coverage of the second failure could be achieved.

Reducing the cone angle to zero makes all four gyro spin axes
coincident. This orientation is very good for reliability
(perfect coverage for the 3-gyro condition) but disastrous for
navigation since there are only two axes of information. As

soon as the cone angle deviates from 0° sufficiently to obtain a
measurement about the third axis, the 3-gyro singularities appear.
A minor improvement in coverage could be achieved by reducing the
cone angle to a very small angle, say 30°. For this condition,
large pitch or roll rate errors, i.e., 1l0°/sec, can be detected
and isoclated. Due to the improbability of such a failure mode,
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coupled with packaging and computational disadvantages, this
non-regular tetrahedral orientation will not be considered
further.

Another trade-off which may be made is analagous to the single-
degree-of-freedom analysis performed by Pejsa in reference 27].
A gyro's performance is improved when its spin axis 1s near
vertical due to elimination of errors which are a function of
acceleration or gravity normal to the spin vector. Since navi-
gation performance is less influenced by error in measurement
of angular rate about the local vertical, optimum performance
should occur with cone angles smaller than the ideal octahedral
109.46° (assuming the cone axis is vertical). This is particu-
larly true for flight durations of about an hour and thus is
potentially applicable to some of the short-haul VTOL missions.

The application under consideration, however, includes nearly
continuous position updating from radio aids. The important
inertial system parameter is thus rate-of-change of velocity
error since this establishes how well velocity may be calibrated
from position updates and how well it will hold this calibration
during position aid outages. Velocity error is caused by a large
number of error sources and small improvements of only one of
these, for example g-sensitive bias, will not have a strong
impact on net performance. Therefore, the instrument skew angle
will be retained in the nominal octahedral orientation. A second-
ary benefit of this skew angle is that large g-sensitive drifts,
one of the normal tuned gimbal gyro failure modes, can be
detected and isolated before flight or while flying straight and
level rather than just during maneuvers. '

Once spin axis skew angles have been selected, sensitive axis
definition is largely governed by avoidance of 3-gyro singulari-
ties. Since tuned gimbal gyros are sensitive to the g-vector in
both axes simultaneously, there is no optimum orientation rela-
tive to gravity. The final orientation will thus be selected for
ease of computation and packaging.

Figure 4-18 shows the selected relationship between the earth's
gravity vector and the gyro spin axes. For this orientation,
all gyros are subject to the same portion of earth's gravity.

4.4.5 Accelerometer Geometries

If a SDF accelerometer is to be employed, only 6 accelerometers
would be required for fail-op/fail-op capability. They could be
oriented in a dodecahedron orientation with redundancy manage-
ment similar to that performed, for example, on the Draper Labs
SIRU. The channel redundancy approach and the subsequent low-
cost-of-ownership packaging method described in a subsequent
section of this report are lost, however.
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Since the proposed packaging arrangement more than compensates
for the added accelerometer costs and general computational
efficiency is improved, 8 accelerometer axes will be assumed,
coincident with their associated gyro sensitive axis.

4.4.6 Parity Equations

Parity equations will now be presented for the semioctahedral
spin axis orientation. Equations are based on gyro measurements
but are applicable in form to both gyro and accelerometer outputs.

Gyro parity equations and axis definitions are given in figure
4-19. These eguations are derived in Appendix B of this report.
Gyro number is designated by subscript i or j. The gyro spin
vector is identified by the letter Si and subscripts X5 and Yy

define the gyro sensitive axes.
A parity equation, Tij’ represents a direct comparison between

the angular rate measured by the i and J gyros about some common
test direction eij' The test direction is along the intersection

of the measurement planes of the two gyros. These components
may be directly compared to remove vehicle rate and thus expose
any gyro error rates.

Another form of the parity equations was investigated, namely
comparison of a gyro rate to the least-squares solution of the
other gyro measurements projected onto the plane of that gyro.
The benefits obtained were not found to be sufficiently great
compared to simple intersection comparisons to warrant the
added computational complexity.

A simple method of isolating a fault to the failed gyro is to
integrate (approximately) each parity equation and compare the
ocutput against some detection threshold, 66, as shown in figure
4-19. Logic is then employed in the computer such that if two
or more equations involving a gyro exceed the threshold, that
gyro is classified as failed and switched out of the output
computation. Other detection, isolation and switching options
are discussed in the next subsections of this report.

A physical interpretation of the parity equations for a tetra-
hedron may be achieved by means of figure 4-20. The faces of
the tetrahedron, #1. #2. #3, and #4, represent the four TDF gyro
measurement planes. A parity equation is formed at each edge of
the tetrahedron, the intersection of two gyro measurement planes.
For example, “ia is the rate measured by gyro #l1 in the A

direction and w3a is the rate measured by gyrc #3 in the A

direction. Since the two measurements are of the same quantity,
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namely the component of the total vehicle angular rate"”VEHICLE‘

in the A direction, the two measurements may be differenced to
determine measurement error.

Consider a vector measurement error made by gyro #l in a

direction perpendicular to edge B. The wip component of rate

measured by gyro #l1 will therefore not contain any error - it
would be a perfect measurement of the component Of'”VEHICLE in

the B direction. Assuming no errors in gyro #2, the B edge
parity equation will thus be zero. The A and C edge parity
equations will expose the error, however, and thus fault isola-
tion can be achieved.

If gyro #4 had previously failed, the C, D and F edge parity
equations are lost. For the gyro #l error rate perpendicular to
edge B, only the A edge parity equation exceeds its threshold.
This condition could also be caused by a gyro #3 error rate
perpendicular to edge E. Therefore, this vector direction of
gyro error is a fault isolation singularity of the same type
described for three orthogonal gyros. Note that no reference
was made to the particular tetrahedron angles. This condition
applies to any non-colinear orientation of three gyros.

The preceding is not a general proof of the existence of the
isolation singularities occurring with 3 TDF gyros, however,
since parity equations may take forms other than the tetrahedron
edge comparisons. A general proof is obtained with the aid of
figure 4-21.

Consider three gyros, the sensitive axes of each represented by
a plane surface. The orientation of the two gyro input axes in
this plane is immaterial since measurements made in one orien-
tation can be changed to another with a simple coordinate trans-
formation about the spin axis.

Consider next a vehicle angular rate T along the spin axis of
gyro #l1 of figure 4-21. The rates sensed by each gyro are the

projections of T onto each measurement plan, where Gl = 0.

Given the gyro measurements GZ and 63. one can reconstruct an
estimate of T along the intersection of two planes - one plane
is normal to gyro measurement plane #2 and along 62, the other

plane is normal to gyro measurement plane #3 and aleng 63. This

reconstructed & is also consistent with ;l = 0.

If gyro #3 has an error Buwg along the direction of 53, the error

in the reconstructed %, 8w, is along the direction of w. The
same error could have been caused by an error in gyro #2 along
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the direction of oo Gyro #1 cannot contribute information in

determining whether Aw was caused by gyro #l or gyro #2 since
Aw is normal to its measurement plane. Therefore, isolation
singularities occur in each gyro measurement plane for gyro
drift errors along the projections of the other gyro spin axes
onto that plane.

Isolation error may again be plotted vs. gyro error direction,
figure 4-22, where the origin of the abscissa is the perpendicu-
lar to edge B of the tetrahedron. This plot is directly compar-
able to figure 4-17, for orthogonal gyros. The location of
singularities has changed to account for tetrahedral geometry.

If the detection level ¢ is set at the noise level of the gyro,

the curve of figure 4-22 indicates that there is an amplification
of this basic noise level as a function of gyro drift direction
due to geometry, analagous to the geometrical amplification of
errors in a LORAN C net. If the allowable isolation error is
very large (for example, flight control requirements may tolerate
1°/sec. error compared to 0.5°/hr or less for navigation needs)
gyro failure modes having drift directions very close to the
singular direction can still be isoclated since the noise level

of inertial-grade gyros is so low. Therefore, the effective
angular width of the singularities decreases compared with 360°,
and thus the probability of non-isolation decreases. Flight
control reliability, then, will be much higher than navigation
reliability. This relationship will be expanded upon in later
sections of this report.

Parity equations for the semioctahedron form of the tetrahedron,
figure 4-19, are essentially the same as for a regular tetra-
hedron. The parity equations are again formed at the edges of
the polyhedron. Note that the intersection between gyros i and
k is parallel to the upper and lower horizontal edges. Each

face of the octahedron is still composed of an equilateral
triangle, so the behavior of parity equations is identical to the
standard tetrahedron. The selection of gyro sensitive axes has
been made to avoid coincidence with any possible singularity.

It is interesting to review the reduced cone-angle trade-off of
paragraph 4.4.4 in light of the above interpretation. Figure
4-23 illustrates a flattened semioctahedron. Faces of the octa-
hedron now deviate from equilateral triangles, approaching right
isosceles triangles. Clearly navigation errors will deteriorate
due to geometrical dilution of measurements along an axis out of
the peak of the pyramid. If this axis is made the aircraft yaw
axis, net navigation performance might be acceptable.
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Figure 4-23.

Flattened Semi-Octahedron
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Parity equations for this geometry would be very similar to

those described for the regular octahedron. 3-gyro singularities
appear as before except at different angles. Considering gyro i
in figure 4-23,singularities are perpendicular to edges A and B
if gyro k has failed, and perpendicular to edges A and C if gyro
j has failed.

The only apparent benefit from this geometry is that an improved
reasonableness test could be performed during the remote possi-
bility of a large gyro failure along a singular direction during
3-gyro operation. Consider a prior k-gyro failure and an i-gyro
error in a direction parallel to B. The error shows up in the B
edge test with gyro j., but not in the A edge test with gyro 1.
Therefore, the error is detected but not isolated to either the
i or j gyro. However, because the B and F edges are nearly
colinear, a crude comparison can be made between the i and 1
gyros, limited by how much aircraft yaw rate can be coupled
through the angle between the B and F edges. If the measurement
difference is greater than the maximum possible coupled yaw rate,
fault isolation between i and j gyros can be made.

As described in paragraph 4.4.4, the disadvantages in computa-
tional efficiency and packaging incurred for a reduced cone angle
outweigh the minor fault isolation improvement achieved for a
remote failure mode. Therefore the regular octahedron skew
angle will be retained.

4.4.7 Error Detection and Isolation Methods

Since the outputs from the gyros and accelerometers are incre-
mental in nature, angle and velocity increments, respectively,
determination of angular rate and linear acceleration would
require differentiation of these sensed values in the computer.
This processing method is impractical due to amplification of
noise and data quantization which would lead to a high false
alarm rate in the redundancy management.

Integration of parity equations produces the desired smoothing.
Error detection would then be on the basis of angle and velocity.
However, accelerometers and gyros contain a variety of normal-
mode errors, including bias. Integration of these normal bias
errors over a long period of time tends to obscure failure-error
buildups. A simple lag filter washes out the bias errors while
acting as an integrator over short periods of time. Use of a
simple, low-pass digital filter was used on SIRU, {20], [23], as
part of the TSE (total squared error) FDI (failure detection and
isolation) and is also selected for this study.

A simple means of processing the "integrated" parity equations is
to compare each individually against a predetermined threshold.
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When thresholds are exceeded, a logic truth table such as that
shown in paragraph 4.4.3 is then used to determine the failed

gyro.

Other methods involving a combination of parity equations have
been described in the literature for SDF gyros, such as the TSE
[23]), Minimax [22], Maximum Likelihood [25], Kalman-Bucy and
others [26]. These cannot be directly employed for TDF gyros
except conceptually.

In order to view drawbacks of the simple table loock-up method,
consider again figure 4-22. This curve may be considered as a
boundary oY threshold for error detection for a 3-gyro condition,
using uncombined parity equations. If ¢, is taken to be the
noise level of the gyro, the error detection limit must be set
well enough above the noise to avoid false alarms and missed
alarms. (NOTE: The curve of figure 4-22 assumes that only one
gyro has an error and is thus incomplete. It is used for illus-
tration only.) Figure 4-24a is a polar plot of figure 4-22.

A 1/sin function is simply a straight line on a polar plot.

Direct use of parity equations in the 4-gyro case, with fault
detection and isclation based on two equations exceeding detec-
tion limits, is equivalent to processing gyro data using three
gyros at a time. Thus the detection threshold versus gyro error
direction for the full four-gyro set may be derived by super-
position of three curves of the form of figure 4-24a, each
rotated by 60° from the rest. This superposition process is
illustrated in figure 4-24b.

The inner portion of each of the plots of figure 4-24b represents
the parity equation pair which produces the smallest isolation
error for a given gyro drift and is thus the pair with which the
error is first detected. A composite of the isolation error
which considers this isolation logic is shown in figure 4-24c.

For both the four and three gyro conditions, it is clear that the
isolation threshold is not constant as a function of the angle

of the gyro drift. If the threshold is set at the largest value
allowed by system requirements and this is very close to the
point of the star for four gyros, system errors smaller than
this value produce a failure indication a significant portion of
time. These failure indications might still be arbitrarily
classified as "failure" conditions even though real errors are
smaller than the system error limit, so would not contribute to
false alarm rate.

Real false alarm rate could be reduced, however, by processing
parity equations to achieve a more constant detection level vs
failure angle and make full use of the information contained in
these equations. Note that at the points of the star of figure
4-24c, all three parity equations exceed the threshold but in
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reality only two are being used. Better processing could
achieve either tighter detection limits or reduced false alarm/
missed alarm rates.

When large gyro errors occur, speed of detection is important to
avoid transients in the aircraft flight control system. Due to
the simplicity of the table look-up method which operates on
uncombined parity equations, a high computer iteration rate can
be used for this test. Since a combination of parity equations
is primarily applicable to detection and isolation of small
errors which takes a long time anyway, such processing can be
performed at a low rate with little impact on computer duty
cycle. Thus, inclusion of both methods is desirable. The deri-
vation of parity equation combinations is given in paragraph 5.3
of this report.

Methods have been proposed in the literature [21] for classifying
a gyro drift as either a step or ramp function and then applying
a compensation to the faulty instrument to bring it back to a
useful state. This approach may have application to space
systems where vehicle maneuvers are limited. 1In an aircraft
system, however, normal turns produce time-varying gyro errors
since scale-factor, g-sensitivity, and axis alignment error
coefficients are exercised. Therefore, this approach is felt to
be inapplicable to the aircraft redundant strapdown system.

Significant errors occur during a turn due to deviation of each
gyro scale factor from its nominal value. For a 3°/sec turn and
100 ppm scale factor error, there is a gyro drift error of 1°/hr
for the duration of the turn. A 180° turn lasts 60 seconds and
results in an error buildup of 1 arc minute if the turn rate is
about the gyro sensitive axis. Considering that 100 ppm is a
typical l-sigma value and near-continuous turning may need to be
provided for, scale factor effects need to be either accommodated
or compensated.

The study program covered by this report includes only a brief
examination of scale factor compensation in paragraph 5.3.
Insufficient time was available for a thorough analysis. This
appears to be worth further study. however, to allow a reduction
of gyro drift detection levels. The effects of other maneuver-
dependent errors must also be considered in determining the
effectiveness of scale-factor compensation, but due to the mag-
nitude of the scale factor effect., compensation appears a promis-
ing technique for improving error detection and isolation
sensitivity.

There is a finite probability that two gyro failures can occur
simultaneously. This is particularly true for small failures
since several minutes of time may be needed to detect and isolate
a given drift. Provisions should be included in FDI algorithms
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for multiple failure modes where practical. Excessive
computation should be avoided due to the low probability of
occurrence. There exists a dual failure mode condition where
the parity equations remain satisfied (a failure is not detec-
ted). For this situation to occur the two simultaneous failures
need to be equal in amplitude and each be in a specific vector
direction. The joint probability that these events all occur
simultaneously is considerably less than the total system
failure probability and is estimated in paragraph 5.3.

4.4.8 Switching Methods

Once an error has been detected and isoclated, further action is
required to prevent the erroneous information from affecting
system outputs. The most obvious method is to simply switch out
the gyro from all computations. Consideration should be given
to minimizing switching transients in flight control functions,
however. Weighting schemes such as described in [30] may need
to be considered if transients are troublesome.

Vehicle angular rate and linear acceleration, in body coordi-
nates, are required as outputs. Computer switching from
instrument to instrument could cause very small transients in
these outputs. Error detection levels, however, are set orders
of magnitude smaller than the normal accuracy required of these
outputs. Therefore, switching transients are insignificant.

Attitude, heading, velocity, and position outputs are one or

more integrations away from the instruments. Switching of
instruments thus does not cause transients in these outputs.

The only way in which transients could occur is if switching is
performed directly on these functions or during reinitialization
modes during error recovery. This is discussed in paragraph
4.5.1 relative to the software mechanization. Weighted com-
binations of instrument outputs to eliminate transients therefore
is not needed.

A secondary purpose of combining instrument outputs in a weighted
manner is to reduce system error. Monitoring of parity equations
during normal operation yields some information regarding
relative performance of instruments. Since parity equations are
strongly influenced by noise during these conditions, weighting
factors must be determined from error probabilities. This tech-
nique is of value during very soft failures, near the instrument
noise characteristics, and during soft failure modes during
3-gyro operation. Simplified methods should be used in order to
limit the computer penalties since system performance benefits
derived from this mechanization are subtle.
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Once a gyro has been classified as failed, it should continue
being monitored, but not be involved in output computations. It
could then be reinstated into the computation if required. Thus
false alarms due to noise are less important since use of the
gyro is not lost for the full duration of the flight. Also, a
soft-failed gyro may still be good enough to resolve the 3-gyro
isolation ambiguity in the rare event that it occurs. Further-
more, use of a marginal gyro for monitoring and backup following
a second failure is better than having none at all.

If a gyro failure having a constant direction is detected,

should the entire gyro be switched out of the computation, or
should the data normal to the failure direction be retained ?

A special case of this guestion is whether or not it is neces-
sary to isoclate failures to a specific instrument or is it
sufficient to merely eliminate the bad data. This is of particu-
lar interest when a failure is along one of the 3-gyro isolation
singularities.

Figure 4-25 may be used to illustrate this procedure. Consider
gyro #4 to have previously failed, thus leaving the three edge
parity equations A, B, and C. Assume that the A edge parity
equation is indicating a failure but that B and C are zero. The
failure must be either gyro #l1 or gyro #2 for this condition to
be true. Therefore gyro #3 is good. The two possible error
vectors which could cause this condition are perpendicular to
edge B for gyro #l1 or perpendicular to edge C for gyro #2, as
shown. The gyro measurements perpendicular to these possible
error vectors in the measurement planes are parallel to gyro #3.
Thus an unambiguous measurement normal to the known good gyro is
unavailable.

There are some gyro failure modes where one axis exhibits poor
performance but the other axis is still good. An electronics
scale factor shift is an example. This is a sufficiently rare
condition that special software provisions for partial gyro data
retention do not appear warranted. Therefore, when a gyro
exhibits a failure drift, it will be completely switched out of
the output computations.

Since the two accelerometer axes are implemented with two inde-
pendent instruments, failure modes are also independent except
when it involves some common function such as the power supply.
A very minor increase in system reliability could be obtained
by switching out one accelerometer when a failure is indicated.
On a preliminary basis, however, both axes are switched for
software simplicity.
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GYRO NO. 4
PREVIOUSLY FAILED

T POSSIBLE
ERROR

GYRONO. 3 IN
PLANE OF PAPER

Figure 4-25, Tetrahedron Illustration of 3-Gyro Ambiguity.
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4.4.9 Failure Coverage

Determination of failure coverage depends strongly upon
definition of a failure. 1In other words, what output errors

(1 sigma, 3 sigma, 6 sigma ) result in a failure condition which
jeopardizes flight safety or proper completion of the flight,
and how long may the errors be present (is time-rmsing appli-
cable) ? The instrument errors which can cause this condition
must then be derived.

Derivation of the definition of an instrument failure is compli-
cated by the fact that system performance requirements include
updates from an external radio aid using some form of combina-
tional filter. Gyro drift requirements are very much a function
of the accuracy of the radio aid and the sophistication of the
filter.

In a redundant system, component error budgeting is influenced
by error detection and isolation requirements relative to the
allowable system errors just prior to switching-out a "failed"
component. Instrument tolerances may need to be tighter for a
redundant system than for a single-string system since failure
detection limits must be set much higher than normal component
tolerances (e.g., 5 sigma) to limit false alarms. This state-
ment is somewhat contrary to the normally accepted fact that
system accuracy is improved slightly over a non-redundant system
by averaging the redundant data. This accuracy improvement only
applies to the zero-failure condition, however. Since system
accuracy must be undegraded after two failures, improved zero-
failure performance is of minor overall benefit.

Use of probabilistic weighting coefficients derived from parity
equations, parity equation combination processing, and scale
factor compensation described in paragraphs 4.4.7 and 4.4.8 can
all tend to offset the degradation of system performance just
prior to switching-out a failed component. Thus these techniques
are very useful in reducing the impact of redundancy management
on the instrument error budget while retaining low false alarm
rate and high failure coverage.

A full analysis considering the interaction between system
performance, redundancy management algorithms and component
error budgets, is beyond the scope of this preliminary design
report. The error budget is determined essentially from single-
string requirements (with a simple filter and some assumed radio
noise model). Error detection and isoclation thresholds are set
to be large enough to avoid high false and missed alarm rates,
with little consideration of pre-alarm performance transients.
Means of recovery from these small transients to reduce their
time duration, however, will be included in the computer
mechanization.
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The coverage of the first failure will be essentially unity
since it will be designed to be so. All coordinates have suf-
ficient measurement information for completely unambiguous
"failure" detection and isolation. The coverage of the second
failure must consider the effects of the 3-gyro isolation singu-
larity coupled with the full spectrum of gyro failure modes.

If a large number of redundant strapdown systems were operated
for a long period of time, there would be some distribution of
the aggregate failures between hard failures, detectable by
simple self-test, and soft failures, those needing redundancy
management. The soft failures would also be distributed among

a variety of failure modes, and only a portion of these would be
subject to the 3-gyro isolation singularity. Table 4-2 shows a
hypothetical distribution of system failures. While not based
on real data, it is useful in approximating coverage of the
second failure.

TABLE 4-2. HYPOTHETICAL SYSTEM FAILURE DISTRIBUTION

Flight
Nav. Control
Accuracy Accuracy
(%) (%)
Hard Failures 90 95
Soft Failures 10 5
Electronics 2
Accelerometer 2 1
Gyro 6 4
Variable Direction 4 2
Constant Direction 2 2
Non-Singular 1.5 1.98
Singular 0.5 0.02
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Self-test is commonly felt to be effective for 90-95% of failure
modes. There are many more failure modes producing small accu-
racy degradation of navigation variables than flight control
variables where a few degrees per second may be acceptable.

Thus it is assumed that the split between hard and soft failures
is 90/10 for navigation performance and 95/5 for flight control.
The slightly better MTBF for flight control channel reliability
will be ignored.

Soft failures are distributed between gyros, accelerometers, and
the remaining electronics. The gyros are assigned a major share
since they are generally of more complex design. The gyro
failures are then distributed between those whose vector direc-
tion is constant and those whose vector direction varies with
time. Since a failure mode generally produces an uncontrolled
condition and since many failures are flight-path dependent, it
is assumed that most failures fall into this latter category.

If the gyro failure vector direction varies, the failure is not
subject to the 3-gyro isolation singularity.

Of the remaining constant-direction failures, only a portion of
them fall into the isolation singularity bands. First, there is
some probability density distribution for gyros as a function of
failure angle. Figure 4-26 shows the general form such a dis-
tribution might take, in polar coordinates. Again, real world
data is unavailable for an accurate plot.

Peaks are expected to occur in the failure probability distri-
bution in the vicinity of the gyro input axes since there are a
number of components in the electronics and gyro specifically
related to axes. The integral of probability density over 360°,
excluding the vicinity of input axes, may be called the proba-
bility of a dual axis failure. In general, the probability of a
dual axis failure is expected to be higher than the probability
of an input axis failure since there is a strong interaction
between axes of a TDF gyro.

The probability of a failure along some arbitrary direction, ¢A’

within a narrow angular band, A4, however, is expected to be
lower than the probability of failure along an input axis, since
dual-axis failure modes are distributed among a wide number of
possible directions. This rationale leads to the conclusion that
gyro input axes should not be coincident with any possible

3-gyro isolation singular direction. The exact form of the
probability density distribution is unknown. It is assumed
uniform between input axes for simplicity.

The effective angular width of the 3-gyro isolation singularity
is smaller for large allowable errors (flight control) than for
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small allowable errors. This may be seen with the aid of figure
4-27, a repeat of the noise boundary curve of figure 4-24a.

When error detection limits are set very close to the system
noise level, as would be required to bound navigation errors
(position/velocity), the effective isolation singularity is
fairly broad, as shown in figure 4-27a. For large allowable
errors, orders of magnitude larger than the normal instrument
noise level, the effective singularity becomes quite narrow, as
shown in figure 4-27b.

When this view of effective singularity width is coupled with
the gyro failure probability density distribution previously
described, one can see that the percentage of failures occurring
within the isolation singularities reduces considerably for
large allowable errors, thus increasing coverage. Hypothetical
distributions are shown in table 4-2. No attempt is made to
rigorously quantify these functions since net probability is
well within LaRC requirements.

It may be noted that some additional external data would be
useful in resolving the rare occurrence of the isolation ambi-
guity. Since radio aids are planned in the LaRC scenario, they
could be applied toward further improvement in system relia-
bility. The computer mechanization will be directed toward
allowing this to be done, however its application will not be
used in the reliability calculation.

There is some variation of coverage with time since many of the
terms of the instrument error models are a function of flight
dynamics. This consideration is of particular concern during
ground alignment. System errors due to gyro scale factor and
vibration-dependent errors are much smaller at this time than
when the aircraft is stationary. On the other hand, failure
tolerances on the parity equations can be tightened up during
this condition for better detectability of static errors. Since
inertial instruments are of such high quality compared to
flight-control requirements, errors which would directly affect
flight safety can be adequately detected on the ground. The
remaining, navigation degradation errors would generally be
detected during lift-off.

It is highly desirable to detect errors of this type as early as
possible before takeoff to allow maintenance action. Provision
for accentuating these errors by hardware means shortly after
power is applied to the system should be investigated during the
system design phase.
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4.5 Software Trade-offs

4.5.1 Redundancy Management Software Design

Consideration has been given to a classical approach where all
instrument data are combined in each computer prior to output
processing. The computer mechanization which has been selected,
however, uses instruments in pairs in order to achieve better
overall redundancy management, including radio aid contributions,
and to allow recovery from system error build-ups during the
isolation process. This includes recovery from isolation errors
which may be amplified by the 3-gyro isolation singularities.

The method generally proposed for processing of redundant instru-
ment data following redundancy management, is to combine the
redundant measurements in a least-squares fashion prior to use.
Net accuracy is thus better than a single-string configuration.
Equations for combining gyro or accelerometer data when oriented
in a tetrahedral or octahedral geometry have been derived for 4,
3, and 2 TDF units, and are presented in Appendix F.

With this approach, each of the four computers is solving the
same problem. This is then consistent with fault-tolerant
computer methods. Each processor solves the same problem in
approximate synchronization, each output should thus be identi-
cal, and outputs can be compared bit-by-bit with simple hard-
ware devices for computer fault detection and isolation.
Computer problems can thus be easily isolated.

A major drawback of using combined instrument data in the output
solutions, is that a degraded instrument which escapes detection
or isolation in parity equation processing is combined with good
instruments. The opportunity of resolving the occasional 3-gyro
isolation singularity or detecting performance degradation less
than INS thresholds with radio aid data is thus lost., or at least
considerably complicated. INS degradation would be detected
when compared against radio data, but determination of which
unit is marginal to initiate maintenance action may be extremely
difficult.

In the assumed system mechanization, each computer output is
sent to other avionics elements individually. This implies that
some other avionics system performs a comparison between INS
outputs and radio aid data. Since this involves an arithmetic
process, this further means that the voting between the four
redundant strapdown outputs must utilize arithmetic rather than
simple bit-by-bit comparisons.

In other avionics implementations, voted or weighted combinations
of redundant data could be derived in a using device such as an
actuator or display using modern microprocessor technology.
Therefore, there is no firm requirement for compatibility with

121



403314

simple bit-by-bit voters. Such compatibility could be achieved,
however, with a final voting/combining subroutine in each redun-
dant INS computer. Since each computer iteration is synchro-
nized, all computer outputs can be made identical in software
prior to transmission to external voters. For the purposes of
this study, however, it is assumed that external systems contain
arithmetic capability.

Figure 4-28 shows a preferred 4-computer implementation. Each
computer accepts data from one TDF gyro and two accelercmeters.
Compensation of various instrument parameters is then performed,
including transformation from the skewed instrument coordinate
system into aircraft body axes. Each computer solves this com-
pensation and transformation for the instruments of only one
channel. Since these are high rate, time-consuming computations,
net computer speed requirements are significantly reduced from
an equal-computer approach.

At this point, each computer receives corrected gyro and
accelerometer data from the other three computers, solves parity
equations and performs associated FDI processing. There would
be only minor savings in splitting parity equations and pro-
cessing between the four computers since they are not complex.
Design equations are then solved which determine a least squares
solution of two TDF gyro rate measurements (4 SDF accelerometers)
in body coordinates. From this point on, the solution is that
of a conventional strapdown INS with quaternion conversion to
the navigation coordinate system followed by conventional iner-
tial navigation equations.

Four separate navigation solutions are thus being performed in
the computer array, each based on a different pair of gyros. All
six possible two-gyro combinations are not needed since radio
data can isolate one marginal instrument with only four. The

six solutions would be desirable for simple detection and isola-
tion of a condition where two gyros degrade simultaneously but
the increase in computer speed needed to perform the additional
solutions does not appear warranted.

The logic selected for determination of which gyro pair is to be
used in each of the four output computations is shown in figure
4-28 in the Design Equation block. The gyro/accelerometers of

a given channel are always used in that channel's design equa-
tions. The second gyro/accelerometer-pair is that from the next
sequential channel satisfying the parity equations. Thus, the
first choice for channel 1 is gyros 1 and 2. If gyro 2 fails,
gyro 3 is used, if gyro 3 fails 4 is used.

Table 4-3 illustrates the alternate selections for various
failure modes. Note that following two gyro/accelerometer-pair
failures, two computers are operating on the same gyro pair.

122



403314

¥ ON TINNYHO
1320V '31vd 11V
L1V 13A 'SOd

€ ON T3NNVHD
1330V ‘3ivY 11V
14V T13A 'SOd

Z 'ON TINNVHD
1320V '31vd 14V
11V "13A 'SOd

L 'ON 13NNVHD
300V ‘3ivH LAV
L1V "13A 'SOd

UOT3RZTUBYUDOW 9IBM3JOS Tauueyd-y

*gz-v 2anbtg

(¥8,) - : o 1320V
S— = X ™
" Wac r
™ (Y80 NO3J Toav Mgy 25 | sixvomt ¥ ON 1INNVHD
= YI1YIANOD NDIS3 NOILVSNI4NOD T
¢ AN ™, 3LUNIONO0) A NO3 9% | ouao
- 104 {q- 101
e e e (€ e ™YY, tY—_,tY———_— Y ———— — — —
— Anm,|; e nire v 1300V
N (€8x} ND3 » A | sixvoms NN
‘AUN = 43LUIANOD ' NOIS3Q fpp £89T NO! LVSN 34WOD ©gv ours £ ON
+— |« Ay ¥y
tNA 31VNIQH0O0D ND3 (A4 a9
- ta3
e — e i - — -
) (%9, 1390V
- — 2ty D ie
v
IN (284 ) 3 _ A | sixvoms )
Avn = witwaAaNod |, ° zu_mmo fe—— NO1LYSNI4WO2 Bev | o 7 °ON 1INNVHD
— <
INA 31YNIGHO0D NO3 [78,C Tag g —
- a4 & ey 10l
* i
e e A e — —
(18, - . -
g [PoEuTy Ale . . w.xwmo?
N GEA B
] e AV oML
: — H43183IANOD . zo._“ww ! NOILUSNI4WOD TSgv 1 ‘ON T3INNVHD
- 1 AN INA 31YNIQH00D ND3 e H [53 O¥AD
B 104 ! 401
[3: X —DOAA

-7

123



403314

TABLE 4-3. GYRO PAIR SELECTION VS FAILURE INDICATION

CHAN 0 1 2 3 4 1/2 1/3 1/4 2/3 2/4 3/4
1 1,2 1,2 1,3 1,2 1,2 1,3 1,2 1,2 1,4 1,3 1,2
2 2,3 2,3 2,3 2,4 2,3 2,3 2,4 2,3 2,4 2,3 2,1
3 3,4 3,4 3,4 3,4 3,1 3,4 3,4 3,2 3,4 3,1 3,1
4 4,1 4,2 4,1 4,1 4,1 4,3 4,2 4,2 4,1 4,1 4,1

This gives a measure of fail-safe error detection capability
with a limited third-fail-op-mode, depending upon self-test
failure isolation efficiency.

Further pair-selection options could be employed. For example,
if gyros 3 and 4 have failed, computers 3 and 4 could also
perform the 1, 2 gyro solutions, presumably as backup to compu-
ters 1 and 2. However, since computers 1 and 2 are in series
with gyros 1 and 2 for I/0 and compensation, this backup capa-
bility is of no practical value. Gyro/accelerometer-to-computer
I/0 would need to be expanded for this modular type of redun-
dancy and, as discussed in paragraph 4.3, is not needed to meet
LaRC reliability requirements. Applications requiring consider-
ably higher reliability may need the added I/0 and software
modes.

In the normal., 4-channel or 3-channel modes, degradation of an
instrument affects two channels. The effect is not necessarily
of equal magnitude in each channel since a gyro error may be
averaged with its mate's output in one channel (if the error is
in a direction parallel to the appropriate tetrahedron edge) but
enter more strongly in the other channel since less averaging
applies. The error is visible relative to radio data in each
channel involved so the marginal gyro number can be easily
deduced. It is assumed that the external computer will indicate
the marginal instrument to the INS for use in its redundancy
management and to alert maintenance personnel.

Behavior of position and velocity outputs for operation in the
3-gyro isolation singularities can be cobtained by considering

an orthogonal triad with a gyro error along one of the spin axes
(one of the 3-gyro isolation singular directions). One can
deduce that for the previous mechanization consisting of paired
solutions, there will be three outputs of position and velocity.
The correct solution, using two good gyros, is either the
largest or the smallest position/velocity calculation depending
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on the sign of the error. The computer using both ambiguous
gyros is the exact middle solution. The computer using the
known good gyro and the bad (but non-isolatable) gyro is either
smallest or largest. Since the differences between the middle
solution and either end are identical, no fault isolation can
be made on a self-contained basis. Assuming two perfect gyros,
the middle solution has exactly half the error of the worst
solution since the error of the bad gyro is averaged with the
good gyro. A similar result is expected with three non-
orthogonal gyros. As the direction of the gyro error changes
away from the singular direction the two "bad" solutions approach
each other.

In all cases, radio aid data can be used to determine the bad
gyro, assuming errors are large enough. Therefore, the size of
position or velocity updates may be used to decide which channel
should be used in the final display or steering calculation,
viz., the channel requiring the smallest updates. Averaging of
this decision is probably needed to avoid continuous switching
between channels. During periods of radio aid loss, the last-
selected channel should continue in use since it probably has
the lowest rate-of-change of error. Monitoring of channel
failure indications and errors between channels should continue
in the external computer, however, so that switchover can be
performed rapidly upon detection of a channel failure. The
criteria for such a switchover are not defined at this time.

Rapid detection of errors within the redundant strapdown INS is
needed to avoid large transients in outputs, particularly those
used by the flight control system, and to limit the build-up

of errors which might be retained within the INS and thus affect
the remainder of the flight. From the computer mechanization
diagram of figure 4-28, it can be seen that errors are monitored
and switched prior to their use in the design equations. This
assures that excessive errors are not propagated in the coordi-
nate transformation and navigation solutions. Also parity
equation monitoring is performed at the full strapdown integra-
tion rate of 64 iterations per second, providing error detection
and isolation faster than the output rate of 32 per second.

Reinitialization of a computer can be performed following large
error build-up, based on data from one of the other working
computers. These data consist of quaternions, vehicle velocity
and direction cosines. Other functions may be computed from
these variables once they are available. The conditions for
which initialization would be performed are:

a. following replacement of a bad channel on the ground
so that the flight need not be delayed for a complete
gyrocompass alignment, or

125



403314

b. following a gyro or accelerometer performance recovery,
to correct for the error build-ups which occurred
during temporarily poor operation.

Another condition for which re-initialization might be considered
is following elimination of any instrument from the inertial
calculation due to errors. Since there is at least one channel
in operation which does not contain errors due to the failure,
the channel which has reconfigured could eliminate the quaternion
or navigation errors which accumulated during the detection/
isolation process.

There is some risk to this process, however, since a single
computer failure could cause major errors in two channels if the
failure occurred during the brief period of time between data
sampling for parity equations and data sampling for reinitiali-
zation. Using parity and initialization data from the same
iteration may eliminate the extremely low probability of a dual-
channel failure mode. The decision of whether to employ this
form of reinitialization is deferred until the final design
phase since many hardware details must first be established.

4.5.2 Radio Aid Updates

Assumptions have been made regarding radio aid information.
accuracy. and filter characteristics. These assumptions are:

a. Radio aid produces geodetic position information with
no geometric dilution, as with Loran C, and with no
correlation to INS heading errors, as with airborne
radar.

b. Radio aid data does not include direct position rate
information (GPS is not considered).

c. Radio aid bias errors have been removed by some means,
such as additional states in the filter.

d. Radio aid position error consists of 122m rms white
noise and 6lm, 20 second correlation time, correlated
noise, per axis, no correlation between axes.

e. The combinational filter generates updates of position
and velocity only, with fixed gains.

f. 1INS position and radio aid position coordinates are
differenced in the external computer, the weighted
differences are sent back to the INS for correction of
indicated position and velocity.

Updates of this type are best applied to the INS in a manner
which does not cause pumping of Schuler and 24-hour oscillations
due to radio noise. Therefore, updates are accumulated in
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separate integrators for combination with inertial measurements
in an open loop fashion.

From simulation data presented in paragraph 5.2, it appears that
update of inertially derived attitude and heading (in addition
to position and velocity) is highly desirable. With large gyro
drifts of a lower cost system, error build-up during turns and
radio aid outages is excessive due to attitude and heading
errors. Control of these functions via the radio aid informa-
tion and a more sophisticated filter would probably make such

a lower cost INS applicable to the VTOL mission. Use of time-
variable gains of a Kalman approach is also beneficial if the
update rate of the radio aid is variable due to atmospheric or
terrain conditions.

4.5.3 Instrument Compensation

Instrument compensation can be classified into two major cate-
gories: (1) static and (2) dynamic.

Static compensation proposed for implementation in the INM
include the following terms:

a. Gyro scale factor.

b. GCyro torquer axis misalignment.

c. Gyro spin-axis misalignment.

d. Gyro g-sensitive biases.

e. Gyro biases.

f. Gyro scale factor temperature sensitivity.

g. Gyro g-sensitive bias temperature sensitivity.
h. Gyro bias temperature sensitivity.

i. Accelerometer scale factor.

j. Accelerometer bias.

k. Accelerometer input axis misalignment.

1. Accelerometer scale factor temperature sensitivity.
m. Accelerometer bias temperature sensitivity.

The only dynamic compensation required to meet accuracy in the
assumed vibration environment consists of the inertia compensa-
tion. The dominant remaining error term then becomes that due
to the gyro loop rectification. This term can be reduced by
software compensation at the cost of additional hardware to
enter gyro pick-offs into the computer. Furthermore, this error
term is small for most applications since it is a multi-axis
error phenomenon, requiring coherency for error rectification.
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It was therefore concluded not to include this term until the
environment can be better identified. Adequate computer duty
cycle is available for this compensation if it is required.

4.6 Hardware Packaging Options.

The packaging approach selected for the redundant strapdown INS
is to divide the total system into four, identical units. This
configuration results in a low system cost to the airlines when
compared with alternative methods due to reduced spares costs.
The trade-off discussion leading to this conclusion is presented
in this section.

The lowest unit acquisition cost for a redundant strapdown INS
would probably result if all system components are packaged into
a single unit. This approach results in minimum structure,
connectors, etc. Other factors, however, also influence the
packaging design. For example, spare units must be provided at
all airports serviced by the VTOL, or if there are more airports
than VTOL's, which might be the case in low traffic areas of the
country, carrying spares on the VTOL would be more cost effec-
tive. With single unit packaging, therefore, this means that
real avionics cost could be up to double the basic system
acquisition cost.

Other packaging arrangements are illustrated in figure 4-29,

It should be pointed out that the digital rebalance electronics
must be located with the inertial instruments so they are in the
same thermal environment and can thus be calibrated simultane-
ously., and to avoid noise pick-up from inter-unit wiring. For
convenience, a module consisting of a gyro, 2 axes of acceler-
ometer, and their associated digital rebalance electronics is
called an Inertial Measurement Module or IMM.

OPTION A

A two-unit configuration (e.g., figure 4-29A) has the advantages
that the total cost of units in the repair pipeline is reduced.
For a single-unit configuration, when a component fails it (and
all the remaining good parts) is sent to some repair depot.

This process may take a significant length of time, during which
the good components are not in use. The two-unit approach
leaves at least a portion of the good components in the air-
craft. As with any capital investment, including the aircraft
itself, the highest utilization rate results in the lowest
overall cost.

A slightly higher packaging cost results with the two-unit

approach. There are added connectors, interfacing hardware, and
total sheet-metal structure. Furthermore, both units need to be
kept as spares either at the airport or on-board. Thus, cost of
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spares outside of those in the repair pipeline is not reduced
from the single-chassis approach. An additional disadvantage 1is
in the area of fault isolation by means of self-test. An IMM
failure could cause an apparent power supply or computer fail-
ure. Thus, there may be a significant number of cases where the
wrong unit is replaced. Resolving this by having a power supply
within each unit adds to net unit cost.

Some of the above disadvantages can be alleviated by having two
identical units, each containing two IMM's, two computers and
two power supplies. This approach is similar to Option C of
figure 4-29, and will be discussed in connection with it.

OPTION B

The 5-unit approach of figure 4-29B further lowers the cost of
the replaceable unit. In addition, if the 4 IMM's can be made
identical and interchangeable, the production savings in this
commonality will tend to offset the cost of an increased number
of chasses. Also, perhaps most importantly, total cost of
spares can be reduced and dispatch delays can be minimized by
replacement of the faulty IMM with the other three still in
operation.

The fault isolation problems of having a power supply (including
the crystal oscillator, countdowns, etc.) in another unit also
apply to this configuration. Again, separate power supplies in
each unit increases net cost. In addition, particular care must
be exercised in the transfer of data from the IMM to the compu-
ter. It may be desirable to have some of the IMM/computer
interface circuitry in the IMM unit to avoid timing problems and
loss of data. This could lead to further fault-isolation
difficulties.

OPTION C

A further extension of the concept introduced by Option B is
shown in figure 4-29C. An IMM, a computer, and a power supply
are all contained within a single unit. Four units, preferably
identical, are interconnected to form the redundant strapdown
system. Some means must be devised to rotate the axes of the
IMM's during installation to achieve the desired coordinate
system.

The advantages of this packaging configuration are:

® If the four modules are identical and interchangeable,
only one need be maintained as a spare in many air-
ports. This is a function of the amount of traffic
through the airport and unit failure rate. 1In the
limiting case of on-board spares, only a single unit
is required. Program cost is approximately 1.25/2.00
or 62.5% of the single-unit packaging cost.
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° Net hardware in the spares pipeline is only 25% of that
in the single-unit design.

e A nearly complete function is contained within a unit
simplifying fault isolation. (The single-unit design
has the advantage, however, in essentially eliminating
the need for self-contained fault isolation capability
to subsystems except for redundancy management.)

® Self-contained fault isolation separating computer
failures from IMM failures is not needed.

[ ] A unit may be replaced with the other three running,
potentially reducing dispatch delays due to pre-flight
failures.

™ The added amount of hardware for four chasses tends to
be offset by the cost savings of higher quantity pur-
chases of identical chasses.

® Other users may only need fail-op or simplex. Simple
deletion of one or two channels achieve the desired
configuration.

A quantitative trade-off of the above considerations is presented
in Appendix C. In summary, total cost of ownership is reduced

by more than 12 million dollars over a l0-year period (200 air-
craft), from a single-unit package, by applying the above
4-module packaging approach.

If the above concept is extended into 8-modules by separating
each computer into a unit, the power supply and fault isolation
aspects become difficult and more costly. Flightline or on-
board spare requirements are not reduced, only repair pipeline
unit costs are improved. This net minor improvement. however,
is not felt worth the added complications.

Many of the above benefits can be achieved by having 2 IMM's,
2 computers, and 2 power supplies in one module, with a total
system composed of 2 such modules. The full savings of spares
cost cannot be achieved as effectively as with the 4-module
method, however.

IMM AXIS ORIENTATION

The packaging arrangement of Option C promises significant
program cost savings, provided that all four modules can be made
identical and interchangeable. Also, since a physical rotation
is involved and module-to-module alignments must be held to
approximately 10 arc seconds, the practicality of the approach
must be demonstrated. Such a simple practical implementation
was found and is described in paragraph 6.2.10 of this report.
The remainder of this section describes other implementations
which were considered.
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The geometry of a tetrahedron may be illustrated by means of a
cube, as shown in figure 4-30A. Clearly, the sides of the
tetrahedron connecting the four corners of the cube are equal
since each of the diagonals of the cube faces are equal.

The gyro spin axes may now be placed in a tetrahedral configu-
ration by placing a vector from the geometric center of the cube
to each of the four corners of the tetrahedron, as shown in
figure 4-30B. The orientation of each of the two gyro input
axes will be discussed later.

Figure 4-31 shows how one gyro spin axis may be moved from one
of the tetrahedral axes to another by means of 180° rotations
about two axes 90° apart. This is convenient from a packaging
point of view since electronics boxes are usually rectangular in
shape. Rotation of the cube containing a single gyro spin axis
180° about the dashed horizontal line of figure 4-31 (1) results
in an orientation of the spin axis along another of the tetra-
hedral axes (2). Rotation of the cube 180° about a vertical
axis lines up the spin axis in the third tetrahedral axis (3).
Rotation 180° again about the horizontal axis places the spin
axis in the fourth orientation (4), completing the tetrahedron.

One manner of implementing an electronic chassis design is
illustrated in figure 4-32. The chassis is made symmetrical
about the vertical and horizontal axes to allow the above
rotations. The inertial instruments are installed in the center.
The connectors need not have symmetry about the horizontal axis
since the aircraft or installation rack connectors can be 180°
apart between positions. The four instrument packages would
need to be compliant relative to the electronics portion of each
chassis to provide some self-aligning as the four units are
clamped together. This general method appears impractical,
however, due to the tight requirements on alignment repeatability
(10 arc seconds). Errors build up from one end of the stack to
the other, and clamping over that great a distance, e.g. 10
inches, produces uneven pressures resulting in unpredictable
alignment. An additional disadvantage is that a single unit
cannot be replaced without disturbing the other three. There-
fore, the ground alignment process must be discontinued during
the maintenance activity.

A method of achieving the desired tetrahedral orientation is
through four 90° rotations. A spin reversal of the gyro for two
of the orientations can be used to exactly produce the tetra-
hedron. 1If the spin reversal is not done, the orientation is
identical to the semioctahedral geometry described earlier.

The manner in which the tetrahedron can be produced with 90°
rotations about a single axis is illustrated in figure 4,33,
Positions (2) and (4) with spin direction reversals from the
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Figure 4-31. Successive 180° Rotation of the Cube
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nominal condition are identical to positions (3) and (4) of
figure 4-31. The packaging simplifications are clear from the
conceptual drawing in figure 4-34. The four instrument blocks
are not allowed to rotate relative to the electronics but
contain sufficient compliance to allow being drawn or pushed
against a common alignment block. This alignment block is of
relatively small size and high rigidity and thus repeatable
alignments will be achieved.

A preliminary packaging design which requires separate actions
for connector and block engagements is given in paragraph 6.2.10
of this report. Further investigation is warranted to devise a
single-action locking mechanism for improved maintainability.
Factory calibration equipment restrictions also indicate that it
is desirable to have block engagement on the end of the unit
rather than on the side. Several similar units can then be
installed side-by-side on the rate table used for factory cali-
bration for more efficient utilization of this high cost item.

Gyro and accelerometer input axis orientations are easily
maintained through the 90° rotations for the geometry selected
in figure 4-19. Maximum avoidance of all potential 3-gyro
isolation singularities is also provided.

The geometry recommended in the preliminary CR-132419 report

was to orient three gyros orthogonally with the fourth bisecting
the orthogonal triad. The inherent asymmetry of this approach
does not allow the simplified packaging arrangement of the
tetrahedron or semioctahedron. It thus produces clear cost-of-
ownership disadvantages and is not recommended for use.

4.7 Redundant Strapdown INS Trade-Off Summary

The redundant strapdown INS design features resulting from the
trade-off study described in this report are summarized below:

o The total redundant strapdown INS comprises four
identical plug-in modules for low cost-of-ownership.

° Module-level redundancy (printed-circuit card, circuit
element, CPU, etc.) is not employed except in the case
of instruments, to achieve minimum system cost. Proba-
bility of complete system failure through both fail-op
levels is significantly lower than LaRC requirements.

° Hardware failure detection and isolation (FDI) is not
used (software only)., except for a small amount in
computer synchronization logic. The final vote is
assumed to be in external hardware.

° The system consists of 4 TDF tuned-gimbal gyros and 8
SDF accelerometers oriented in a regular semioctahedral
geometry, with 4 GP digital computers. This results in
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a low cost packaging approach and uniform redundancy
management with very straightforward software
processing.

Gyro and accelerometer data of each module are input to
only the computer of that module. Compensation for
predictable errors is applied in only that computer for
minimum I/0 and computer duty cycle penalty.

The probability of recovery from some second failures
is less than unity due to information limits of 3 TDF
gyros. These failures are always detectable, thus
resulting in a fail-safe condition. Furthermore,
recovery probability is sufficiently high to meet the
system reliability specification, and approaches unity
on outputs to the flight control system.

Gyro input axes are oriented away from 3-gyro failure
isolation singularities resulting from these informa-
tion limits to improve recovery probability.

The mechanization of the computer ensemble is struc-
tured to allow aid to self-contained FDI from eternal
radio updates and to allow complete recovery from
extended operation in 3-gyro isolation singularities
when the failed gyro is finally isolated.

Parity equations are formed by comparison of gyro
measurements at the edges of a semioctahedron.

Processing of parity equations consists of a low pass
filter.

Fault isolation consists of a computer table look-up
process. Further processing of filtered gyro parity
equations including compensation for normal scale factor
deviations and computation of error probabilities is
recommended to reduce system errors just prior to
redundancy management switching. Incorporation of these
refinements will be done at a later date following
further analysis, simulation and/or testing.

Instruments which are indicated as failed will simply
be switched out of the computation. Weighted combi-
nations for output transient suppression are not needed.

Instruments switched out of computations due to soft
failure detection continue to be monitored and if only
marginally bad will be re-used for a third fail-op
level or to resolve ambiguous second failures.
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All four computers will do the same FDI processing.

A computer always uses its attached instruments in its
output computations. The choice of the second instru-
ment depends upon redundancy management decisions.

Reinitialization of one computer to another is per-
formed following replacement of a bad channel before
flight. Consideration will be given in the future to
reinitialization following any failure switching, or a
computer error transient. The impact of a failure mode
within or near a 3-gyro isolation singqularity is thus
considerably reduced.

Tighter error detection limits will be used during
ground operation to reduce the probability of take-off
with failed or marginal instruments.
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V. SYSTEM ANALYSES

The analytical results presented in this section indicate the
following performance.

TWO CHANNEL PERFORMANCE PREDICTIONS

Predicted Performance** Requirement

1. Position Error: 56 + 41t* meters CEP
2. Velocity: 0.50 m/sec cev 0.49 m/sec cev
3. Attitude:

a. Verticality (Pitch and

Roll): 0.3 + 1.4t min (lo) 0.1° rms
b. Heading: 5.8 + 7.5t min (lo) 0.2° rms

*t is in hours
**with radio updates

As discussed in paragraph 4.5.3, 'Instrument Compensation', the
errors encountered in strapdown inertial navigation systems may
be categorized into two general classifications, (1) dynamic
errors and (2) static errors.

Dynamic errors are those produced as a result of the vibration
environment. Paragraph 5.1 contains the results of this analysis.
The assumed environment encountered includes wide band noise plus
a sinusoidal resonance. The results of the dynamic analysis are
in terms of equivalent instrument biases. These biases are then
introduced into the strapdown simulation program together with
the static errors (instrument frequency independent errors).
Figure 5-1 illustrates this methodology.

The final results were obtained from a Monte Carlo simulation of
the strapdown inertial navigation system operating in a closed
path trajectory over a 1.2 hour period, with open loop velocity
and position updating. Paragraph 5.2 presents the results of
this simulation and a description of the simulator.
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The system reliability calculation results in the following
probability of system failure:

Flight Time
Channel
MTBF (Hr) 0.5 Hr 1.0 Hr
=10 -9
Full System 2000 4.6 x 10 1.8 x 10
Accuracy 4000 1.3 x Lo-10 T
-11 -10
Outputs to Flight 2000 4.7 x 10 3.8 x 10
Control System” 4000 4.5 x 10717 3.6 x 10711

It is well within the lO_6 failure probability requirement for a
0.5 hour flight. Very conservative assumptions have been used
in calculating system reliability. Furthermore, use of radio
and update data can improve system reliability by resolving the
3-gyro isolation ambiguity. but this capability is not included
in the failure probability determination.

5.1 Dynamic Error Analysis

The dynamic errors have been evaluated for a strapdown navigation
system while operating in a helicopter-type of environment. The
resulting errors on a per channel basis, are summarized in

table 5-1. For a combined sinuscidal and random environment, the
resulting dynamic biases are 1 ug and .02° /hr /channel.

The total bias/channel is made up of errors due to gyro loop.
accelerometer loop, and system type dynamic errors. A separate
analysis was performed for both an assumed sinusoidal and random
vibration environment. The detailed breakdown of all the error
sources considered, and their resulting contribution to the total
error, are shown in tables 5-2 and 5-3, (sinusoidal and random
environments respectively). Each table shows the individual
error source, the coefficient used, the vibration motion and the
resulting maximum error. For errors dependent upon multiaxis
motion, the error was reduced by .3 to account for phase correla-
tion probability.

The environments used in this analysis are summarized in table
5-4. These were based on review of available data, primarily
reference [10]. The total environment is considered to be made
of an overall random spectrum with some discrete frequencies

of vibration.

The dynamic errors are computed for the dry-tuned instrument
rebalance loops as described in paragraph 6.2.1.

*Attitude rates and accelerations in body cocordinates.
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The errors as shown in tables 5-2 and 5-3 are generated with
the following assumptions:
a. All error sources are excited simultaneously.

b. The environments exist at the same levels at all times
on all axes.

c. The phasing of the vibrations are always such as to
maximize the resulting error.

d. The random and sinuscidal environments exist
simultaneously.

e. The environments used are worse case levels from
test data.

f. The total error is reduced by 50% for time weighting of
their existence during flight.

g. All errors are assumed to be independent and thus
RSS'd for a total errcr.

h. A computer utilizing a partial fifth order algorithm
at a 64 Hz iteration rate.

1. Only pseudo coning correction included in the software
compensation.

The errors shown in table 5-2 for the sinusoidal environment of
table 5-4 are computed as follows:

Error = (Error Coefficient)fi X (Vibration)fi

X(Computer Attenuation)fj

The error coefficients are shown in figures 5-5 through 5-14 for
those which are frequency dependent. The error coefficients
shown on table 5-2 are obtained from these figures at the
frequency (fi) of the input vibration. A brief description of
system dynamic errors is shown in figure 5-26. The computer
attenuation for system errors based on a 64 Hz, fifth order-
algorithm is shown in figure 5-27.

The errors shown in table 5-3 for the random vibration envi-
ronment of table 5-4 are computed as follows:

Error = .ﬁError Coefficient) X (Power Spectral Density)
X (Computer Attenuation)df

The coefficients are shown in figures 5-5 through -14 for those
which are frequency dependent. Before arriving at the final
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error. an analysis was performed to estimate the dynamic errors

as a function of vibration bandwidth for a normalized random
environment. The normalized environments are shown in figure 5-2.
The resulting RMS values as a function of bandwidth are shown in
figures 5-3 and -4 for the linear and angular spectra respectively.
The resulting integrated error coefficient vs vibration bandwidth
are shown in figures 5-15 and -25. If new vibrations of differ-
ent bandwidths or levels are used, the resulting errors can be
quickly determined.

5.1.1 Computation Errors

The quaternion integration routine proposed is a partial fifth
order algorithm. The truncation error for this order algorithm
will introduce negligible quaternion drift for input angular
rates above several hundred degrees per second.

Figure 5-28 illustrates the error related to the use of finite
digital word lengths. A plot of word length versus equivalent
quaternion drift in degrees per hour illustrates the propor-
tionate relationship of equivalent drift to computer iteration
rate. Note for a 32 Hz gquaternion computation rate with a 32

bit word length introduces an equivalent drift rate of .0016 deg/hr
in the worst case.
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Figure 5-8.

INPUT RATE, DEG/SECqpyg

Gyro Scale Factor Asymmetry Error For
Random Input Rates
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INPUT ACCELERATION gpps

Accelerometer Scale Factor Asymmetry Error For

Random Input Accelerations
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5.2 Error Simulation of Radio-Strapdown Navigator

5.2.1 1Introduction

An error simulation of a radio-inertial (strapdown) navigator
traversing a 1.2 hour closed trajectory was performed using a
digital computer program developed under Litton's IRAD program
76G-1D(B). The simulation does not as yet take into account

the instrument redundancy concepts incorporated in the Langley
study, but models instead a simple orthogonal triad configura-
tion. Results are thus conservative, applying essentially to
performance of one airborne computer output without averaging the
four computer outputs.

The inertial error budgets (two are simulated for tradeoff
purposes) are each composed of 45 error sources and the radio
error budget of four error sources (two per axis). The radio
and inertial position data is used to estimate the errors in
both position and velocity via a simple open loop constant gain
estimator. No error estimates of heading and attitude were
made.

Paragraphs 5.2.2, 3 and 4 present the error models and budgets
simulated. Paragraph 5.2.5 displays and discusses the simulated
updating concept. Details of the trajectory are presented in
paragraph 5.2.6. A brief discussion of the simulation program

is contained in paragraph 5.2.7. Paragraphs 5.2.8 and 5.2.9
present and discuss both the free-inertial and the radio-inertial
error profiles for the two inertial error budgets simulated.
Finally paragraph 5.2.10 relates the results to the Langley
specification.

5.2.2 Strapdown Inertial Error Model

The inertial error model incorporated into the simulation program
is based on a navigator consisting of an orthogonal instrument
set (gyros and accelerometers) affixed to the aircraft, and
computing in a local level frame. The local level computation
frame is a wander azimuth frame whose wander angle & is given by

(5.2-1)

@ = - A sin §

See figure 5-29.
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A = GEODETIC LONGITUDE
¢ = GEODETIC LATITUDE

A) COMPUTATION FRAME

B8) INSTRUMENT FRAME

Figure 5-29. Coordinate Frames
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The error dynamics are summarized (not derived herein) in equa-
tions 5.2-2 to 5.2-20, where the symbols are defined as follows
(all components are in the computation frame):

Q2 Components of earth rate

X,Y¥,2

%Y,z Components of transport rate of computation frame
w_ v,z Components of inertial angular rate of computation frame

X, ¥, z Components of transport rate plus earth rate
VX v,z Components of vehicle velocity relative to earth
R Radii of curvature

X,Yy
A Components of specific force

X,Y¥,2
6p Transport rate error

x' Y1 z

69x v 2 Computation frame attitude errors

%, y, 2 Instrument frame attitude errors
o5V Velocity errors

X, Y, 2

6h Altitude error
T Alignment, updating, etc controls
€ Components of composite gyro drift

Xy Y, 2
v Components of composite accelerometer bias

X, Y2
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w =p +Q (5.2-2)
pas X xX
w = p +2 (5.2-3)
Yy b by
w = p_ +8 (5.2-4)
z zZ zZ
M“ = Q :'ZQ (5.2-5)
. X X
poo= ¢ <+ 22 (5.2-6)
y 4 Vi
M = p + 22 (5.2"7)
Z Z Z
, ’ ‘ 2 .
6p = -5V /R + (V. /R én (5.2-8)
x oy vy
2
6p = &V /R - (V (5.2-9)
Y x/L P ( x/Rx) 6h
sp_ = 0 (5.2-10)
50 = 6p -0 OF 4+ 0 68 41 (5.2-11)
x x v oz vy cx
88 = 55 -9 08 +0 3% 47 (5.2-12)
y vy z x X z cy
58 = op =~ o 89 4+ 0 6% b < (5.2-13)
z p Xy y x cz
& = fc 40 58 Q2 E6 -w & +tw o+ -€ (5.2-14)
X x ¥ ALY Yy = z'y rX P
6 =6p +0 0 -288 -w ¢ tw ¢ FT -2 (5.2-15)
Y V 7 X X 2 X X 2 p}l’ Y
-~ a&p 4+ € Q6 -w tw b +7  -€ (5.2-16)
4 Z ps '}’ j X L y ‘/ X pZ KA
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> = A - 8V + 6V -
quz Zd»y hOV, Ty v

va

zépy

+V 5p
y 2

~2(VER +VR)EE +20V 68 +29V 66 +1 + ¢
y v z z x Xy vy X z z vXx x

S AG -AS_ -p bV _+p 8V -V br +V 50

TABLE 5-5. LANGLEY ERROR BUDGETS

ERROR SOURCE

ACC
ACC
ACC

ACC
ACC
ACC
ACC
ACC
ACC

-<X><NN-<<><XNN'<<XXN<XN'<X

GYRO BIAS DEG-'HR
BYRO BIAS DEG HR
GYRO BIAS- DEG 'HR

BIAS MICRO G
BIAS MICRO G
BIAS ‘MICRO G

GYRO MISALIGNMENT { WY) - MICRO RADIANS
GYRO MISALIGNMENT ( -WZ} - MICRO RADIANS
GYRO MISALIGNMENT { WZ! - MICRO RADIANS
GYRO MISALIGNMENT (-WX) MICRO RADIANS
GYRO MISALIGNMENT { WX) - MICRO RADIANS
GYRO MISALIGNMENT (-WY) - MICRO RAD!IANS

MISALIGNMENT { AY) - MICRO RADIANS
MISALIGNMENT {-A2) - MICRO RADIANS
MISALIGNMENT { AZ) - MICRO RADIANS
MISALIGNMENT (-AX} - MICRO RADIANS
MISALIGNMENT ( AX| - MICRO RADIANS
MISALIGNMENT (-AY) - MICRO RADIANS

GYRO G DRIFT{-AX)-DEG/HR/G
GYRO G DRIFT (—AY)-DEG/HR/G
GYRO G DRIFT {(—AY)-DEG/HR/G

NQO. 005

1.4000E -
1 4000E -
1.4000E -

6.5000E
6.5000€
6.5000€
7.5000¢€
7.5000€
7.5000€
7.8000E
7.5000E
7.5000¢
7.5000€
7.5000E
7.5000E
7.5000E
7.5000€
7.5000E

1.0000€ ~
1.0000€E —
1.00A0E

02
02
02
(03
a1
01
01
01
01
o
01
01
01
01
01
N
01
01
02

02
na

(5.2-17)

NO. 004

1.0000€

6.5000€
6.5000€
6.5000€&
7 5000E
7 5000E
7.5000€
7.5000€
7.5000E
7.5000E
7.5000€
7.5000€
7.5000€
7.5000€
7.5000€
7.5000€

1.0000E -
1.0000€ —

1 AnNNc

-0
1.0000E -
1.0000€ —

01
0]
o}
o1
01
o
01
0
ot
01
0
01
ot
01
01
01
01
02
02
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Figure 5-30.

Simulated Updating Concept
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The inertially derived latitude (¢) is first corrected with the
present estimate of its error (69), yielding the best estimate of
present latitude for display purposes. A similar procedure is
used to obtain the best estimate of north velocity

AN A

(VN = VN - 6VN) for display purposes.

At an update time (every AT). the best estimate of present lati-
tude is compared with the radio indicated latitude, forming the
observable difference (= a(® - ?R)). The observable difference
multiplied by the constant gains K, and Kyx form the incremental
error estimates for velocity and position respectively. These
incremental estimates are added to the existing error estimates
thus forming new (updated) error estimates. Note that between
updates the velocity error estimate remains constant, but the
position error estimate is changed by the time integral of the
velocity error estimate.

5.2.6 Simulated Trajectory

A plan view of the simulated trajectory is shown in figure 5-31.

It consists of three take-offs and three landings around a closed
loop, simulating an intracity airbus. The total time of the flight
is 1.2 hours.

Each take-off consists of a turning climb during which the air-
craft changes heading by 180°. The landing patterns at stations
two and three are similar and consist of a descent followed by a
turning descent during which the aircraft changes heading by 270°.
The landing at station one differs from that at two and three

in that the heading change is 225°.

Each of the maneuvers (climb, descent, turn) is performed by
pitching and/or rolling the aircraft. Since the strapdown instru-
ments are attached to the aircraft body, they will, of course,
experience a change in geographic direction just as the aircraft
body does. Thus, for example, when taking off after ground
alignment, the accelerometer biases rotate 180° due to the change
in aircraft heading.

Figures 5-32, -33 and -34 show detailed plan views of the first,
second and third stations respectively. 1In each case the plot is
made with the station at the origin.
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STRAPDOWN TRAJECTORY TRAJ002 (FIRST STATION DETAIL)

Figure 5-32. First Station Detail
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STRAPDOWN TRAJECTORY TRAJ002 (SECOND STATION DETAIL)

Figure 5-33. Second Station Detail
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Figure 5-34. . Third Station Detail
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5.2.7 Simulation Program

The basic program used for the strapdown radio-inertial error
simulations is Litton's MOD6DF. It is written entirely in
FORTRAN and has been compiled on many computer systems including
the IBM 7094, 7040, 360 and 370 series.

Since the inception of the program, Litton has expanded it
(principally in size) to accommodate the ever increasing demand
for more complex simulations. Because of its modular structure

it is adaptable to numerous different types of simulations (air-
craft, ship, missile and jeep dynamics, Kalman filters. navigation
error dynamics, etc.).

The simplified structure of the computer program is illustrated

in figure 5-35. As shown, the physical system being simulated
consists of a group of modules or "black boxes". Typically, these
represent computer functions, sensors, and the vehicle frame and
its external environment. After the usual executive functions
have been performed, including input of data, the actual mission
trajectory simulation begins. Using a fourth-order Runge-Kutta
integration algorithm, the trajectory progresses at each point

in time by processing the differential equations in each module

to advance the solution one step At in time.

The integration is automatic and unaffected by modifications in
o0ld modules or the inclusion of new module subroutines, even
though these contain new variables to be integrated. Similarly,
random noise sources can be called automatically at each step of
the integration. If so desired, it is possible to replace the
Runge-Kutta integration algorithm with a simpler integration
algorithm. This in fact is done when simulating Kalman filter
covariance matrix propagation.

At the end of the mission trajectory simulated, post-processing
of data can occur (such as statistical processing), as well as
computations required in automatically setting up the next run
of a series of runs. Extensive RMSing, RSSing and plotting
programs augment the MOD6DF program.

The various concepts and modules required for the strapdown
inertial error simulation were developed under Litton's IRAD
program 76G-1D(B). The specific application to the Langley study
particularized the error values and the updating concept.

The procedure used to perform the simulations contained herein
consisted of four principal computer job steps. Selection of
four job steps economizes on the computer time required for the
simulations. The four job steps are
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Figure 5-35.
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a. Trajectory variables' generation and storage

b. Strapdown free inertial error response generation and
storage

c. Radio and inertial updated error responses generation
and storage

d. RSSing and storage of radio and inertial updated error
responses

Additional job steps are used to obtain the desired graphical
outputs.

The first job step is concerned with only trajectory generation.
The aircraft is commanded in pitch, roll and thrust to traverse
the desired flight profile. During this portion of the simula-
tion all the trajectory variables required for the strapdown free
inertial error response generation job step are stored as a data
set. These data include, for example, components of specific
force and angular rate in both the body and navigation coordinate
systems. In addition the transformation matrix relating the

body and navigation coordinate systems is also stored. This
seemingly redundant storage of data avoids the necessity of per-
forming some transformations during the second job step, thus
saving computer time.

During the second job step the computer program reads the stored
trajectory data and propagates specified error sources through
the strapdown free inertial error dynamics. Specifically, for
the simulations performed herein, all 45 inertial error sources
were propagated simultaneously through the dynamics, twenty times,
being randomly selected for each run (twenty Monte Carlos). These
results were RMS'd to give the final RMS response of the system
(free inertial). 1In addition the longitude (6A cos ¢), latitude
(66), east velocity (8Vg) and north velocity (8Vy), error time
histories for each Monte Carlo were stored. These data form the
input for the third job step.

The third job step propagates the stored 6A cos ¢, & ¢, 6Vg and
8Vy through the updating model (20 Monte Carlos) forming the RMS
response and also generates the RMS updated response of 20 Monte
Carlos of the radio error. These data are stored and finally
RSS'd to give the radio-inertial RMS response for twenty Monte
Carlos.

The generation of separate updated responses for the radio and
inertial error provided comparative data for the rational selec-
tion of the gains used in the updating scheme.
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5.2.8 Performance of Inertial Budget #5

The inertial error budget given in table 5-5 (005) was used to
obtain the results presented in this section. Figures 5-36 to
5-40 summarize the free inertial error responses and figures 5-41
to 5-46 summarize the radio-inertial residual error responses.
Since the error estimation and updating process is performed open
loop and involves only position and velocity, the heading, pitch
and roll error responses (figures 5-38, -39 and -40) are invariant
to the updating.

The gains used for the updating were "tuned" for Error Budget #5
and are

2

K 3.24 x 10~

" m/m (5.2-30)

K 3.65 x 1072 m/sec/m (5.2-31)

Y
The updating occurred every 5 seconds starting at 605 seconds
except for three periods where the loss of updating for sixty
seconds was simulated. These periods are shown in table 5-6.

TABLE 5-6. UPDATE LOSS PERIODS

SEC HOURS

1920 - 1980 0.533 -~ 0,550
2900 - 2960 0.806 - 0.822
4140 - 4200 1.150 - 1.167

These periods occur just prior to landing and are meant to simu-
late the possible loss of the radio signal by shadowing effects
due to the low altitude of the vehicle.

The characteristics of the RMS free inertial responses are highly
sensitive to the particular aircraft maneuvering. This is ob-
vious in the velocity, heading, pitch and roll responses (fig-
ures 5-36, -38, -39 and -40). Each time the aircraft changes
heading the velocity error is seen to abruptly change slope
principally due to the geographic rotation of the gyro and
accelerometer biases. Table 7 summarizes the free inertial
performance for Budget #5.
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STRAPDOWN FREE INERTIAL: TRAJECTORY = TRAJ002 (HOME LAT=45DEG)

0.60 0.80

TIME (HOURS)

LANGLEY ERROR BUDGET 005 20 MONTE CARLOS

Figure 5-38.

Heading Error (Budget #5)
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Figure 5-39. Pitch Error (Budget #5)
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Figure 5-40. Roll Error (Budget #5)
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Figure 5-41.

Radio-Inertial East Position Error
Residual (Budget #5)
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Figure 5-42. Radio-Inertial North Position Error
Residual (Budget #5)
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Figure 5-43. Radio-Inertial CEP Residual (Budget #5)
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STRAPDOWN, RADIO UPDATED: TRAJECTORY = TRAJO02 (HOME LAT = 45 DEG)
LANGLEY 005, RADIO 001, UPDATE 004, 20 MONTE CARLOS
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TABLE 5-7. FREE INERTIAL SUMMARY
PERFORMANCE (BUDGET #5)

Position 5.6 Km/hr CEP
Velocity 2.7 m/séc CEV
Heading 6 min + 8 mzh/hr RMS
Pitch 0.4 ﬁ;ﬁ + 1 mzh/hr RMS
Roll 0.2 min + 1 min/hr RMS

Utilization of the radio information to estimate the position
and velocity error considerably improves the error profiles.

The position error (figures 5-41, -42, and -43) indicates about

a 73 m error CEP with a small (43 m/hr) increasing slope. The
three update outage periods coincide with the 270° turns before
landing and can be identified by 30 m (approximately) error
spikes in the curves. If updating had continued these spikes
would have been considerably reduced in size because of the tight
coupling to the radio position.

The velocity error (figures 5-44, -45, -46) indicates a CEV of
approximately 0.53 m/sec (somewhat lower at the beginning of the
flight). Since the update outages coincide with the 270° turns
before landing it is not clear from the data presented whether
the spikes seen at these times are due primarily to the existing
attitude and heading errors or the outage itself. Simulation
analysis on Error Budget #4 indicates that little improvement in
the velocity performance is obtained by eliminating the outages
and therefore the spikes are primarily due to attitude and heading
errors. It is concluded therefore that the same is true for
Error Budget #5.

5.2.9 Performance of Inertial Budget #4

The inertial error budget given in table 5-4 (004) was used to
obtain the results presented in this section. Figures 5-47 to
5-51 summarize the free inertial error responses and figures 5-52
to 5-57 summarize the radio-inertial residual error responses.

As mentioned in paragraph 5.2.8, the heading, pitch and roll
error responses (figures 5-49, -50, and -51) are invariant to the
updating.

-t
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STRAPDOWN, RADIO UPDATED: TRAJECTORY - TRAJ002 (HOME LAT = 45 DEG)
LANGLEY 004, RADIO 001, UPDATE 005. 20 MONTE CARLOS

0.07

0.06

0.05 ﬂ
0.04 H

0.03 ’

CEP RESIDUAL — ARCMIN

0.02

0.0

0.00 0.20 0.40 0.60 0.80 1.00
TIME (HOURS)

Figure 5-54. Radio-Inertial CEP Residual (Budget #4)
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The gains used for the updating were "tuned" for Error Budget #4
and are

K = 4.25 x 1072 m/m (5.2-32)

X

K 6.31 x 102 m/sec/m (5.2-33)

v

The updating times for this simulation are exactly the same as
those used for Error Budget #5, inclusive of the loss of up-
dating (see paragraph 5.2.8, table 5-6).

Compared to Error Budget #5., the free inertial error responses
for Error Budget #4 are considerably larger. The large varia-
tions of the velocity, pitch and roll error responses make it
difficult to characterize the free inertial performance as was
done for Error Budget #5 (see table 5-7). Because of the large
gyro drifts the heading error incurred at alignment (due to
equivalent east gyro drift rate) remains the heading error for
the entire flight for all practical purposes. From the CEP plot
(figure 5-47) the free inertial performance can be characterized
as 14.8 km/hr CEP.

As for Error Budget #5 the radio updating improves the error pro-
files. The position errors (figures 5-52, =53, and -54) indicate
about an 82 m CEP with a small (~43 m/hr) increasing slope. Com-
pared to Error Budget #5 the responses are considerably less
smooth. The various large spikes occurring can be correlated
‘with the heading changes of the aircraft. An additional simula-
tion made (but not included herein) shows that the spikes
occurring when the aircraft turns and simultaneously experiences
an update outage are considerably reduced if the updating had
continued. This is because of the tight coupling to the radio
position.

The velocity error (figures 5-55, -56, and -57) indicates a CEV
of approximately 0.8 m/sec. As for position the various large
spikes can be correlated with the heading changes of the air-
craft. Eliminating the update outages changes the performance
very little during these periods. Thus the velocity performance
is practically independent of the outages simulated. The spikes
can be related to the heading error at the time of the turn.

For example, the 90° turn at 0.28 hours requires a velocity
change of

AVE = 69 m/sec (5.2-34)

AV = 0 m/sec (5.2-35)
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therefore it would be expected that the east velocity error would
not be affected and that the north velocity error would increase
by the heading error (40 min) times the east velocity change, that
is 0.7 m/sec. From figure 5-55 and -56 it is seen that this is
what happened.

One important consideration relative to the observed velocity
error spikes is the time required to recover from them especially
at the time of landing. From the graphs it is estimated that

the recovery time is one to two minutes.

5.2.10 Conclusions

The Langley velocity error specification is
1.03 m/sec radial 95%
or in terms of 50% radial (CEV)
0.49 m/sec CEV

Error Budget #5 is estimated to be slightly above the specifica-
tion. However it is observed that the performance from initial
takeoff to the first landing is within specification. Since the
simulation did not take advantage of the time period on the
ground to realign, it is anticipated that such a procedure would
improve the overall performance to that seen in the first air-
borne period. As mentioned previously, the velocity performance
is highly uncorrelated to the update outage. Therefore further
improvement in performance requires a somewhat more sophisticated
error estimator. In particular it is anticipated that including
attitude and heading in the error estimator would bring the
velocity well within the specification. Some form of simple
Kalman filter would probably be required.

Error Budget #4 is not within specification. The comments for
Budget #5 relative to performance improvement are equally appli-
cable for Error Budget #4. In addition it might be necessary to
incorporate some form of gyro biasing.

5.3 System Reliability

5.3.1 Analytical Approach

System reliability is expressed in terms of the probability of

a complete system failure to produce required outputs., for a half-
hour flight duration. The failure probability calculation is
based upon the selected system mechanization, and predicted
component failure rates. The predicted failure rate and hardware
MTBF are derived in Appendix G and are based on a preliminary list
of electronic components for the redundant strapdown INS.
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The definition of a failure depends upon the manner in which
system outputs are used. Two levels of system performance
"failure" are defined, one relative to navigation data failures
and the other relative to flight control system failures. The
former requirement is generally less stringent since other naviga-
tion data such as radio aids, ground radar, or visual sighting

are generally available. Reliability requirements for the latter,
however, are very stringent since aircraft safety is affected.

To facilitate discussions of system reliability we define differ-
ent levels of gyro drift (D) failure as follows:

The channel of the gyro is non-functional.
The failure may be detected and isoclated to a
channel by self-contained self test.

Hard Failure

GF3 - The gyro has drift rate exceeding the require-
ment DH for attitude rate reference.

GF, - The gyro failure has drift rate less than GF3
but exceeding the requirement Dmin for navi-
gation.

GFl - Gyro drift rate less than Dpjn but more than

three times the specified gyro drift rate.

Considering the total population of failures which might occur
over a long period of time, there will be a distribution of
failures into these various categories. Since precise data are
lacking on this distribution, a set of assumptions has been made,
as shown in figure 5-58.

The assumptions of Dpip = 1°/hr and Dy = 1°/sec are preliminary,
as described in paragraph 4.4.9. An angular threshold for large
drift errors of 1 arc minute is also assumed. These detection
levels cannot be used during aircraft maneuvering since normal
scale factor and misalignment tolerances can produce errors of
this magnitude for short periods of time. The means of account-
ing for these effects, such as maneuver-dependent limits or
dynamic compensation, have not been defined at this time.

A higher probability has been assigned to the region of small
drifts since there are many more mechanisms contributing to
slight performance degradations.

It is further assumed that the vector angle of a failure drift

is constant and that the angle of a failure has a uniform pro-
bability density over 360°. This is also a very conservative
assumption since the angle will vary in many cases due to erratic
performance or aircraft maneuvering. In either case, the 3-

gyro isolation ambiguity will be avoided if the failure occurs

as a second failure. To be conservative, the increase of prob-
ability density in the area of gyro input axes is ignored.
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Dmin Dy
PROBABILITY
DENSITY
D
MAXH
50%
50%
1.0 20 3.6 X 105 DEGREES/HOUR 3.6 X 109
GYRO FAILURE LEVEL: = GF, GF4

@ 50% OF GYRO FAILURES ARE DETECTED BY SELF—TEST.
e DISTRIBUTION OF GYRO FAILURES WITH AMPLITUDES IS SHOWN ABOVE.

e DISTRIBUTION OF SOFT GYRO FAILURES WITH ANGLE IS UNIFORM AND INDEPENDENT
OF AMPLITUDE

e EXTERNAL AVIONICS CAN DETECT, ISOLATE, AND RECONFIGURE FROM TWO INURg I/0
FAILURES WITH UNITY COVERAGE

o HARDWARE FDI OF INURg SOFTWARE INTERRUPT HAS UNITY COVERAGE FOR TWO
FAILURES

® THE INTER—COMPUTER 1/0 DOES NOT HAVE MULTI-CHANNEL FAILURE MODES

Figure 5-58. Assumptions Used in System Reliability Analysis
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The ultimate use of redundant strapdown INU (INURg) data will
require a final vote on the four channel outputs to be performed
in order to derive a single activity, such as a display of naviga-
tion data, or to drive flight control actuators. The INUgg
reliability calculation assumes this final vote is performed with
unity coverage for two failures.

The preliminary design described herein has not included hardware
design such as for the inter-channel data transfer and synchroniza-
tion of the four software executive interrupts. It is assumed

that these hardware designs do not detract from coverage of two
failures.

The reliability diagram for a single channel is illustrated in
figure 5-59. The main failure rates, indicated in failures per
million hours, reflect a channel MTBF of about 4000 hours. The
failure rates in parentheses are for a 2000 hour MTBF, degraded
due to exposure to a more severe environment. A summary of mod-
ule failure rates, extracted from Appendix G, is shown in fig-
ure 5-60.

The system failure probability is calculated for each of the
failure rates and for two failure detection levels., Dy and Dpjn.
representing flight control and navigation degradation, respec-
tively. The failure detection amplitude determines the probability
that a given second soft gyro failure results in failure-isolation
ambiguity and complete system failure. In practice, this con-
dition can be remedied by reference to radio updates, or by pilot
intervention, however, these possibilities are not assumed for

the failure probability calculation.

Several system architectures have been assumed for trade-off
purposes. They are:

a. Flexible IMM-to-computer I/0 (a computer can receive all
sensor data with all other computers in a failed con-
dition) with full accelerometer selection flexibility
(the alternate I/0 path shown in figure 5-59).

b. Same as above but with both accelerometers of a channel
rejected if one fails.

c. 1IMM data input to only one computer (cross-channel com-
parison after computer processing of figure 5-59 only)
and inflexible accelerometer processing.

Option ¢ is the selected mechanization. Options a and b are
included for trade-off purposes, and may be applicable to
missions with longer flight duration.

Paragraph 5.3.2 describes the flight control failure probabilities
(sensor-related), and 5.3.3 describes navigation failure prob-
abilities for the various mechanizations, MTBF's, and flight
duration.
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N 53 A=34 A=107
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= —» A=26
?40)28 (40) ALTERNATIVE CROSS—
170 CHANNEL
COMPARISON

Figure 5-59. Single-Channel Reliability Diagram

An advanced method of FDI has been formulated using the parity
eguations derived in Appendix B. This algorithm would be used

in conjunction with the simple table look-up approach for improved
FDI sensitivity and for reduced INS error buildup just prior to
redundancy management reconfiguration. Further work is required
to consider effects of normal scale factor error, etc. Present
work on the advanced FDI method is presented in Appendix I and is
summarized in paragraph 5.3.4.

5.3.2 Probability of Flight Control System Output Failure

The attitude rate measurement functions of the redundant strap-
down INS are regarded as failed if an attitude rate measurement
has an error with a magnitude Dy, where Dy = 1.°/sec. To mini-
mize the probability of attitude rate failure the software should
select gyro pair channels (in the event of three failures includ-
ing GF) type, or two gyro failures including a GF, type with an
ambiguity) so as to accept as valid any GF; failed gyros. Use

of SDF accelerometers precludes accelerometer FDI ambiguity so

it is assumed that coverage of these failures is unity.
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The probabillty* of system failure with full IMM- to-computer I/0
flexibility is:

4« [4\ 3 4\ 2
= - - f - - -
P fp+(3>fp(l fp)+<z>fp(l ‘) ' s 1 f)lr‘Z () (- )+u fg) c”
4 3.3 313 (3.2 3 2
s a-o2 a2 (2 . £ ]
(l>p P ,c c,lga (Z) ‘3( 83“(') 53(l “3) PA3y3

3 {3 2
‘ [u-f‘3) +<|)f‘3(1-f‘3) (l-PA3y3

4 ) 4 4
1 - f - -
LR lfc¢(l £ [x3+(1 XS)J”

. (1
where, for fully flexible accelerometer logic, )

4\ n n
G - z<n>fa(l-f) (2)
n=2
6
6 -n
H=z<n> (1-f> (3)
n=4
8
8
J = Z<n>f (l-f) (2)
n=6 '
4 4\.2 2
X 7 (1 -¢ )+<>f (1L-f Yy P, vy (")
3 <3> &3 \Y 8 By A373

fp, f~, and f are the power supply, computer (and I1/0), and
accelerometer® fallgre probabilities based on their ), from fig-
ure 5-59, times 10°, times flight duration; fgy is the probability
of gyro fallure drift greater than Dy including the failure versus

*Using binomial distribution (:) plqn—k
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amplitude distribution of figure 5-58, and approximately 0.5
times the gyro A of figure 5-59., times 10°, times flight duration.
y3 is the portion of gyro failures with amplitude greater than
Dy and not detected by self-test which are subject to failure
isolation ambiguity. That is, from figure 5-58. y; = 0.25.
PA is the probability that a given soft second gyro failure

3 . . -
falls into a fault-isolation ambiguity. Assuming a uniform
distribution of failure angles over 360°, and a D ax of
3.6 x 10°° /hr, H

D
maxH dD
_ C F 4¢
ay T )% (Pmax. - DW) c =N
F ( max
DH

H
H

1.26 oON
maxg N D;)

in (Dmax /DH) (6)

(° H

where oN is the noise level. For oN = 0.1°/hr,

1.26 (0.1) 4.6 6

p = = 1.6 x 10
Aj 0.36 x 10°

If two gyro failures occur simultaneously, and are of comparable
amplitudes with certain failure directions, FDI ambiguity may
occur. (Described in Appendix J.) The probability of simul-
taneous failures during a 0.5 hour mission is a function of the
time to detect errors greater than Dy. If the detection level

is set to 1 min, time to detect an error of 1°/second is 1/60 sec-
ond. Probability of simultaneous failures in a half-hour flight
is then 10-5., The probability of two gyro failures not detectable
by self-test being greater than Dy is (0.5 x fg3)2 = 2 x 10-10,

Of such cases, from Appendix J, only the small fraction

D_. 1n (Dmax /Dﬁ)
min . B ~ 107° (7)
27 D ax
maXy
cause failure. The combination of these three probabilities
is 10-21 which is negligible.
I1f accelerometers are rejected in pairs instead of a fully-
flexible choice, the following terms apply:
4
G = 1- (1 - fa) (8)
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If IMM-to-computer I/0 is made inflexible, that is a computer
can only read other channel data through their computer, and
inflexible accelerometer selection is assumed system failure
probability becomes:
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where fg3, X,, and Y4 are as previously defined, G, H, and J are
those defini%ions for inflexible accelerometer selection, equa-
tions (8), (9), and (10), and

fro = [1 -a-f) Q- fc)]
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The terms of equations (1) and (1l1l) represent the various system
failure modes. Thus, the first term applies to four power
supply failures during the flight. The second term indicates
three power supply (or computer, for equation (11)) failures.
The third term is for two power supply failures plus an addi-
tional failure such as a gyro.

Evaluation of equation (1) with and without flexible accelerometer
selection and equation (11) without flexible accelerometer
selection for the two system MTBF's and for different flight
durations leads to system failure probabilities shown 1in

table 5-8.

TABLE 5-8. FLIGHT CONTROL OUTPUT FAILURE
PROBABILITY VERSUS ARCHITECTURE,
FLIGHT TIME, AND CHANNEL MTBF

FLIGHT MTBF
ARCHITECTURE TIME (HR) 4000 HR 2000 HR
0.5 1.1 x 10713 | 1.3 x 10712
FULL FLEXIBILITY 1.0 8.7 x 10713 1.0 x 1074
8.0 4.4 x 10710 | 5.1 x 107°
0.5 4.1 x 10713 | 3.5 x 10712
INFLEXIBLE ACCELS. 1.0 3.3 x 10712 2.8 x 1071t
8.0 1.7 x 107° 1.5 x 1078
0.5 4.5 x 10012 | 4.7 x 107
INFLEXIBLE I/0 1.0 3.6 x 10 11 3.8 x 10°1°
8.0 1.9 x 1078 | 1.9 x 1077
The following conclusions may then be drawn:
a. All architectures meet the required 10-6 failure
probability for 0.5 hour flights.
b. Full flexibility in computer instrument selection leads

to about 1/40 of the failure probability of the most
inflexible architecture.
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C. Rejecting accelerometers in pairs results in about
4 times the failure probability of the full flexibility
method.

d. If channel MTBF is halved, failure probability increases
by about a factor of 10.

e. Applications of long flight durations would probably
require the more flexible architecture.

5.3.3 Probability of Navigation Output Failure

The probability of system failure for navigation outputs has the
same form as equation (1) except that the full distribution of
gyro failures with amplitude applies. The equation then becomes:

s[4\ 3 4\ 2 2|2 21,2 [z 2
= - - ‘ - - -f
P rp+¢)%(1 %)+C>%(: %){c+(1 242 +<J%(1 () e - c”
4 3.3 313 . [3\.2 3 2
+(l>fp(l-fp) lfco(l-{c) lf‘ a,(z>fa (-1 )+(l>f‘ (-f )P,y
3 3 2 4| 4 4
+ ’(l-f‘) 4(1)13 (-1 )70 -P, y) IHI+(1-(P) {£c+(l-fc) X +(|-xu]'

(12)

where £, f., and f_, are as previously defined and G, H, and J
are defined in equagions (2), (3), and (4), or (8), (9), and

(10) , depending on accelerometer rejection logic. vy is essentially
equal to Y3 (0.25), for the assumed distribution, and,

4

I B
X-—fg+()f(l fg)+(2

2 2

bl 1 - f P 13
3] g ) g ! g) aY (13)
Evaluation of Pp primarily involves the failure distribution,
from figure 5-58, from 1 to 20°/hr. Using these values in
equation (6) for Dmin and Dmax’ respectively, yields

PA = 0.0195.

The average time to detect errors under 20°/hr is 30 seconds (for
a minimum drift of 1°/hr and a detection level of 1 arc minute) .
The probability of two simultaneous failures in a 0.5 hour flight
is 30/1800 = 0.0167. The probability of two GFy failures not
detectable by self-test is (0.25 x £g}2 = 2 x 10-10. Of such
cases only the fraction, from equation (7) .025, apply. The
net probability, 0.0167 x 2 x 0.025 x 10-10 10-13, is
insignificant.

nox
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The equation for probability of navigation output failure with

the inflexible architecture, similar to equation (11), is:
_ 4 4 3 B 4 2 _ 2
I (3) SN CIE BRI (2) £2 (1= £0)
$ 2 (2) 2 ]
£ + f (1 -f) +(1L-£)" G
['g 1/ g g ( g ‘

l
t

3 3 2 -
+ [ (1 - fg) + (l) fg (1 - fg) (1 = Py ¥) ] H

4
+ L= £ {x F (1 - X) J] (14)

Using the previously defined values of G, H, and J (equations (8),
(9), and (10)), and X (equation (13)), fpc and computed values of
y and Pp, equation (14) may be evaluateg for the two values of
MTBF, as shown in table 5-9.

TABLE 5-9. NAVIGATION OUTPUT FAILURE PROBABILITY
VERSUS FLIGHT TIME AND CHANNEL MTBF,
INFLEXIBLE ARCHITECTURE

MTBF
FLIGHT TIME 4000 HR 2000 ER
0.5 1.3 x 10710 4.6 x 10710
1.0 5.2 x 10710 1.8 x 107°
8.0 3.3 x 1078 1.2 x 1077

231



403314

The improvement to be gained by using the more flexible I1/0 and
accelerometer selection architecture is not as great for naviga-
tion output reliability. It can be shown to be less than a
factor of 3. The reason this occurs is that the probability of
isolation ambiguity is much more significant for the smaller

gyro drifts needed for navigation than for flight control failure
detection levels.

5.3.4 Summary of Study Results in Advanced Techniques for
Failure Detection and Isolation

The navigation system will fail if errors in craft rate exceed
1.°/hr during flights where craft rates of >10.°/sec = 3.6 x 104°/hr
can occur. Failure detection and isolation techniques based on
comparison of gyro torquer outputs should correspond to the same
directions to within a fraction of 1°/hr/3.6 x lO4°/hr ~ 0.3 x 10-4
rad = 6. Sec. For this reason, directions in which angular rate

is sensed by more than one gyro are important for comparative
testing. For the tetrahedral array the sensing planes of only two
gyros intersect in the same direction. Each intersection is at

an edge cf the tetrahedron defining a test direction along the

edge for a comparison of components of observed angular rate
obtained by resolution of the two torquer outputs of each gyro.

Each difference of angular rate components Tyrg 0of gyro r and

gyro s along the commonly sensed direction of a tetrahedron

edge, is a member of the set of six edge test observations,

T T

T T

T 24" T34

T

127 "13" "14' “23’

which comprise the primary information of angular rate outputs of
the gyros. The computation and smoothing of T,g quantities is
described in Appendix B. The analysis of Appendix I evolves
advanced techniques for failure detection and isolation. The

study first seeks an answer to the question of what test functions
Fg of contemporaneocus Trg»

F_ (T

g 120 T

T T T T, ,) g =1,2,3,4

137 "14' "23' “24' 34

give a measure of whether gyro g has failed? More general func-
tions could involve past and present Tygs but here the dependence
on past Trg is limited to previous decisions regarding gyro fail-
ure based on past T,g magnitudes. Say gyro g was previously
isolated as failed. Then the new question is, what functions
F,(g) not involving the failed gyro g, where for example g = 4,
agd we have

F_(4) = F_ ( ) g=1,2,3

g g le, T T

137 ~23

give a measure of whether gyro g has failed?
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To facilitate the generation of gyro failure isolation functions
Fg for the four gyro case and Fg(g) for the three gyro case, we
directly implement a definition of failure of a gyro according
to total drift rate in the sensing plane, a failed gyro corres-
ponding to

where € is a test drift rate level. Derived functions may be
directly used or, as in the three gyro case, an equivalent form
of the functions is shown to involve simplified testing.

A second criterion to facilitate the generation of test functions
is the assumption that only one gyro has failed in the test period.
In the three gyro case this criterion is not a limitation since
two gyro failures means certain navigation system failure. 1In

the four gyro case, once deriving the implied functions Fg, it is
necessary to provide special secondary procedures for the infre-
gquent situation of two gyros failing within the test smoothing
time (see Appendix J). The frequency and provision for such

cases are analyzed in another section.

In the four gyro case it is shown in Appendix I-1 that if a single

gyro g failed with drift rate Dfg then functions Fg [g = 1...4]
given by (6a), (6b) take on the values, in the absénce of noise,

2 g
F =D — * 8¢
g Fg g
where
a§= 1 ifg=g
g 0 otherwise

Gyro failure detection and isolation is given by failure of the
test Fg < g2 [g=1...4].

An equivalent form of F_ [g = 1...4] defined by (6a), (6b),
Appendix I is g
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where
F() = mp,° + Tyt LA (Ty3 = Ty + Ty)°
F2) = 1% + T142 + 1y, (Tyg + Tyy = Typ°
F(3) = 1p,° + gl t Ty’ + (Tp + Ty = Typ)°
Fia) = 1% 4 T132 17 (T = Ty + )7
Fo =T+ T132 + 1,0 T232 +Ty,° Ty,

In this algebraic form the_calculation of test functions for
four gyros make functions F(g) available for:

a. Special procedures for detection and provision for two
effectively simultaneous failures

b. TFailure detection and isolation in the three gyro case.

2
For four gyros the test Fg €& can be made equivalently by tests

as indicated in the preliminary FORTRAN list of the advanced
failure detection and isolation program listed in Appendix I-5.
The statistical properties of the four gyro test procedure in the
presence of gyro noise are analyzed in some detail in Appendix I.
The fractional variation from gyro noise of Fg if gyro g failed
is

F o
——L_ = i r 1 + r2 r = N
F _average ' D

g g /3 Fq

so for noise oy = 0.1°/hr and Drg = Dp in = 1.°/hr the lo varia-
tion of Fy from noise for the minimum ?allure rate is 11.6%. 1If
none of tge gyros failed, the effect of gyro noises in producing
outputs of Fy is to produce 1o output of -.63% to +1.63% of that
of a minimal?y failed gyro at 1.°/hr. An exact probability
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distribution* for F, from noise is derived from which the false
alarm probability PgA for test level €4 is shown to be

PFA = % - e Four Gyro Case
For noise level oy = .1°/hr and test level ¢ = .5°/hr
_ -7
PFA = 2 x 10

for which the fraction fFA of false alarms to actual failures is

Pra -4
f = —— + (MTBF) = .5 x 10 Four Gyro Case
FA Tg
for mean time before failure MTBF = 3000 hr, test smoothing time
1. = 60.0 sec. The probability of non-detection is a more

involved calculation and necessarily uses approximations good

for the range of test levels considered. Assuming a relatively
flat distribution of failure drift rates with minimum value

DFmin the probability of non-detection at the recommended failure

test level €2, with € = (&g + DFmin) /2 is
D
Fo PND
ag
N
11 10724
9 10713
8 1078
7 3 x 107°

*
A modified Rayleigh distribution.
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Techniques were evolved for evaluation of the probability dis-
tribution of relevant classes of test functions. Probability
distribution is requisite to determine probability of rare events
such as false alarm and non-detection.

The three-gyro case was analyzed to obtain test functions based
on the same criteria of failure definition and single failure at
a time, obtaining failure detection and isolation functions for
gyro g where gyro g has previously failed,

where

Three Gyro Case
2

2 o _ _
F = 3 [F(g) -2k - TrS ] r#s# g#g

where F(g) is defined for the four gyro case above.

It is shown k > o should be as high as tolerable for the gyro
noise level,

for test decision purposes, despite the fact that other smaller K
mak es Fg a better estimate Dg2 when the other gyros are drifting.

The tests for F_ < ¢2 to determine validity of each gyro g other

than gyro g are equivalent to failure tests,

Three Gyro Case
2 B —

Test #g T > (Flo-3.5/2k  r#stgrg

such that if only Test #g fails then gyro g has failed. 1In the
event two of the three tests fail we have the ambiguous case in
which the direction of the failure drift is near normal to a test
direction. The Test #g is incorporated in the preliminary
FORTRAN list of the advanced failure detection and isolation pro-
gram listed in Appendix I-5, in the test of S(L) = Tr52 against
TL = (F(g) -3/2 €2)/2K. 1In the ambiguous case where two of the
three tests fail, it is known that one gyro g whose test passed
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is good. To find which gyro failed, gyro r or gyro s, the
statistic

is analyzed for probability distribution given gyro r failed or
gyro s failed in the presence of gyro noise. From these probabil-
ity distributions are derived the probability that gyro r failed,
Pp,.(A). Then the reliability of the decision of which gyro failed
is calculable in terms of edge test observations. Operational
requircments determine the use cf decision reliability, for example
if below a prescribed level of certainty to signal to the pilot a
system failure. In Appendix I-5 a particular utilization of the
probability of correct decision, extracted from a stored table is
considered, namely, the assignment of gyro validity

for weighting of navigation channel estimates or according to level
for logical validity.

It is proposed that improved navigation accuracy with four valid
gyros be obtained by weighting channels according to drift level
estimates of the gyros of each channel. Soft failures GF] which
markedly degrade navigation of a channel using such gyros would be
downgraded in a weighting of channel estimates of a variable X,

4
z Wi X
A i=1
x =
4
z Wi
i=1
where
_ _ _ Channel i uses
w; = [2F_ - F(r) -F(s) + C] gyro r, gyro s

the functions F,, F(r) and F(s) being available from the gyro fail-
ure detection and isolation program. The case of three gyros and
ambiguous two gyros are of interest for weighted navigation, for
example, using

2 Channel 1 uses

-1
e = ro r, ro s
Wy [Trs + CJ gy gy
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VI. PRELIMINARY SYSTEM DESIGN

6.1 System Block Diagrams

A simplified system block diagram is shown in figure 6-1. The
complete redundant strapdown INS is composed of four identical
channels. Each channel of the INS consists of the following
elements:

a. An Inertial Measurement Module (IMM) containing the
basic inertial sensing devices, one TDF tuned gimbal
gyro and two axes of acceleration measurement, with their
associated electronics.

b. A computer which performs redundancy management, instru-
ment compensations, coordinate transformations, and the
inertial navigation computations.

c. External I/0 which interfaces the computer with other
aircraft equipment. Note that there is no self-contained
voting in the system between the computers and these out-
puts. The external equipment must perform some voting
between channels (in addition to using validity informa-
tion provided by each channel) in determining the final
navigation variable to be used.

d. Inter-computer I/0 which is used to transfer gyro and
accelerometer measurement data from one channel to all
others for use in redundancy management, and for deriva-
tion of the full 3-dimensional rate and acceleration
inputs.

e. A power supply used to drive all elements in a channel.
Note that there is no cross-feeding of power between
channels. This results in a simple, low-cost power
supply design with a negligible decrease in system
reliability over a modularly redundant power supply
configuration.

A more detailed block diagram for one of the four Inertial Naviga-
tion Modules (INM) is shown in figure 6-2. The equipment shown

is packaged in its own chassis and four of these chasses installed
into a common mount comprise the complete redundant strapdown INS.
The entire system will have a weight of 28 kg and a power consump-
tion of 540 watts.

6.2 Hardware Design

6.2.1 G-6 Gyro and Loop Dynamics

The G-6 gyro, figure 6-3, consists of only five major subassem-
blies, resulting in a simple, low-cost design. The subassemblies
are: the gyro case, bearing assembly capsule, torquer coils,

‘Preceding page blank
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Figure 6-3. Photograph of Litton G-6 Strapdown INS Gyroscope
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pickoffs, and the rotor with its tuned suspension. The torquer,
pickoff, and bearing subassemblies are mounted in the case con-
taining the spin motor stator. The replaceable bearing assembly
contains the prealigned shaft and bearing assembly. The motor
hysteresis ring is mounted on one end, and the rotor and suspen-
sion are mounted on the other. End covers, when soldered in place,
provide an hermetic seal for the gyro. All five major subassem-
blies are interchangeable with other like subassemblies.

The Suspension System

The function of the suspension system is to provide translational
support for the rotor in such a way that the effective torsional
coupling between the rotor and the gyro case about any axis that
is perpendicular to the rotor spin axis is zero. The suspension
system in a tuned gyro is analogous to that of a universal joint
and in its simplest form consists of an inertia element (the gim-
bal) and the torsional elements (the flexures). Typically, four
cross-leaf flexures are used. Two of these flexures connect the
gimbal to the shaft, forming one torsion axis of rotor and gim-
bal freedom relative to the shaft. The remaining two flexures,
whose axis of torsion is orthogonal to that established by the
first two flexures, connect the rotor to the gimbal and thus form
the second axis of rotor freedom. When such a suspension system
and the rotor are run at a speed corresponding to the tuned fre-
guency, the dynamically induced spring rate due to the gimbal
motion is equal to the physical spring rate of the flexures and
the resultant spring rate coupling the rotor to the shaft is zero.
This condition is attained by the adjustment of the moments of
inertia of the gimbal such that the tuned frequency is equal to
the frequency of the synchronous motor speed.

Through careful selection of the ratio of rotor to gimbal iner-
tias and gyro operating spin speed, Litton has eliminated the need
for complex tuning techniques and procedures often used in this
class of instruments. This new approach not only significantly
reduces gyro cost but also inherently enhances performance.
Reduced long-term mass shifts (spin axis mass unbalance) and
thermal instability of mass shifts are obtained. There are no
adjustment weights on the rotor assembly. All balancing is done
at the subassembly level by a static balance procedure in which
unbalances are measured and appropriate material is removed.
Gyro tuning is also adjusted at this subassembly level.

References {311, [(32], and [33] provide a description of the
operation and errors caused by the tuned suspension system.
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Torquers and Pickoffs

The function of the pickoffs and torquers is to control the atti-
tude of the rotor relative to the gyro case. When an input rate
is applied to the gyro case, the case fixed pickoffs sense the
change of rotor attitude relative to the case and cause the
rebalance loop to provide current to the torquers in such a sense
as to reduce this change to zero. 1In an ideal strapdown gyro the
torquer maintains the spin axis of the rotor aligned with the
shaft spin axis and thus the rotor has the same angular velocities
as the case about the input axes. The torquers are designed such
that the currents through their coils are directly proportional
to the moment outputs and thus the torquer current is a direct
measure of the input rate to the gyro.

The gyro torquer is a permanent magnet of the voice coil type and
is capable of exerting moments on the rotor about two nominally
orthogonal axes that are perpendicular to the rotor spin axis.
The torquer consists of two elements; one element consists of
permanent magnets attached to the rotor and thus spinning with
the rotor, and the other is the torquer coil assembly fixed to
the gyro case. The permanent magnets are radially magnetized
and, when assembled on the rotor, establish a radially oriented
magnetic field across the airgap containing the conductors of the -
torquer coils.

The high-permeability rotor provides the return path for the mag-
netic flux. There are two diametrically opposite torquer coils
per axis connected in series in such a way that the moments pro-
duced by the individual coils are additive. The average torque
produced by the coils is proportional to the product of the effec-
tive field density, the ampere turns, the effective circumferen-
tial length of the conductors and the radius of the airgap.

The pickoff used is a high frequency variable reluctance type.
There are two diametrically opposite E cores per axis, each
carrying a primary and a secondary winding. The reluctance path
associated with each core consists mainly of the airgap that
separates the E core from the flux return path mounted on the
rotor. Thus, the field set up by the primary winding and linking
the secondary winding is mainly a function of the airgap length.
The voltages induced in the secondary windings of the two diamet-
rically opposite cores are connected in series-opposition. The
overall pickoff output is thus only sensitive to the angular
motions of the rotor relative to the case about the pickoff axis.

Summary of Capture Loop Technique

Pulse rebalance torquing with binary duty cycle modulation has
been selected by Litton for capturing the sensitive elements of
the inertial instruments (accelerometer and gyro). Pulse-torquing
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has significant advantages in terms of higher accuracy, less
complexity, higher reliability, and lower cost than other methods
considered. Other important advantages of pulse torquing are (1)
elimination of torquer nonlinearity, (2) constant torquer power
dissipation, and (3) elimination of linear power amplifiers.

Each axis of the G-6 gyro is captured using a simple single-axis
loop, i.e., the X pickoff drives the Y torquer, and the Y pickoff
drives the X torquer. A major disadvantage in using a dual-axis
approach (i.e., what is recommended in reference [3] where each
torquer is controlled by both pickoffs) is the rectification
effect from high current directed into the torquers at harmonics
of the spin speed. The dual-axis loop has relatively high gain
at frequencies above the bandwidth of the gyro and readily couples
the everpresent harmonic noise from a pickoff into the torquers.
This effect is compounded by the fact that the noise from both
pickoffs is directed into each torquer at high gain levels (with
considerably more circuitry required).

The single-axis capture loop (using a pure lag network with a
notch at spin speed) attains essentially the same bandwidth as

the dual-axis but reduces the torquer noise by two or more orders
of magnitude. In so doing, (1) the dynamic range is not degraded,
(2) torquer rectification effects become negligible, (3) the gyro
bias is insensitive to gain variations, and (4) much shorter
periods of time are required to ascertain drift rate since the
data channel is not dithered by noise. All this is gained simply,
more reliably, and at lower cost.

The predicted performance of single-axis control using pulse
torquing techniques has been verified by tests of the G-6 gyro.

Gyro Capture Loop Groundrules

In order to obtain superior performance from the strapdown system,
any significant errors generated at the gyro outputs and in subse-
quent computer processing must be minimized or compensated. With
this in mind, certain ground-rules have evolved from the tests

and studies of various capture loops for dry two-degree-of-freedom
gyros. These investigations have contributed to optimizing the
significant parameters affecting the quality of the gyro output.

Listed below are some of the critical factors which have been
considered in the design. These factors are especially relevant
with regard to realizing the advantages of pulse-torquing.

a. The noise level of the capture-loop signals which are
directed into the pulse-torquing networks should be low.
More specifically, both the noncoherent and spin-speed
coherent "noise" levels of the signal which controls the
pulse widths should be less than that required to switch
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from one discrete pulse-width level to the next. This
requirement of course, is a function of various factors
including bandwidth, pulse repetition frequency, and the
pulse modulation frequency.

b. The closed-loop dynamic behavior (bandwidth, relative
Stability, etc.) must meet conditions which are compati-
ble with the gyro characteristics as well as with the
computer processing techniques. For instance, errors
associated with pickoff excursions, even if compensated,
should be minimized by insuring that the bandwidth is as
high as possible without unduly exceeding the computer
processing rate. Too high a bandwidth may torque the gyros
unnecessarily at frequencies which will not be processed
fast enough by the computer, and consequently the error
compensation by the computer would become ineffective.

c. The pulse-torquing resolution should be fine enough such
that initial alignment can be accomplished within the
desired period of time.

d. Asynchronous pulse-torquing is essential to eliminate any
shutdown unrepeatability which may occur as a function
of the rotor synch position. If the pulsing is syn-
chronous with the wheel speed, the torquing pulses act
upon the same portions of the rotor for each rotor revo-
lution. If the gyro is shut down and restarted, the
rotor may synch in a new position relative to the pulse
modulation frequency, and the torquing pulses would then
act upon different portions of the rotor; to negate this
effect, the pulsing is applied asynchronously relative
to the rotor speed.

Gyro Capture-Loop Design

The basic equations for the G-§ strapdown gyro are presented in
Appendix D. Using these equations the general technique for
studying the capture-loops was developed and the above ground
rules were then incorporated as constraints.

The equations in Appendix D do not assume the simplifications

made for the gyro model in reference [3]. Those simplifying
approximations which were made (1) show nutation occurring at
twice the spin speed which is misleading, (2) will indicate that
no open-loop resonance will occur for rate inputs at this assumed
nutation frequency, which again is misleading, and (3) do not
involve the physical parameters of the gyro to facilitate studying
the effects of parameter variations.

246



403314

The equations in Appendix D allow for the real values of moment

of inertia and for the effective angular momentums H and Hc¢ which
result from the rigorous derivation of the equations of motion for
dry tuned gyros as developed in reference [31]. The equations also
reduce to the standard equations applicable to TDF floated gyros,
in which case H = Hg(Fp > =), 1> = D equals the flotation fluid
damping, and KD equals the pigtail spring rate.

To capture the rotor, torques Max and May are applied as a func-
tion of the pickoff signals 6y and 8y. Generally torgue can be
applied about either axis (or both) from each pickoff. Therefore
torque about X and Y are functions of 6y and 8y. The matrix in
equation (3) in Appendix D can be modified to include the torquing
function. To examine the capture loop behavior, the off-tuning
condition, damping and time-constant effect can be neglected,
i.e., let T»>,D =0 and AN = 0. Then from (3) in Appendix D,

2
AS™ + FD(S) HCS + FC(S) GX(S) input
= driving (1)
_ ! 2 ' functions
[HCS + FC (S)] AST + FD(S) GY(S)

where
FD(S) is the "direct-axis" gain and compensation and
FC(S) is the "cross-axis" gain and compensation

Definitions of other terms are given in table 6-1.

The characteristic equation determined from the determinant of

the matrix on the left hand side of (l) is useful in assessing the
stability and behavior of the closed-loop. There are a number of

ways of analyzing this equation. Assuming that the gain and com-

pensation are the same (symmetric) for both axes (FB = F, and

Fo = FC), the characteristic equation is:
2 2 2
[AS + FD(S)] + [HCS + FC(S)] =0
Note that this expression is in the form of:
2 2 . .
P°(S) + Q°(s) = [P(S) - jo(s)1[p(s) + jQ(s)] =0 (2)
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TABLE 6-1. GYRO NOMENCLATURE

Rotor transverse moment of inertia
Rotor polar moment of inertia

Rotor damping relative to case
"Cross-axis" capture loop compensation
"Direct-axis" capture loop compensation

Composite complex compensation, F = F_. - jF

DC D C

Figure of merit
Amplitude of pickoff error response
Angular momentum associated with rotor and case

rates relative to inertial space (Gx = BY = 0)

Angular momentum associated with rotor rates
relative to the gyro case (@X = ¢Y = 0)

Complex notation for /-1

Capture-loop gain factor

Gyro in-phase spring rate

Pickoff scale factor

Torquer scale factor

Torques applied to rotor (from torquer)
Vector form of applied rotor torque,
Maxy = Max + May
Disturbance or error torques
Rotor spin speed

Laplace variable

Angular displacements of the rotor relative to
the case (pickoff angles)

Vector form of gyro pickoff signal, GXY = SX + jBY
Phase of pickoff error response

Gyro dynamic time constant

Torgquer electrical time constant

Angular displacements of the case relative to
inertial space

Vector form of case input, Py = Px * j¢Y

Radian frequency
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and the roots of such an equation can be found from either factor
of equation (2). Any complex root in one factor will have its
complex conjugate in the other factor. With P(S) = AS2 + Fp(S)
and Q(S) = HCS + FC(S), and by arbitrary choice of a factor in
(2).

P(S) - 3Q(s) = [AS2 + FD(S)] -3 [HCS + FC(S)} (3)

To find the roots of this factor as a function of the gains (by
root-locus techniques, for example) the form is:

FD(S) - jFC(S)

5 = -1 =1/180° (4)
As® - JH.S

A new variable FDC(S) can be defined which represents a complex
gain element.

FDC(S) = Fp(8) - jFC(S) (5)

substituting (5) into (4)

FDC(S)
AS(S - jHC/A)

= 1/180° (6)

By trying various compensations, Fpc(S), a suitable closed loop
response can be developed. Fp(S) can then be determined from
the real parts of Fpc(S), and Fc(S) from the imaginary parts of
F ~(5).

DC

Another powerful mathematical technique* for examining stability
from the set of eguations represented by (1) generates a transfer
function in complex form (vector form) for which the real parts
of the transfer function characterize the behavior of the rotor
about the X-axis, and the imaginary portion characterizes the
behavior about the Y-axis. By adding the first equation in (1)
to j times the second equation gives

2 . .
[As + FD(S)] [ex(S) + jBY(S)} + [HCS + FC(S)}[GY(S) - JSX(S)]

= (summation of driving terms) (7)
*See Ref. [34]
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By defining a new variable (in vector form) as follows:

S [SX(S) + jBY(S)]

xy (5)

and substituting into the left hand side of (7) yields:
2 .
[AS + FD(S)] Oy (S) = 3 {HCS + FC(S)] By (S)

or,

|

feXY(S)

( 2 .
| [AS + FD(S)} 3 [HCS + FC(S)J
Note that the term in brackets is the same as in (3) and indeed

represents the characteristic determinant. This can then be put
in the same form as (5) and (6).

The importance of this analysis is that the input-output relation-
ships can now be determined by solving for 8xy(S) for any input

condition desired and noting that 8x(S) and 6y(S) can be obtained
separately (resolved) into the real parts and the imaginary parts

of 6xy(S). The resolved outputs can also be determined from:
o - oxy * Oy ng e = oxy T Syy
X 2 a Y 23

where GXY = (ex - jGY), the complex conjugate of exy.

Input driving functions for (7) will also be in the form of
§g¥y(3) or ¢xy(S), where any symbol in the form of fyy is defined

f = f_ + jf, and fXY = fy - JfY (8)

Note also that the feedback torques Mjx and M are (in vector
. ay
form) , dropping the Laplace operator S,

Maxy = Max * M,y = “Foo 8y

= ~(Fp = JFL) (8, + j6y)
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and that:

-M . =F_98,+ F, 6 (Real parts)
(9)

-M . =F_6,-F. " (Imaginary parts)

The sign of the feedback was chosen with some forethought with
regard to stability, and this resulted in the form Fpc(S) instead
of Fpc(S). The signs of the feedback, of course, could be
arbitrary, but the stability of the closed loop would reflect the
choice as a positive or negative feedback. The stability analysis
would reveal the desired choice, however.

A block diagram of the captured gyro is shown in figure 6-4.
This block diagram represents equations (1) and (2) from Appen-
dix D, with equation (9) above substituted for May and May.

Using this block diagram the optimum compensation can be deter-
mined. Certain characteristics of the compensation are essential
if the basic ground rules are to be met, for instance, it is
desirable to include integral gain in the capture loop (type I
servo) to insure a negligible hang-off error for constant input
rates. A notch at the gyro spin speed is also desirable. The
"noise" signal which may be generated at spin speed is charac-
teristic to all tuned rotor gyros and 1is nominally minimized by
mechanical adjustments on the gyro rotor. However, to allow for
greater freedom in the mechanical adjustment a notch is provided
to reject this signal.

With these factors in mind the characteristic equation for the
dynamic behavior can be developed. From equation (6):
FDC(S)
AS (S - JHL/A)

=1 /180° (6)
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where:

Foo(S) = Fp(S) -3F(8)

HC/A is the nutation frequency w

FD(S) is the gain and compensation for direct-axis
torquing, i.e., X pickoff driving the X-torquer,
and Y-pickoff driving the Y-torquer

FC(S) is the gain and compensation for cross-axis
torquing

From basic principles of gyrodynamics, torques which act on the
rotor at low freguencies cause gyroscopic precession on an axis
at right angles to the applied torque vector, but at the higher
frequencies (near and beyond the nutation frequency) the gyro
rotor acts more like a pure inertia and the rotor tends to dis-
place about the same axis as the torque vector. This character-
istic suggests using a pure gain for the cross-axis compensation
Fc(S) and a lead term for the direct-axis compensation Fn(S).
This approach is indeed optimum for capturing the gyro rotor to
obtain high bandwidth, but generally uses more components to
mechanize than the normal capture loops which Litton uses for
rebalance. The standard capture loop is mechanized with only the
"gyroscopic" cross-torqguing function Fc(S) and the loop essen-
tially meets all the requirements desired. If extremely high
bandwidth is found to be advantageous, then the direct-axis
torquing function Fp(S) can easily be included but caution 1is
advised since the torquer noise will be high.

After examining the capture-loop compensation suggested in ref-
erence [3] which incorporated direct-axis capture, it has been
concluded that the network was synthesized solely for its control
characteristics without any concern for noise considerations.

A plot of the frequency response in reference [3] shows gains
which are more than two orders of magnitude higher at the har-
monics of spin speed than at the lower, controlled frequencies.
The generation of relatively high output signals at these fre-
guencies probably explains why the test data in reference [3]
shows rotor excursions which are more than three times the theor-
etical value (12 mrad/rad/sec peak values instead of approximately
4 mrad/rad/sec) since the gain was probably limited to values

much less than that desired.

This shows the importance of rolling-off lead networks at as low
a freguency as possible after they have served their purpose, oOr
noise will become a very serious problem.
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Dual-axis Capture-Loop Compensation

The optimum dual-axis capture loop compensation is shown below.
The gains are rolled-off as soon as possible after the required
lead near the nutation frequency (for the direct-axis). The
gain beyond the notch is only slightly higher at its peak than
at midband (but orders of magnitude lower beyond the notch than
the gain suggested in reference {3]1). Let:

K (5% + 8%)(s - iN)

F__(s) = (10)
DC (S + 5N)°(5° + 2¢ NS + N2)
then
F(S) - Ks (s® + N%)
D (8 + 5N)2(52 + 2¢ NS + Nj;
and
Fo(S) _ KN _(s° + N%)

(S + 5N)2(S2 + 2 NS + sz

Note that the direct-compensation has no gain at DC and acts as a
lead term at higher frequencies. The cross-compensation is effec-
tive at DC but rolls off at higher frequencies. The electronic
circuitry for realizing this compensation is shown in figure 6-5.
The frequency responses for these compensations are shown in
figure 6-6 with £ = 0.3.

Equation (10) is substituted into equation (6) and a root-locus
plot is drawn. The optimum closed-loop gain is selected and the
gain factor K is determined.

Closed Loop Frequency Response

Using the gain and compensation determined by the root-locus the
closed-loop frequency responses can be evaluated for the pickoff
error signals 8_ and 6, and the rebalance torque M., and May as
a function of ifiput angular rates ¢y and ¢,. A computer program
was developed which solves the block diagram shown in figure 6-4.
The values of Fp(S) and Fc(S) above were used; in addition inte-
gral gain was included, with lead recovery at 60 rad/sec. Plots
of these responses are shown in figures 6-7 and 6-8.
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Single-Axis Capture-Loop Compensation

The recommended method of capture is to implement only the cross-
axis compensation Fe(S). The reasons for this conclusion have

been previously stated. Since a notch is used at the spin-speed,
the bandwidth of the gyro is certainly limited to less than spin-
speed using either capture loop approach. The bandwidth obtained

in either case is also more than adequate for the system.

The following compensation is found to be optimum for single-axis
capture:

2
FL(S) - K [(S/N)° + 1}(S + 55) CF(S) =0

s [(s/zm + 1]3 [(S/NTX+ (2 S/N) + 1] D

This compensation is characterized by a twin-T notch at spin speed
N, three lags at twice the spin speed, a low-Q bandpass at spin
speed (¢ = 0.03), and integral gain with lead recovery at about

9 Hz. The frequency response for the compensation itself is

shown in figure 6-9. It can be seen that there is a high rejec-
tion of signals beyond the bandwidth since this compensation con-
sists primarily of lag networks. It is important that the phase
of the torque at nutation be more than 90° lagging behind the
pickoff to guarantee damping at this frequency. Tests using this
circuit show extremely low noise for such a high bandwidth.

Frequency response plots for the pickoff error signal and rebal-
ance torque are shown in figures 6-10 to 6-13.

6.2.2 Gyro Rebalance Loop Electronics

The basic design approach to rebalance the inertial strapdown
sensors is through pulse duration modulation, a well known tech-
nigque which provides direct digital output while still maintaining
superior linearity and environmental capability. The basic block
diagram of a loop is shown in figure 6-14. Functionally, vehicle
angular motion produces a signal out of the gyro pickoff. This
signal is amplified, demodulated, filtered and then compared with
a sawtooth signal to produce a time modulated rebalance current
through the gyro torquer to balance the input motion. This loop
is basically a servo system which nulls the pickoff. The gyro
torquer is electrically part of an "H" bridge arrangement. A
constant current source, whichis driven from a precision voltage
reference, is switched by control signals from the voltage to
pulse converter. Figure 6-15 shows a representation of the bridge
arrangement. A higher voltage is switched into the bridge during
large angular rates of the vehicle.

259



260

403314

10
(2N)
] ——— e f
\
\
T\
107! / \
GAIN v
Aﬁc((ﬂ)) 10_2 '
K
\
\
3
\
3 \
" \
0
—45 |- r\
/_—5
-90 ™~
|- \L\
PHASE \
-180
~225 |~ 1
-270 . B—
! 102 N 103 104 105
FREQ w. RAD/SEC
Figure 6-9. Compensation Response for Single-Axis Control



403314

(S334930) 3SVYHd

24 ‘D34
0001 0014 ol z
dg
00Z-
ost- \
001—
as
05— \/ \
0
as
0S +
, ISVHd
001 +
30NLNdWY
Qg

(30217q) asuodsay 3JO30Td dooT 0149 umopdea3is

*0T-9 2anbtyg

100°

200’

#%¢

23S/aVH x
ave

261



403314

(STXVY ssox)) asuodsay 330301d dooT o0idkn umopdeals *11-9 aanbtyg

(IH) D3Y4
0001 ot 4

: %m T

&
____-—‘

05z
2 ’ // \
)
W (¢ 1} 4 U .Mlv
& x
Co n
o ost 2o gl=
- / alo
&a | o
= oot
3
0s £00°
3ISVH4
0
00’

262



403314

ovl

{S33U930) 3SVHd

&

0si

(10211q) @osuodsay Aousnbaixi dooT 0149 umopde13is "Z1-9 =2anbta

(zH) D3YJ
0ot 1

N'

"

(103410)
(8P} 31VH TVNLIV SA ALVU QIUNSYIN

263



403314

(S334930Q) ISYHJ

000t

(Juswaanses ssoi1)) asuodsoy Adouanbaigy dooq oxdkn umopde13g

001

(ZH) D3u4

]}

0se-

3SYHd “ /

03

"€1-9 L@anb1yg

S

-

S1—

(SSOMD)
(8P) 3LVH TVNLIV SA 31VH QINNSYIN

264



403314

doo7 aoueTeqoy-asTnd Teot1dAL

(0/1 04)
1NdiN0 €¢—
AVIY

*pT1-9 =21nbtyg

JAON-IH <«

LINDYID < -0 %2070
y344ng
VL1910
3 HOLIMS ..H..
324N0S o .S39VLI0A
LN3HHND 3ON3IYIIIY
JQONW
31VH—HOIH
HOLVHVIWOD & O dWVY
ONIGNIM
4 ¥3NDYOL
H34INdNY 1300V
NOILVSNIdWOD | HOLvINAOW3a 4403014 5O
OHAD

JAIHA

O NOILV LIDX3
ZHX ¥§

265



403314

4

( + CURRENT
—
"H" SWITCH
P CONTROL
T UE
ORQUER SIGNALS
- CURRENT
CONSTANT
CURRENT
SOURCES
Figure 6-15. Rebalance Electronics Bridge Arrangement

266



403314

The operation of the loop can be understood with the aid of fig-
ure 6-16. Input vehicle motions generate an error signal which
is summed with a sawtooth waveform of a basic 2K Hz period called
the limit cycle frequency. At the start of each limit cycle, the
torquer current is positive until the error signal is equal to
the sawtooth. The torguer current is then switched (by switching
the torquer) to remain in the opposite direction until the end of
the limit cycle. At time T, the bridge is again switched to a
positive direction until another comparison is made during the
second limit cycle. The net result is a current waveform whose
average value is equivalent to that required to null the pickoff.
Average current is therefore synchronous with the crossover time.

The master clock data pulses are synchronous with the limit cycle
frequency. Since the bridge is permitted to be switched only at
an integral number of clock pulses, the number of clock pulses
between the start of the limit cycle and the time the bridge is
switched is an extremely accurate measurement of average rebal-
ance torque. The clock pulses (409.6 K Hz) and converter control
signal are then fed to a counter in the serial data section to
provide the equivalent incremental change in angle (Afs) in digi-
tal form to the computer. For a 2.048 K Hz limit cycle with a
409.6 K Hz data pulse rate, zero pulses per limit cycle repre-
sents full negative input rate, 200 pulses per limit cycle repre-
sents full positive input rate.

The electrical design success is predicated upon having an
extremely accurate and stable rebalance current. Therefore all
circuits associated with this function are considered critical.

In general, all circuits employ state-of-the-art solid-state
monolithic integrated circuits to the extent that available com-
ponetns are capable of performing the required task. Where per-
formance requirements are beyond the capability of monolithic
circuits, hybrids are employed. Discrete components are used
where the ultimate in performance demands their use. All circuits
are designed to meet the most stringent applicable specifications.

The input (front-end) section of each pulse-rebalance loop employs
presently existing, well-proven, production hybrid circuits. The
H-switch uses FET technology to minimize current imbalance between
the two switched output current directions and to minimize leakage
and base-drive-current contamination at the torquer coil. This
coil is RC tuned to cause the winding to appear as a purely resis-
tive load to the current switch, preventing switching transients
from appearing at the current source.
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6.2.3 A-1000 Accelerometer and Loop Dynamics

Description

The A-1000 accelerometer, figure 6-17 is a flexure-supported,
pendulous, torque-to-balance instrument characterized by sim-
plicity, small size, and high precision. Its design has a
demonstrated capability of withstanding a wide range of operational
environments. Key design features are:

a. Extremely simple, small, and lightweight.

b. Low threshold, providing excellent gyrocompass
per formance.

c. Single metalization pattern forming capacitive pickoff
plates, circuitry, and flexure.

d. Minimal thermal lag.

Excellent rapid reaction and extremely low temperature sensitivity
is achieved by a combination of mechanical design and electrical
compensation.

Principle of Operation

The sensitive element of the accelerometer is a disc supported by
flexures which permit rotation about a diameter. The disc is

made pendulous by the addition of a weight which displaces the
center of gravity in the plane of the disc and normal to the

hinge axis. Accelerations perpendicular to the plane of the disc
result in rotation about the hinge axis. This rotation is sensed
by the capacitive pickoff which produces a phase-sensitive signal
proportional to the angular displacement. This output is ampli-
fied and is compared with a ramp which pul se-width-modulates the
error signal in digital increments. This signal is used to control
the timing of the current switches which produce precise amplitude
current pulses whose timing is related to the loop error signal
and drive the accelerometer torquer coil. The current in the
torquer magnet produces a torque equal and opposite to the accel-

eration induced torque.

A-1000 Loop Dynamics

A block diagram representing the dynamics of the A-1000 is shown
in figure 6-18. This model includes (a) the back EMF generated
by the torquer, (b) the circuit placed in parallel with the
torquer for optimizing the pulse-torqued wave-shape, and (c) the
resonance and anti-resonance (node) of the suspension.

By using standard servo techniques the optimum gain and phase was
determined. A computer was programmed to determine the frequency
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responses for this configuration. Figure 6-19, shows the pickoff
excursion (proof mass rotation relative to the case) for applied
accelerations.

Figure 6-20 relates the frequency response for acceleration
inputs. For a pulse-torquedsystem this is determined by noting
the output V, (to the pulse-torquing network) for acceleration
inputs Zy. Definitions of the various terms are given in

table 6.2.

6.2.4 Accelerometer Rebalance Electronics

The accelerometer rebalance electronics are virtually identical to
that of the gyro. Loop gain and compensation and torquer current
levels are different, however. The accelerometer circuit imple-
mentation is simpler since a less sophisticated transfer function
is needed, and dual-mode current level is not required.

Table 6-3 gives pertinent information on the accelerometer digital
rebalance loop.

6.2.5 IMM/Computer Interface

The IMM/Computer interface functions as a pulse accumulator for

the two gyro and two accelerometer data channels. Parallel pulse -
data from the accelerometers and gyros is counted at a 409.6 KHz

clock rate. Data is gathered for a period of 7.8125 msec. At

the completion of each data gathering period an interrupt is gen-

erated to the computer which functions as a real-time clock

(128 Hz) and cues the system software to retrieve the accumulated

pulse data from this channel and all other channels.

Accumulation of pulse data is performed with a "micro-processor"
up-down counter as illustrated in figqure 6-21.

Pulse data are sampled each data clock time; a data level of "l
causes the counter to count up while a data level of "O" causes
it to count down. For the gyro signals, a Hi-Mode discrete is
sampled which applies a scale factor to the accumulated pulses.
Pulses are accumulated for one data gathering period and the
resultant count is stored for computer readout. The counters are
zeroed at the start of each data gathering period and the process
is repeated.

In addition to the four accumulated gyro and accelerometer data
channels, a self-test channel will be implemented to help detect
any faults. This channel will always count up at each clock time.
This function, when accessed by the computer at the end of a data
gathering period, will always yield the same value when the system
is functioning properly.
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TABLE 6-2. ACCELEROMETER NOMENCLATURE

J

oa’ IA'JPA

Damping about output axis

Gain of servo compensation

Moments of inertia of sensitive element about

OA, IA and PA respectively

Torquer back-emf coefficient
Pickoff scale factor

Torquer scale factor

Torsional spring rate of suspension
Torquer inductance

Coefficients for impedance function Zp for
tuning circuit across torquer coil

Output axis, input axis, and pendulous axis
Pendulosity

Torquer resistance

Equivalent DC admittance for pulse-torguing
Damping factors of structural frequencies
Damping factor for Wy

Damping factor for w,

Lead recovery frequency for integral gain
Demodulator roll-off frequency

Complex-lag natural frequency

Lead frequency

Mechanical node frequency

Open-loop pendulous oscillation fregquency

Structural resonant frequency
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TABLE 6-3.. SENSOR LOOP OPERATIONAL PARAMETERS

PARAMETER ACCELEROMETER
Maximum range 12 g's
Usable range 11 g's
Pulse repetition rate 409.6 KHz
Pulse weight (scale factor) 5.88 x 10-4 m/sec (0.00193
ft/sec) /pulse
Pulse width 2.5 usec
Pulse modulation frequency 4.096 KHz
Sensor stops +3 mr
Torquer current 20 ma
A RAM within the microprdcessor is used as a memory device. This

memory is partitioned into two sectors, a “count-memory" and a
storage memory. During a data-gathering period, one sector
accumulates counts from the accelerometers and gyros while the
other sector stores the data from the previous data gathering
period. After completion of a data gathering period the two
sectors change functions and the first sector becomes available
for computer readout. The storage memory sector is zeroed as it
transitions to a "count-memory" sector. Management of the RAM
memory functions is done within the control logic function of
the microprocessor.

In addition, the IMM/Computer interface will be capable of trans-
ferring factory derived instrument constants from local PROMs
within the IMM to the software. Temperature sensor data (from
A/D converters) will also utilize this interface. Data paths

for all these variables may be routed through the same "micro-
processor” up-down counter.
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6.2.6 Computer Description

The computer for the redundant strapdown INS will be assumed to
have an architecture similar to the Litton 4516 family of com-
puters. In production since the early '70's, this family of
microprogrammable Central Processing Units has been used exten-
sively in various system configurations, notably B-1 RFS/ECMs,
AGM-86A (SCAD), LN-33 (F-5E) , MPU (CP-1149 for DD-963), TEREC
(RF-4) , and ECU (DD-963).

Designed to economically satisfy a wide range of applications,
the 4516 architecture employs a microprogrammable control struc-
ture that provides design flexibility and growth to an extended
instruction set through the reprogramming of PROMs within its
control structure. The 4516 is a l6é-bit, fully parallel general
purpose digital computer. Its basic instruction length is 16 bits
but a full complement of 32 bit instructions is also included,
permitting a powerful selection of addressing modes. Arithmetic
processing includes provisions for both single (16-bit) and
double (32-bit) precision arithmetic as well as a complete set
of logical operations.

Maximum size of storage addressable by the 4516 family is 65,536
words. The dominant mode of addressing is relative through the
use of base/index registers. However, all four modes of address-
ing are provided; direct, indirect, relative and immediate.

The computer proposed for the strapdown INS will be mechanized
utilizing LSI circuits, solid state Random Access memories (RAMS)
for temporary Storage of dynamic system variables, non-volatile
solid-state Read-Only-Memories (ROMs) for microprogram control

and instruction memories. The RAM power will be battery-supported
for storage of system variables that need to be retained after
power has been turned off.

Various hardware implementation approaches utilizing microprocessor
LSI circuits from the semiconductor industry are applicable.
Companies active in this field include Fairchild, Intel, Advanced
Micro Devices, Texas Instruments, American Microsystems, Inc.,

and National Semiconductor. All of the currently available micro-
processor designs, with the exception of the AMD AM2901 which
utilizes a low-power Schottky TTL process are somewhat marginal

for the strapdown problem.
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COMPUTER PROCESSING UNIT (CPU)

The following description is an example of the type of micro-
processors that are currently available in the semiconductor

marketplace. AMD's AM2900 microprocessor system consists of a
family of bipolar LSI building blocks that can be configured in
numerous system configurations. Figure 6-22 is a functional

block diagram of a typical central processor unit {(CPU) using
microprogrammed high-speed bipolar microprocessor circuilts.

The heart of the system is the AM2901 bipolar microprocessor
(figure 6-23). This four-bit element consists of a 16-word by
four-bit two-port random access memory, a high speed arithmetic
and logic unit and associated shifting, decoding and multiplexing
circuitry. Four such chips are used to form the data path portion
of the CPU. All machine level data operations (i.e., add, sub-
tract, multiply, divide, etc.) are performed utilizing these
chips.

Control of the CPU is performed primarily with the microprogrammed
PROM memory and the microcode sequencer which is used to control
the microstep operations within each instruction cycle. The
microprogrammed memory contains 256 28-bit words and is provided
by seven 256 x 4 bit PROMS. (For production machines, it may be
more cost effective to replace this part with a comparable ROM. )

The A/B address registers control the data sources of the Random
Access Memory (RAM) within the microprocessor. This RAM con-

tains the program counters (old and new values), the base register,
the general registers (9), the accumulators, and the stack and

Z registers as required by the 4516 architecture. Data in any

of the 16 words of the RAM can be read from the A-port of the

RAM as controlled by the 4-bit, A-address field. Likewise, data
in any of the 16 words of the RAM as defined by the four-bit
B-address field can be simultaneously read from the B-port of the
RAM. (See figure 6-23.)

When enabled by the RAM write enable signal, new data is written
into the 16-bit word defined by the B-address field. The RAM
data input field is driven by a three-input multiplexer which
allows shifting of the ALU output if desired.

The ALU can perform any of three binary arithmetic or five logical
operations on the two inputs (R, S) of the ALU. The R-field is
driven from a two-input multiplexer, while the s field is driven
from a three-input multiplexer. Both multiplexers have an inhibit
capability in which no data is passed. This multiplexer scheme
gives the capability of selecting a large number of source

operand pairs together with the eight possible operations to yield
a very powerful microprocessor. The output of the ALU is con-
trolled by microcode bits which route the ALU function to either
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STATUS (3)
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OUTPUT
MICROINSTRUCTION
MICRO CODE —® DECODE
Figure 6-23. 4-Bit Bipolar Microprocessor Slice
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the output register, the Q register, or the RAM. In combination
with the input multiplexers of the RAM and Q register, this

microcode enables the processor to perform the necessary micro-
steps of more complicated functions such as multiply and divide.

AMD also provides a look-ahead carry generator (AM2902) chip
which provides the capability of multi-level look-ahead operation
for high speed arithmetic operation over large word lengths (i.e.
larger than four-bits). This chip has a typical propagation
delay of approximately six nsec.

The AM2918 Quad D-type flip-flop register provides additional
flexibility in system configurations. It is used in typical
designs as the address register, the instruction register, the
status register, and the data output register. Both three-state
and standard totem-pole outputs are provided for interfacing with
data buses or for internal registers.

Thus the entire central processing unit for a complex 16-bit
machine can be implemented using this family of LSI components
in conjunction with some standard SSI circuitry for clock and
control.

A summary of the 4516 General Characteristics is given in
table 6-4.

The LC-4516 instruction set consists of 49 instructions. These
are grouped into nine load and store, 9 logic and arithmetic,
8 transfer, and 23 register-to-register, I/0, and control. The
main features of each of these four groups are as follows:
Load and Store (9 total)
) 16, 32-bit lengths
Logic and Arithmetic (9 total)
* 16 and 32-bit fixed-point add/subtract
) 16 and 32 bit fixed point multiply
° Overflow and fault detection
° High-speed multiply and divide
° Double-add-of-carry for 64-bit summing
Transfer (8 total)
e Minus, zero, register test conditionals
] Automatic PC save and return

° Increment-test~transfers
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GENERAL CHARACTERISTICS

Word Lengths

Instruction Type

Computation Process

Data Format

Input-Output

Addressing Range

Addressing Modes

Number of Instructions

16 or 32 bits (data word)
16 bits (instruction word)

Single-address, single instruction,
indexable

Parallel

Fixed-point, fractional
binary 2's complement

Programmable I/0
Direct Memory Access
External Interrupt System

65,536 words

Direct Address
Relative Addressing
Indirect

Base Addressing
Indexing

Literal
Register-Register

49

Register-to-Register, Shift, and I/0 (23 total)

° Compare register-to-register

Complements

Copy/exchange register-to-register
Add/Sub register-to-register
Single/double-length shifts

Input/output to/from accumulator
Double-length normalization
Interrupt mask control

Hardware/software reset/restart
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Utilizing microprocessing chips with the assumed speed
characteristics, the instruction speeds of table 6-5 are
achievable.

TABLE 6-5. TYPICAL INSTRUCTION TIMES

Microprocessor Cycle Time 100 nsec
Memory Cycle Time 600 nsec
Memory Access Time 200 nsec
Load/Store 1.4 usec
Add/Subtract/Logical (16 bits) 1.4 usec
Double Precision Add/sub (32 bits) 2.2 usec
Multiply 3.2 usec
Double Precision Multiply 11.0 usec
Divide 3.4 usec
Transfers 1.0 usec

MEMORY SYSTEM

The memory requirements for the system are as follows:

MEMORY TYPE NO. WORDS (l6-bit)
Random Access Memory (RAM) 1024
Read Only Memory (ROM) 8192

In addition, there is a microprogram control store memory require-
ment which is considered a part of the Control Processing Unit.

Random Access Memory (RAM)

The RAM memory chosen for this application is a high-speed
CMOS-S0s static storage device which is organized as 1024

words x 4-bit with an access time of 200 nsec and a cycle time
of 300 nsec. The chip uses DC stable (static) circuitry and
requires no clocks or refreshing to operate. Data are read out
nondestructively and are compatible with TTL circuits in all
respects. While devices of this storage capacity are not yet
available, it is assumed that they will be so by the time the
redundant strapdown INS begins its final design phase.
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Each RAM memory interfaces with the other three computers in the
system via memory ports as shown in figure 6-2. Also, the
microprocessor is tentatively organized as a 3 bus system: an
address bus, a data input bus and a data output bus. These
internal busses communicate with all the functional elements
(i.e. the ROMs, the IMM interface, and the external memory con-
troller, etc.) of the individual channel. The port method of
intercomputer interfacing provides read-only capability for the
other channels in the redundant system. Priority control logic
in the memory unit assures that multiple requests can be effec-
tively serviced and that a failed channel cannot swamp out or
nullify any other channel. A battery is also provided, normally
in a charge mode, for data non-volatility.

Read-Only Memory (ROM)

The ROM for each channel is mechanized with LSI chips contained
in 24 pin dual-in-line packages that have 16K memory elements/
chip organized in a 2048 words x 8 bits/word configuration. The
ROM memory requires only eight mask-programmable LSI chips.
Instructions and constants are permanently stored in the devices
by use of a special metallization pattern supplied to the vendor.

The ROM memory elements feature advanced Schottky processing,
low power dissipation (0.5w) and fast access time (200 nsec).
Cycle time is 600 nsec. The LSI chips are organized in a 4 x 2
matrix to form an 8192 word x 16-bit memory. The output is tri-
state and similar outputs of each column are connected together.
All devices except the pair selected are placed in the high
impedance state thus giving the output the characteristics of a
TTL totem pole output.

6.2.7 Input/Output System Description

Communication with the external aircraft system will be repli-
cated in all four channels. It has been designated to be all-
digital, serial and in the format defined in ARINC 575. It is
assumed that the output transmission system of each channel will
be directed at another avionics subsystem that can accept the
four outputs and perform its own voting and fault-masking
routines. 1In addition, each channel will accept inputs from
three separate transmission systems. This is consistent with the
concept that failure in any element of one channel will cause the
failure of that channel but not the failure of another channel.

The ARINC 575 digital message format consists of a serial trans-
mission scheme in which data, word synchronization and clock are
transmitted over a single pair of wires at a frequency of

11 ¢ %-g KHz. Each word consists of 32 bits with a minimum of
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four bit lengths (91 +42/-14 usec) of blanks (zero voltage)
between words. The data word can be either in a binary coded
decimal (BCD) data format or a fractional two's complement binary
(BNR) format. 1In either case the eight Least Significant Bits
(LSB's) of the word contain address/label information while the
rest of the word (24 bits) contains the data and a two-bit coded
designation matrix indicating sign and validity information. 1In
the case of binary data, the Most Significant Bit (MSB) 1is used
for odd parity checking. Details of the transmission scheme are
found in ARINC 575.

Three receivers will be provided in each channel. One receiver
will provide altitude information, and the second receiver will
provide initial position and mode information from an avionics
display unit. This input will be used only at system start up or
infrequently in flight for mode changes. The third receiver is
provided for interfacing with another avionics subsystem in

order to provide position and velocity up-date information.

6.2.8 Power Supply and Support Electronics

The remainder of electronics needed to complete a redundant
strapdown INS is shown in block diagram form in figure 6-24.
Primary aircraft power is converted to DC which is used to derive
the variocus voltages needed by the electronic components. It is
also used to charge the battery which provides the backup power
in the event of aircraft power interruptions.

"Mode sequencing circuits are used to initiate gyro spin power
when power supply voltages are stabilized and close gyro and
accelerometer digital rebalance loops when gyro motors are up to
speed.

Self-test circuits monitor critical gyro, accelerometer, and
power supply signals. When a failure is detected, the computer
is sent an interrupt so it can perform its shutdown subroutine,
and a failure indication is provided to other aircraft avionics.

A variety of frequency references are provided by the crystal
oscillator and countdown circuitry for such things as instrument
pickoff excitation, gyro spin power, digital rebalance loop con-
trol, I/O circuit counting and timing, computer clock, the soft-
ware executive interrupt, and a computer-read time word used in
the solution of the equations to compensate for computatiocnal
time delays. A watch-dog timer is also incorporated, reset
periodically by software. If a problem develops and software
cannot reset the timer, self-test circuits are activated to
indicate a computer failure. This timer is run off a separate
oscillator to be able to detect main crystal oscillator failures.
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The software executive interrupt pulses between the four com-
puters are synchronized with the included logic circuitry.

Since a minimum IMM/computer I/0O implementation is achieved with
computer interrupts derived by count-down from gyro/accelerometer
marker pulses, synchronization at this level is also desirable.
Circuit design of this element is also subject to the fail-op/
fail-op requirement. Failure modes which cause loss of interrupt
pulses or non-synchronization of more than one channel must be
avoided.

6.2.9 Self-Test

The self-test requirements for the redundant strapdown INS are
reduced from those of a single-string system. Voting methods
provide very effective, high-coverage failure detection and
isolation for both fail-op levels.

Self-test goals are:

) To prevent chain-type failure modes which could lead
to extensive equipment or aircraft damage.

°® To provide a high level of capability of detecting
failures of each gyro to reduce the probability of a
failure occurring within the 3-gyro isolation
singularities.

o To contribute to making the third failure a fail-safe
condition, that is, to indicate to the aircraft flight
crew that a failure has occurred.

° To provide information to maintenance personnel for use
in determining the failed module for repair.

Because of the high effectiveness of redundancy management, a
minimum amount of circuitry should be used for self-test, except
for that needed to protect the equipment against self-destruction.
The main self-test features providing this protection are in the
power supply. Over-voltage, under-voltage, and over-current
detectors sense potentially destructive conditions and shut down
channel power. An interrupt is sent to the computer which then
executes a shut-down subroutine, as shown in the system block
diagram of figure 6-2.

Gyro self-tests consist of loop closure monitors which detect
uncontrolled pickoff excursions, a high rate mode timer which
indicates a failure if a gyro axis is in the high rate mode for
an unreasonable length of time, and a wheel pickoff monitor which
detects differences between actual and synchronous spin speed.
Accelerometer self-test consists of a pickoff monitor to detect
loop closure problems. Temperature sensors amplifiers detect
open and short circuit conditions.
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The digital subsystem has a variety of simple test provisions.
IMM/computer I/0 has a separate self-test input channel, other
digital 1/0 has simple wrap-around provisions and parity tests
as applicable, the computer cycle is checked with the watch-dog
timer, the instrument PROM would have test words and parity bits.
The A/D converter has a separate, constant DC reference channel.

A computer software subroutine provides assistance to hardware
provisions by means of wrap-around comparisons, comparison of
reference or test inputs to expected values, and reasonable-
ness tests on temperature and other measurement data. Software
memory and op-code tests are also performed.

Mode/BITE logic assembles hardware self-test results into a word
available for input into the computer during a power supply shut-
down interrupt. Software self-test and redundancy management
results are also available in non-volatile memory for subsequent
review by maintenance personnel during repair. Failure of either
type actuates a failure indicator, visible from the front of the
unit.

6.2.10 Packaging Design

General Concept

Estimates were made of electronics needed to implement one com-
plete channel of the redundant strapdown INS. From the numbers
of printed circuit boards and power supply components, a pre-
liminary packaging design was conceived, shown in figure 6-25.

One channel of the redundant strapdown INS, consisting of one
gyro, two accelerometers, supporting electronics, a computer with
1/0, and a power supply is expected to fit within the dimensions
of 0.36 m x 0.11 m x 0.19 m, and weigh approximately 5.9 Kg.
Cam—-lock handles are used to engage the rear-mounting connector
and lock the unit in place.

A mechanism is required to withdraw the instrument block to allow
the unit to slide freely into or out of a holding chassis/mount
during maintenance. For this purpose, the instrument block is
attached to the chassis by means of a pivoted lever. The pivot,
shown in fiqure 6-25, is fixed to the chassis.

During insertion or removal, the return spring causes the instru-
ment block to be held so the alignment feet are kept within the
unit. When the unit is locked in place, the engagement lever is
depressed by external means, causing motion of the instrument
block, in the direction shown in figure 6-25. The alignment feet
then protrude from the side of the unit to engage a precision
alignment block for precise registration between gyros and to

the aircraft.
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Figure 6-26 shows one of the Inertial Navigation Modules (INM)
installed into a common chassis/mount. The orientations of the
other three INM's are rotated 90° from each other to provide the
required gyro axis skewing. An actuator assembly on the front

of the chassis/mount is used to depress the engagement lever
within each INM following installation. The INM instrument block
is then pressed against a central alignment block in the center
of the chassis/mount assembly.

The actuator assembly and alignment block are more clearly shown
in figure 6-27. The 90° rotation of the INM rectangular shape
leaves a hollow core in the chassis mount. This area is then
available for installation of the actuator assembly and alignment
block. Figure 6-27 also shows a view of instrument blocks in the
withdrawn and depressed conditions.

Figure 6-28 shows the G-6 gyro and A-1000 accelerometers with
the remainder of the instrument block. A printed circuit card
would also be attached containing critical portions of the
rebalance loops. Thus these components would thermally track
the instruments, avoiding the need for separate calibration.

The size of the entire fail-op/fail-op redundant INS is expected
to be 0.33 m x 0.33 m x 0.36 m. Weight would be under 28 Kg.
Elaborate measures were not taken for size reduction since low-
cost is a major system design requirement.

Instrument Alignment Mechanism

Alignment from gyro-to-gyro is required to be better than 20 arc
seconds, including long term effects of handling by maintenance
personnel. The baseline design was selected to provide proximity
between instruments thus minimizing bending between modules due
to temperature gradients or g-loading.

Alignment repeatability requirements will dictate the final
design of the alignment mechanism. Forces on the block stemming
from the actuator must be analyzed with regard to potential
friction forces which might prevent proper seating of the instru-
ment block alignment feet onto the chassis/mount block. Wear
effects and thermal gradient susceptibility need consideration

in the selection of material and finishes. 1In addition, pres-
sures produced by the mechanism would need to be analyzed under
vibration conditions to avoid angular block-to-block motions
which could produce system errors.

Alignment of the instruments relative to the aircraft is much
less critical. Six arc minute alignment accuracy can be achieved
using normal bore-sight and installation techniques.
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Thermal Design

Power dissipation within each INM is expected to be under 135
watts. New ARINC 600 cooling provisions need review for the
unique installation requirements of the redundant, skewed-sensor
INS.

The preliminary packaging design included provision for the draw-
ing of cabin air through openings in the front of each INM.

Some sealing of the face of the INM against the chassis/mount is
needed to avoid air pressure losses. Since ARINC cooling has
such a low pressure drop, highly effective sealing is not

needed.

The cooling air flow directly impinges electronic components and
the cover of the instrument block. It then exits at the rear of
the chassis mount, which forms a plenum between units for even
pressure and flow distribution. While impingement cooling is
undesirable due to potential contamination, it is very effective.
Installation of filters on the front of each INM, as used on
present commercial INS, would prevent some of the internal
contamination. Other methods should be reviewed in the final
design for optimum balance between maximum component temperature
(and thus reliability), contamination and unit cost.

Structural Design

sufficient structural rigidity must be provided to avoid self-
destruction or damage during the normal and emergency shock and
vibration incurred during flight and handling. The preliminary
design has not included analysis for these factors. However,
the general concepts and size are expected to apply for the
required environment.

Special Test Equipment Constraints

The equipment used in the factory for calibration of an INM
includes a high-cost, computer-controlled rate table. In order
to defray cost of this item, it is essential that it be fully
occupied, day and night. It is thus also essential that the
capability of calibrating more than one INM at a time be
provided.

The volume and form available on this table is limited. It
appears on a preliminary basis that 3 INM's can be installed on
the table side-by-side. There is no room, however, to include
mounting hardware between units for the side-engagement of the
instrument block. It would be preferable to provide instrument
block engagement at the rear or connector end of the INM if
possible. This will require further analysis during the final
design phase.
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6.3 Software Design

The major divisions of software are:

a Instrument Compensation
b. FDI - Design Equation

Coordinate Conversion

Q

d. Navigation

These major divisions have been further divided into smaller
blocks of software to increase computational throughput. Fig-
urc 6-29 illustrates the minor software blocks and denotes the
repetition rates.

The INM software has been organized to enable interchangeability
of computers. Only the plug-in instrument calibration coeffi-
cient programmable read-only memory (PROM) would be a unique
circuit. Since the software in each INM is interchangeable,

some means of identifying the particular position in the semi-
octahedron is necessary. This is accomplished by hard-wire
programming of the system interconnection harness. The system
harness is wired into a computer input discrete word. Upon power
turn-on the computer program pre-alignment routine will initialize
pointers to enable branching to the section of software pertinent
to the individual INM.

6.3.1 Computational Considerations

Assuming that a 16-bit digital computer is utilized for this
application, a standard set of double precision instructions is
required. In addition, a hardware double precision (32 x 32)
multiply is very useful.

A computer throughput of 198,000 instructions per second is
required to perform the redundant strapdown INS problem with a
double precision multiply instruction along with the instruction
mix of table 6-6. If this DMPY instruction were not available,
approximately 460,000 instructions per second are required with
the instruction mix of table 6-6, using normal programming tech-
niques. These throughput estimates are based on actual LN-50
coding.

Applying this same instruction mix to a state-of-the-art computer
in table 6-7, results in a duty cycle estimate (the ratio of the
strapdown throughput requirement to the computer throughput
capability) of 60 percent. Note that if a double precision multi-
ply instruction were not available, the computer would be quite
marginal in this application. However, with this instruction,
approximately 132,000 spare instructions/second are available

for other computations, assuming the same instruction mix.
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TABLE 6-6. INSTRUCTION MIX FOR REDUNDANT STRAPDOWN INS

Percentages With Percentages Without
Double-Multiply Double-Multiply
Type Instruction Instruction
Load/Store 11.9 20.3
D-Load/Store 31.8 18.2
Copy 5.5 7.4
Exchange 4.2 1.6
D-Shift 9.1 14.0
Add/Sub 10.5 9.4
D-Add/Sub 13.1 10.4
Multiply 6.4 10.2
D-Multiply 5.5 -
Divide 0.6
Transfer 1.4

6.3.2 Equation Summary

The following paragraphs summarize the equations of the flight
sof tware. The coordinate frames and a glossary are included.
Preliminary computer software flow charts are presented in
Appendix H.

6.3.2.1 Instrument Compensation

Figurec 6-30 illustrates the compensation computations per single
channel. The gyros are compensated for the following terms:

Scale factor linearity

Scale factor temperature sensitivity

Sensitive axes misalignment

Inertia dynamic compensation

Mass unbalance drift

Mass unbalance temperaturc sensitivity

Bias

o 2NN (O 5T ¢ TR o PR O B o M o1

Bias temperature sensitivity
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DUTY CYCLE ESTIMATE FOR
A STATE OF THE ART 16-BIT COMPUTER

. Software
Hardware D-Multiply D-Multiply
Ex. Time . Ex. Time/ . Ex. Time/
Type (psec) Mix Ins. Mix Ins.
Load/Store 1.4 X 0.119 = 0.1904 0.203 0.3248
D-Load/Store 2.2 0.318 0.7632 0.182 0.4368
Copy 1.4 0.055% 0.088 0.074 0.1184
Exchange 1.4 0.042 0.0672 0.016 0.0256
D-Shift 2.2 0.091 9.4368 0.140 0.672
Add/Sub 1.4 0.105 0.168 0.094 0.1504
D-Add /Sub 2.2 0.131 0.3144 0.104 0.2496
Multiply 3.2 0.064 0.2688 0.102 0.4284
D-Multiply 11.0 0.055 0.66 - -
Divide 3.4 0.006 0.0216 0.002 0.0072
Transfer 1.0 0.014 0.0504 0.083 0.2988
usec/avg instr 3.0288 2.712
Throughput = 330,164 instr/sec 368,732 instr/sec
198,000 _ 460,000 _ . ..c
Duty Cycle = 535 764 - 60-03 368,733 ~ 12°%

a. Scale factor

Scale factor temperature sensitivity

c. Sensitive axes misalignment

d. Bias

Bias temperature sensitivity

The accelerometers are compensated for the following terms:
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Equations 1 to 18 describe the compensation eqguations.

403314

Equa-

tion 19 provides the components necessary for axis misalignment

correction.

of symbols.
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Equation 20 transforms the 2-axis instrument out-
puts to the body frame.

Reference table 6-12 for a definition

GYRO SCALE FACTOR

Sex2 Aer] . Sgn(Aer)

At NORMAL MODE (1)

Sexz ABGX] o S nB6ey)

Sex .Aecx] ¢ S0 BOGy)

At HIGH RATE MODE

- A e S (AB
Sex2 ecsx] SgnB8ex)

<
Sgg . AGGY] . sgn(AeGY)
1 NORMAL MODE (2)

59_!2 A BGY] ’ Sgn(AeGY)

At :

++
S_G_Y_2 .AGGY] . Sgn(ABGY)

At HIGH RATE MODE
Say2 'AGGY] * Sgn(AeGY)

At

; if AGGX is negative.
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GYRO COMPENSATION

SCALED GYRO RATES

[2 =
A)x Ag

SGX : GX

A0, =55 - A6y

TORQUER AXIS TRANSFORMATION

A Opy = bgxx -

A()TY=5 A, + 6 A g

INERTIA COMPENSATION

Alpy = -1g « @ag" 'Aervn-l)
A1y = I - (A0” ’Aeryn_l)
SPIN-AXIS ALIGNMENT
Ao, =80 - Yoy "Agsn-1

= A . n-1
A bpy Oy * Yoy - 86

G SENSITIVE DRIFTS

—— - 'A -
Bl =B Opy + My "BV + My Vey * Mzt 2

Loy =80y * My ~BV + My BV M, B

n-1

n-1

(3)

(4)

(5)

(6)

(7)
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GYRO COMPENSATION
NON-G SENSITIVE BIASES
A =A s At

bcx x * Bx

= . A
A %n{ AABMX + BY t

ACCELEROMETER COMPENSATION
SCALED INCREMENTAL VELOCITIES

AV, =S _ - AV

AXIS ALIGNMENT

. Avx + 6:}?, AVY + 6sz + AV

n-
-AVX+6 A% +6AYZ°AVS

AYX

BIAS

AV

cx S AVrx * Ay * At

BX

"

Av AV + A s At

CcY

(8)

(9)

(10)

(11)
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INSTRUMENT TEMPERATURE COMPENSATION

Gyro
DSGX = SGTXO + SGTX1(TGX) + SGTX2(TGX)? (12)
DSGY = SGTYO + SGTY1(TGY) + SGTY2(TGY)?
Bx = BGTXO + BGTX1(TGX) + BGTX2(TGX)? (13)
By = BGTYO + BGTYL(TGY) + BGTY2(TGY)?
Mxx = MGTXO + MGTX1(TGX) + MGTX2{TGX)> (14)

Myy = MGTYO + MGTY1(TGY) + MGTY2(TGY)?

SGx1 = SGX0 + DSGX, SGx1 = Saxo + DSGX (15)
SGYl = SGyo + DSGY, Sgyl = Saxo + DSGY (16)
Accel
SAX = SATXO + SATXL(TAX) + SATX2(TaX)? (17)
Say = SATYO + SATY1(TAY) + SATYZ(TAY)2
ApXx = BATXO + BATX1(TAX) + mvrxz('mx)2 (18)
Agy = BATYO + BATY1(TAY) + BATYZ(TAY)2
TRANSFORMATIONS

Spin Axis Components

n-1 = a5 yn-1
88 g S (Aeb) (19)
n-1

- T (75 yh-1
AVS = S (AVb)
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Body Components

__T1|-cos 45° -sin 45;

88y = 1X Y 1lisin 45° -cos 45°

L -

— _ - o -— 2 o
Avb - [X Y] cos 45 sin 45
sin 45° -cos 45°

NOTE: Refer to Table 6-8 for definition of (X, Y, S) vectors.

TABLE 6-8. SEMI-OCTAHEDRON UNIT VECTORS

(20)

INM S; X; Y

#1 _J_i (-1, -1, -1) ﬁ (-2, 1, 1) -313 (0, 1, -1)
#2 —«% (-1, 1, -1) -'Jl—é (=2, =1, 1) Tll—2' (o, 1, 1)
#3 —5—3- (=1, +1, +1) 715 (-2, -1, =-1) % ( 0, -1, 1)
#a |5 (-1, -1, 1) 71-5 (-2, 1, -1) T/l'z' ( 0, -1, -1)

EDGE VECTORS

41 \12 ("1! 1’ O)
—6-13: ﬁ (0, 1, =1)
eyt -:/1-5 (0, 1, 1)
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6.3.2.2 Failure, Detection and Isolation

Figure 6-31 illustrates the mechanization of the gyro Failure,
Detection and Isclation software. An equivalent set of software
exists for the accelerometers, the differences are in the filter
time constants, detection levels, and scaling.

GYRO PARITY EQUATIONS

AP n = —— - _ . -
012 N2 A8, " e, A8, - e )
A n = \’ Y - - ABD . o
sz3 2 (ABb2 €53 A b3 923)
n - — . ad - — —
APg3q =V2 (A8 - ey, -AB, - €34)
Aw D - _ — _ PARITY EQUATIONS (21])
P = . - .
gar = V2 @8y, ey =8, - e )
n g h— — — -—
AP 13 =V2 B8, - 15 =48, - e )
A n =v 2 (AB Py Y . e
Po2a =V2 A8, - ey, - a8, 924)_J
P n=Pn-1_A_E l:.n-l +APn
9ij 9ij 7 9ij gij\ FIRST ORDER FILTER (232)

i, j =l' 2’ 3[ 4 i # j

1 if

-
it

gij Paij|> 6g
Lg1 = (1_912 Q Lg41) ] (L912 @ Lgl3) @ (1.g41 10) Lgl3) GYRO #1 FAIL (23)
Lyo = (L912 o] L923) e (L912 c} L924) o (Lg23 (] L924) GYRO #2 FAIL
Lyz = (L923 o] Lg34) ® (Lg23 © Lgl3) ® (1.934 o} Lgl3) GYRO #3 FAIL
Lg4 = (L934 0] Lq41) ® (Lg34 o} L924) ® (1_941 o} L924) GYRO #4 FAIL

NOTE: 1. @ = LOGICAL 'AND', @ = LOGICAL 'OR'

2. Refer to table 6-10 for definition of gij vectors
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GYRO PARITY EQUATIONS

= L
Lgng L912 © ( al g2 g23 a2 g3
L ® L ® (L ® L
® L934 © (Lg3 © 94) 041 ( g4 91)

L ® L ® (L oL
® Lgl3 © (Lgl © 93) a24 ( 94)

ACCEL PARITY EQUATIONS

N _ . S
LP s SN2 (A, €1 =~ A%, * €15)
Al)n = E’— m—— .= _ — . -—
ans NS @Y, ey AV e, )
L =2 (av -Av . e
Pasg N2 (AV5 - ey =AY - e )
L. n = j— — . _ —— . -
Piap SN2 (Av, * ey - Av, a1’
op! = 7 (Av - AV . e
Pa13 SN2 (&vy) »ej3 AV 4 - e )
n — —— —-—
2 = 2 - .
BPaog SN2 (A, - epy —Av - o))
-
R R RN S l
aij aij aij aij
i, 0=1,2,3, 4  i#j S
{. =1 :> 6a

o if'P..
aij al)

NOTE: © = LOGICAL 'AND' & = LOGICAL 'OR'
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ACCEL PARITY

EQUATIONS

Loy = (L, © L) @ (L, 0 Lo13) @ (L, ©L_ ;) ACCEL #1 FAIL (27)
Lo, = (La12 o] La23) ® (L, 0 La24) ) (La23 o} La24) ACCEL #2 FAIL
Log= (L300, ,,) & (L, ,;0 L ,3) @ (L, ©L ) ACCEL #3 FAIL
ag = (Laag © Ligp) @ (L 3y © Loog) @ (L 4, © Loog) ACCEL #4 FAIL
L = L © (L.,OL )eL @ (L,OL ) ACCEL (28)
ang alz al az2 az3 az a3 PARITY
EQUATION
® La34 © (L 3 © La4) ® La41 © (La4 © 431) ERROR
DISCRETE
® La13 © (Lal © La3) ® La24 © (La2 © La4)
NOTE: © = LOGICAL 'AND' & = LOGICAL 'OR'
6.3.2.3 Design Equations

The design equations combine the outputs of two instruments in a

least square solution to form the

Equations (29) and (30) summarize
The weighting factors are defined
variables SG12, SGl3, etc are set
logic formulated in table 6-9..

b = Wio(86p

+ W13(A6bl +

+

Wya(88y,

+ AObZ)SGIZ

total body axes inertial rates.

the equations in vector form.
in table 6-10. The logic
to 1 or 0 according to the

(29)

A9b3)SG13

+ A6b4)SGl4

309



403314

p = Wpol

+ Avb3)SVl3

Wy 58V,

Wy a8V

Avbl + AVb2)5V12

+ Avb4)SVl4

Note: Design equations are written for INM-1,
apply for INM2-4 as indicated in table 6-11.

(30)

similar sets

TABLE 6-9. INSTRUMENT PAIR SELECTION VS FAILURE INDICATION

FAILURE INDICATION
CHAN 5 1 2 3 | 4 | Iaz ]| 1a3 | 164 253 | 264 | 354
1 J1.2)1.2) 1,312 121,312 1,2 1.4 1,3 1.2
> |2,312.3] 2.3]2,4] 2,3 2.3]2.4]2,3]|2,4]2,3]| 2.1
3 |3,4|3,4] 3,4(3,4| 3,1 3,4|3,4]3,2]3.43,1] 31
4 |a,1)4,2| 4,1 |4,1| 4,1|4,3|4.2|4,2| 4,114,141

6.3.2.4 Coordinate Converter

Figure 6-32 illustrates the strapdown conversion computations.
The integration algorithm listed under equaticn set (31),
represents a partial 5th order Taylor series quaternion integra-
tion algorithm. The total quaternion integration procedure is
accomplished at two rates, the body rate integration performed
at 64/sec and the computational frame rate integration at 8/sec.
The velocity transformations, equation (33) performed at 64/sec.
Note that the quaternions are converted to a direction cosine
matrix followed by a matrix multiply to accomplish the velocity

transformation.
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TABLE 6-10. LEAST SQUARES WEIGHTING

4 0 2]

: 300]

Wiz =[S +Sg]" = -1/4 8 ; i
L .

_ q [4-2 0]

W23 = [52+53] = 1/4 -g 3 0
L 3

.1 (3 0 0]

Woy = [sz+s4] = 1/4 |0 4-2
[0-2 4]

_ 4 4 0-2]

W34 = [531'84] = 1/4 030
12 0 4

. A [4 -2 0]
Wig = [S1+S4)" = 14 2 33

DEFINITION OF [Si]

§
wi SPIN AXIS
-
w - A
INPUT RATE weS;
- A
wi=o- (“"si)/s\i = [si] <
GYRO OUTPUT INPUT PROJECTION OF )
-~ RATE = \rate ] - | INPUTRATE ALONG ]

SPIN AXIS

FACTORS

PROJECTION OF INPUT
ON PLANE NORMAL TO
SPIN AXIS

311



403314

UOTISISAUOD 3FPUIPICO)D

J35/8

"Zg~9 2anbTd

z . 0 U , z .
p. . — ™
P.O Ny > ¢ p mnwos ¢ /N o
23S/v9
v
8N,
11vINIIvO

y

Navs — Y

1.|I|I 8N,

312



403314

QUATERNION INTEGRATION

ALGORITHM
Q = Qu/2
(n+l1/2) At {n+l) At
GYRO SAMPLES b8, = f wdt 'A_e_B = wdt
nit (n+1/2) At
DIFFERENCE e = A_-A + —eB
APPROXIMATIONS
|28 2 __Ef
_ )
c = 1-"3 MY
7' &
S _ l - _2__‘- + .__-l
= 31 51
— 28. x A®
n+l - n A6 A B
© Q C'S(z ¥ 3 ) (31)

Note: KEA and KEB are two samples of Kgb
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DIRECTION COSINES

e~ (G- (@3 - (@F + (65)3
n
XY

Cov = 27 () - &) - o} - of)

Chz = 2+le} - o} + of - of)
=l e

e = - G - G+ (&)
Cyz = 2 (05 - &5 - o] - o)

Cox = 2° (o] - o5 -5 - o}) -
Gy = ol el - )

Gy - () - ()2 - ()7 ()2

COORDINATE CONVERSION

n+1/2 cP + 1/2 n
Vg + Cyy vn + Cyy
n n+ 1/2 n +1/2 n
vx © Vxp * Cyy Avgb + Cyz
n + 1/2 n n+1/2 n
Cox Avgb + Cpy * Vg +cy,

NAVIGATION VELOCITY SUMMATION

V;N+ 1/2 _ V;N- 1/2 + AV;N+ 1/2
V$N+ 1/2 _ V;N- 1/2 + AV$N+ 1/2

+1/2 _ - 1/2 n+ 1/2
VEN = V;N + AV

(32)

+ 1/2
A"rzlb

+ 1/2
AV,

. + 1/2
AV;b

(34)

(33)
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6.3.2.5 Navigation

Equation (35) represents the integration of the navigation frame
rates, comparable to gyro torquing for a gimbaled platform
inertial navigation system.

The inertial navigation equations are the standard set common to
all Litton inertial navigation systems. The alignment equations
again use a proven technique common to Litton inertial navigation
systems. It consists of two independent 3rd order leveling loops
with Kalman gains. The technique accomplishes simultaneous
leveling and gyrocompassing with a minimum of computations.

Figure 6-33 illustrates the 3rd order Baro-Inertial Vertical
Channel. It is modified to compensate for barometric altimeter
errors.

QUATERNION UPDATE (NAV RATES)

1) |A¢|2 = (WXN . WXN + WYN - WYN + WZN - WZN)(AtN)2

2
2) s)e| = _1%%|
2 n
3) clef - - lael® L E (e° = 0)

4) T1 = (-Qp * W2ZN + Q3 - WYN + Qg - WXN) - Aty
T2 = (-Q3 - WXN + Q4 - WYN + Q1 * W2N) - Aty
T3 = (Qq * WZN - Q; * WYN + Q) -+ WXN) - Aty

T4 = (-Q; * WXN - Qp * WYN - Q3 * W2ZN) - Aty

-3

5) Q1 =0 +0Q cle| +1/2 = Ty + 1/2 - 5[]
1 1 1

Q; = Qp + Q- C|é +1/2 Ty +1/2 -5 [¢] - T,

Q3 =Q3 +Qy - Cl¢[ +1/2 - T3 +1/2 - S |¢] - T3
Qq = Qg +Qq * Clo] +1/2 + Tg +1/2 - 5 |® " Ty
n+ 1 _ _ 2 2 2 2
6) E = (1 - (97 + Q,° + 03 +9,°)) (35)
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NAVIGATION VELOCITY

n n -1
- + (VXCR + VXCL) - At
vy o= Uy + Ve + ) N
N N -1
= + + VYCL) -+ at
v, vy, + Vyn (VYCR ) N
N N -1 7 . (36)
= + (VZCR + VZCL at
v, v, + Vo ( ) N
ALIGNMENT EQUATIONS
TPX = TPX - VYA + KT -+ Aty
TPY = TPY + VXA * KT * Aty
WXC = TPX - 8
WYC = TPY - 8
TPX = TPX - WXC - Aty
TPY = TPY - WYC - Aty
VXCL = - VXA - KV - GEE - TPY
VYCL = - VYA - KV + GEE - TPX
BXC = BXC - VYA * KZ - Aty
BYC = BYC + VXA - KZ - Aty (37)
NAVIGATION DIRECTION COSINES
RHOX = - VY + RE2 - VX - RE3
RHOY = VX - REl + VY . RE3
WX = WXS + RHOX
WY = WYS + RHOY
WZ = W2ZS
Bll = Bll - RHOY - B3l . Aty
B2l = B2l + RHOX - B3l . Aty
B3l = B3l + (RHOY - Bll - RHOX - B2l) - Aty
Bl2 = Bl2 - RHOY - B32 . Aty
B22 = B22 + RHOX - B32 - Aty
B32 = B32 + (RHOX - Bl2 = RHOX + B22) Aty (38)
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NAVIGATION RATES

- (WX + WXC + BXC)
- (WY + WYC + BYC)
- (wW2)

3

WZN

WXC, WYC
BXC, BYC

0 : NAV
0 MODE (39)

MISCELLANEOUS CALCULATIONS

ATTITUDE
PITCH = SIN'l (czy)
ROLL = TAN 1 (1;;?)
AZIMUTH = TAN (%%%;)

HEADING = - AZIMUTH

ALPHA (40)

RADII OF CURVATURE

P 1., _¢f. ( -3 . 2 _ 2
REL = 2 (1 Lon -€£-(1-3 (B12° - (B22) ))
Lot g (1-3- 2 _ 2))
RE2 = 2 (1 >+ h - f (1 3 - (B22) (B12)7)
RE3 = = - (2 + £ - B12 - B22) (41)
CORIOLIS ACCELERATION
VXCR = (2 * WZN - VY) - (2 * WYN - RHOY) - V2
VYCR = (2 « W2N + VX) + (2 - WXN - RHOX) - VZ
AZCR = V, (RHOY + 2QB22) - Vy (RHOX + RQBl2) (42)
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POSITION CALCULATIONS

1 B3l
Bll - B22 - B12 - B2l

LONGITUDE = Tan

LATITUDE = Sin'l - (B32)

~ -1 BI2

ALPHA = Tan B35 (43)
EARTH RATES

Wyg = Q(B12) (44)
wYS = R(B22)
Wpg = R(B32)

NAVIGATION DIRECTION COSINE INITIALIZATION
Bll = cos(a) cos(A) - sin(A) sin(¢) sin(e) (45)

B21 = -cos(A) sin(2) - sin(A) - sin(¢) - cos(e)

B3l = sin(A) * cos(¢)

B2l = sin(e) - cos(¢)

B22 = cos(~) * cos{d)

B32 = sino

where A = Longitude
¢ = Latitude
o = Alpha
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BARO-INITIAL COMPUTATIONS

HBDOT = (HB - HBO)/DT (46)
_ HBDOT | 2
KTA = (1/TH)/(1 + (EHBDOT) )
K1 = 3 - (KTA)
-go
K2 = 4 - (KTA)Z - + 29
a
3
K3 = 2 - (KTA)
2 2 2
K4 = (HBDOT)”/(EHBDOT“ + HBDOT®)
S4 = S4 + K4 + HBDOT - DT
DH = (HB - HBO) - S4
HBO = HB

$3 = S3 + K3 - DH DT

Vz = Vz + (S, + K2 * DH) - DT

h = h+ (Vz + K1 - DH) - DT
g = go (1 + Beta - B32 —%?)

6.3.2.6 Coordinate Frames and Glossary

Figures 6-34 and 6-35 illustrate the pertinent coordinate
frames for the preceding equations. Table 6-11 summarizes these
coordinate frames.

Table 6-12 is a glossary of major terms in these equations.

6.3.3 Computer Resource Estimates

With the INM software tasks broken down as illustrated in fig-
ure 6-29, an estimate of memory and computer duty cycle require-
ments using the computer characteristics of table 6-7 has been
made. The results are listed in table 6-13. The estimates of
duty cycle requirements are conservative. Various means of
reducing computation time will be reviewed during the final
design phase of the redundant strapdown INS.
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—> vg (RTWING)

NOTE: (1) PRIMED AXES = PHYSICAL
TORQUER AXES
{2) UNPRIMED AXES ARE
PRIMED AXES ROTATED ABOUT SPIN
$ AXES SUCH THAT y—AXIS COINCIDES
WITH OCTAHEDRON EDGE

25 (DOWN)

Figure 6-34. Semi-Octahedral Coordinate Frames
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UP,z

EAST

EULER SEQUENCE:

-

A — EAST LONGITUDE
¢ — NORTH LATITUDE
a WANDER ANGLE

w N

Xg. Yg. Zg: EARTH FIXED FRAME
Ze x.v.2  : COMPUTATIONAL FRAME

Figure 6-35. Navigation Frame Relationship
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COORDINATE FRAMES

Body Frame: X-forward along airframe
longitudinal axis. Y along right
wing and Z-axis down

Instrument physical axis of the ith
inertial navigation module: the sj
axis is normal to the ith surface
of a semi-octahedron), the xj and
y! axis lie in the ith surface such
tﬁat the bisector of the xj and yj
axis is perpendicular to the base
of the semi-octahedron.

Instrument axis of ith inertial
navigation module: this axis is
obtained by rotating the physical
axes (x{, y}. si) about the -sj
axis through -135° to make the Yi
axes parallel to an outside
semi-octahedral edge

Computational frame: locally
leveled, with y-axis displaced
from geographic north through
azimuth angle '@', z-axis 1S up.

Earth fixed frame: Xg-Zg plane
coincident with earth's equatorial
plane, Zg axis passing through
Greenwich meridian. x, y., z frame
obtained by rotations through

angles ) and ® about Yg and Xg and finally
through '@' about 2 axis.
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TABLE 6-12. GLOSSARY
Symbol Definition
a Earth's equatorial radius, 6378.163 Km
ABX‘ ABY Accelerometer biases

BATXO0, BATX1l, BATX2

Beta

BGTX0, BGTX1l, BGTX?2

B, B
X Y

Bll, B21, B3l, Bl2,
B22, B32

Yox* Yoy

Cij, i, j = x,vy.,2

é

ZXX, AXY' ‘AXZ
Szvx, %avy, ‘avz
Yoxx' ovy’ Sovx' ‘oxy

AOex ! Aacy
-1
Afg

324

Accelerometer bias temperature
sensitivity coefficients

Gravity constant 0.0517993209 Km/Sec2

Gyro bias temperature sensitivity
coefficients

Gyro biases

Earth - Navigation frame direction
cosines

Gyro spin axis misalignment coefficients

Body to navigation frame direction
cosines

Accelerometer misalignment coefficients

Gyro torquer misalignment

Body rates from previous iteration

Compensated gyro rates about
instrument axes

Raw outputs of gyros

Inertial rate about spin axis from
last iteration



TABLE 6-12.
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GLOSSARY (cont)

Symbol Definition
AV, AV Raw outputs of accelerometers
ax ay
Av. , AV, , 4V Incremental body velocities along
bx by bz body axes
Avn_l Incremental inertial velocity along
s - axis of accelerometer
AV, AV Incremental inertial velocities in
Xn yn . .
navigation frame
E HBDOT Emperically derived constant for baro-
inertial loop
£ Earth's flattering, 3.3541005459x10 >
g, GEE Vertical component of Earth's gravita-
tional field
g, Equatorial gravity. At equator, sea
level, 9.780270477 Km/sec?
h Inertial altitude
Ig gyro inertial compensation coefficient

k1, k2, k3, k4

MGTX0, MGTX1, MGXTX2

Mot Mxy' Mzt Mxyt My
Myz

Q
Sax’ say

+ +
Sex1 ¢ Sex2

Baro-inertial loop gains

Gyro mass inbalance temperature
sensitivity coefficients

Gyro direct and quadrature mass
inbalance coefficients

Earth's rate, 15.041067 °/hr
Accelerometer scale factors

Gyro scale factor, normal mode, for
positive inputs
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TABLE 6-12. GLOSSARY (cont)

Symbol Definition

Sle, SGXZ Gyro §calg factor, normal mode, for
negative inputs

S ++. s .ot Gyro scale factor, high rate for

GX1 GX2 . L s .
positive inputs

Sle, SGX2 Gyro scalg fagtor, high rate mode,
for negative inputs

SGX' GY Total gyro scale factor

SATX0, SATX1l, SATX?2 Accelerometer scale factor temperature

SGTX0, SGTX1l, SGTX2

326

sensitivity coefficients

Gyro scale factor, temperature
sensitivity coefficients.

Normalized relative gyro and accelerometer
temperature input

Ground velocities in navigation frame.

Coriolis acceleration correction



403314

0ov9 009 SIviol

000¢ S3INILNOYHENS-3SVE Viva
et 00l A Y3L1iviiHO4 LNd1NO
81 0S¢c 8'Y Y371NA3IHIS-IAILNDOIXT
[4 0st 10 3aniiiiv-odve
l 009 Lo H3TTOHLNOD 3CONW
l 001 10 103713S NIVO LNIANOITV
[4 00t YA MOTS - NOILVOIAVN
8 0s9 (4 1SV4 - NOILVOIAVN
v9 0S¢ 66l 431H3IANOD 31VNIGHOOO
8¢l 00L 991 ND3 NOIS3Q - 104
[4 002 €0 MOTS - NOILVSN3IdWOD
8¢l 00S A1 1SV4 - NOILVSNIJWQOD

(zH) 31vH AHOW3W [(%) 310AD ALNG ASV1

SALYWILSA dMN0STId ¥ILNdWOO “¢€T-9 JI9Vd

327



403314

6.3.4 Future Software Refinements

The flow charts presented in Appendix H include all major pro-
cessing requirements. There are additional functions which would
be considered for the software of a final design. - ‘'They do not
represent a major impact on duty cycle and word-count.

The details of processing of variables for output to other
avionics and self-test implementations have not been included in
the flow charts, for example. Special formatting and/or filter-
ing requirements need to be determined in consultations with
potential users and would vary with the detailed hardware design
of the redundant strapdown INS. Rough computer estimates have
been included, hcwever.

Gyro/accelerometer selection in design equations is based on only
onec alternate rather than the two described in paragraph 4.5.1

of this report. The decision to use the second alternate for
improved fail-safe operation during the third system failure was
reached too late for incorporation into flow charts.

There are various refinements to the redundancy management dis-
cussed 1in Section IV, not incorporated into flow charts, but
worthy of future consideration. These refinements include:

a. Processing of filtered parity equation outputs, including
compensation of nominal gyro scale factor errors, for
improved FDI sensitivity to performance degradations.

b. Derivation of error probabilities from parity equation
outputs to determine weighting factors for use by exter-
nal equipment in combining the three or four channel
output, for reduction of total system error just prior
to actuation of FDI thresholds.

c. Transfer of the FDI filter lag to a pure integration
following detection (but not isolation) of a drift, for
potential noise reduction and better isolation
sensitivity.

d. Reincorporation of a previously failed but only marginal
gyro to resolve three-gyro isolation ambiguity or
cover a 3rd failure, for improved system reliability.

e. Cross-feed of computer output tables to detect computer
transient errors and reinitialize quaternions and navi-
gation solution, for improved system reliability and
as an aid in fault isolation between the computer and
external I/0.
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f. Reinitialization of those computers using an instrument
which was switched out by redundancy management with
information from a known good computer, to eliminate
errors which needed to accumulate to trip the FDI
mechanism.

g. Monitor of accumulated position and velocity updates
from the external computer and perform redundancy
switching, for elimination of degraded gyros and flag-
ging maintenance personnel. (This could be done by the
external computer, but a self-contained capability may
be preferred.)

h. Storing various data at the time of a redundancy manage-
ment or self-test action, such as self-test results,
vehicle rates, acceleration, velocity, attitude and
some prior time history of parity equations (e.g.,

10 seconds), for use by maintenance personnel in deter-
mination of repair reguirements.

The basic navigation function may also be augmented with refine-
ments for improved performance or in-service usability. These
refinements include:

a. An estimate of each of the skewed-gyro biases can be
made, following each ground alignment based on:

(1) a North level bias calculation which assumes
knowledge of latitude to some accuracy, €.9..
1.85 Km, (since aircraft parking heading is
generally different from alignment to alignment,
all level components of drift gradually get
compensated) ,

(2) differences between each channel's computation of
aircraft heading during gyrocompassing (aggregate
heading using data from all four channels should
be more accurate than from one channel alone),

(3) the difference in indicated heading from the end of
the previous flight to that resulting from the
following gyrocompass (azimuth drift), assuming
the aircraft had not been moved. (Protection against
movement by means of a reasonableness test would
be needed. Also, normal scale-factor errors con-=
taminate this measurement, but it may be sufficiently
accurate over a number of flights.)
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The various indications of aircraft pitch and roll may
be averaged to improve accelerometer bias errors.
(Accelerometer bias is a significant contributor to the
velocity error of a strapdown INS, much more so than in
a gimballed INS.)

An automatic transfer from align to navigate when
accelerometer outputs cross a threshold is often
included as a protection against operator error.

Factory test equipment (FTE) can be simplified by
having a special counting subroutine in the airborne
equipment for use during unit calibration prior to
delivery. A trade-off is needed to compare cost of FTE
counters versus a small amount of additional airborne
computer memory.

A back-up, pendulous attitude mode could be added for
use with previously switched degraded accclerometers
or gyros, following a third failure detected and
isolated by self test, for improved pitch/roll
reliability.
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viI. FACTORY TEST EQUIPMENT

7.1 Module Testing

Integration and acceptance testing is performed at the module
level, consistent with the standardization and interchangeability
concept of the four module Redundant Strapdown System. To sup-
port high production rates economically and insure consistency and
thorough testing, all final test is performed on automatic
stations supported by software test programs.

7.1.1 Manufacturing Flow

Figure 7-1 represents the module manufacturing and test flow.
Integration or "Build-Up" is the assembly of assets which have
been tested at lower levels into the module chassis. Electronic
cards have been tested on card testers, harnesses on FACT machines
and instruments on their respective gyro and accelerometer test
stations. The Manufacturing Test Procedure (MTP) is performed in
two parts to accommodate the special requirements of instrument
rate testing and axis alignment calibration. MTP 1A provides

a functional test of the module and specifies a six position
"static" calibration. Testing for MTP 1B is performed on a Rate
Calibration Station which has angular rate testing capability.

To screen for component and assembly problems, all modules are
run through a multi-cycle hi-lo temperature burn-in. The temper-
ature chambers include vibration equipment and vibration testing
is also performed. To support the modules during this period a
third station, the Burn-In Monitor, is utilized. After burn-in,
the Final Acceptance Test is run.

7.1.2 Test Programs

Build Up Software Program

The Build Up Program executes on the Load Station. Build Up
begins with inserting subassemblies or groups of subassemblies
into the chassis. First the power supply is inserted and checked
for voltage levels and operation of automatic shutdown safety
features. Next the computer is added. It is initialized and
allowed to execute self-test programs first and when these are
successfully completed to drive the I/0 cards. The next to last
assemblies added are the instrument rebalance electronics which
are supplied with dummy loads to insure safe operation prior to
installation of the final subassembly, the instrument block.

This step by step procedure assures incrementally good assets and
inspection of intermediate test points not normally accessible

at the module test connectors.

331



403314

MOTJ HbUuTaIN3OEINUERY STNPOW

*1-L 2anbtg3

3137dW0OD ¢
ONILSIL

V1S 817VD 34vY V1S QvO1 xo:zou_ww_h uw>:u
gl ‘ON dLV Vi'ONdly  [¢ aLan
V1S avol
V1S 817VD 3ivY NOILVHBITVD viseual
NOILYH8ITVD 31vH JILVIS® fe—
gl ‘ON 81N 1S3.1 TYNOILONNS .uww’..%u‘w,mwwwﬁm_
V1 ‘ON d1W

332



403314

The final operation of Build Up is Trim. For the INM this is
primarily setting the frequency characteristics of the instru-
ment loops. A frequency response is made of each loop automati-
cally and the computer then calculates the required trim
resistance to adjust each to the nominal. With this information,
the module is returned to Operations for resistor installation.

Manufacturing Test Procedure (MTP) 1A

MTP 1A begins when the trimmed module is returned. The test
consists of:
a. Turn-0On Test
° Turn on sequence timing.
® Supply voltage and test point monitor.
[ Performance versus time from start-up.
b. Computer Diagnostics
c. Mode Test

o Test of the module operating modes Test, OFF, BITE,
Forced Hi-Rate Mode

d. I/0 Tests
) Tests of the Lo Speed and Hi Speed data buses.
° Test of input and output discretes.

e, Instrument loop frequency response
] Verification of the Build Up Trim.

f. Static Calibration

e Six position tests to determine accelerometer align-
ment coefficients, and gyro biases. A skewed hold-
ing fixture is used to align the instrument axes
parallel and at right angles to vertical. Constants
determined here are stored for later insertion into
the module PROM.

Rate Calibration Program, MTP-1B

Rate Calibration is performed on the Rate Calibration Station
which incorporates a precision, automatic rate table. Four units
are tested concurrently and the software is so arranged that a
module may be loaded independent of the test status of the other
modules. Testing consists of introducing CW and CCW rates over
precise angles and measuring the instrument outputs and the
elapsed time. These tests are performed about the gyro input
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axes and include multiple rates in both the hi and lo rate range.
Rotations are also performed about other axis to determine axis
misalignments. These data and previous data are then written
into the module PROM.

Burn-In Program

The Burn-In stage of the manufacturing flow is unique in that
modules are operated as a system rather than as independent
modules. Several factors lead to this as the most desirable
implementation. Operation as a System during burn-in maximizes
operation of the modules at minimum support equipment expense.
Moreover, the System level redundancy management and self-test
provides a real time monitor of functional and inertial per-
formance. Most significantly however, is that when operated as

a module in the navigation mode, they can easily be tested across
a vibration environment.

During Burn-In the Burn-In Monitor (BIM) tracks hardware,
initiates background tests in the operational units, executes

I/0 and monitors test points while undergoing temperature cycling
and vibration.

Acceptance Test Procedure (ATP) 1A, 1B

ATP 1A and 1B parallels tests performed in MTP 1A and 1B; how-
ever, it is an "end to end" test and must be entered at the start
and completed without failure.

7.1.3 Test Equipment

The proposed test equipment is an extension of Litton's LSS-370
family of automatic test equipment. It is derived from almost

a decade of automatic and semi-automatic test equipment. Current
applications include:

CAINS IMU Test Station

LN-31 INU Test Station with multiplex capability

CGATS Platform Test Station.
Figure 7-2 shows the LN-31 INU multiplex station. Fundamental to
the LSS-370 concept is a powerful real time operating system
which controls all user tasks, disc management memory allotment

and task queing. The system provides effective CPU management
and allows concurrent multiple users, or partitions.
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Load Station

The Load Station is configured as shown in figure 7-3 with three
partitions. Rack O controls all three partitions. It houses
the computer complex:

PDP-11-35
Disc
Extended Core Memory

Tape Loader

The operating system controls and communicates with each partition
via a bus system. Also housed in Rack O are the common commer-
cial equipment with low utilization, namely the frequency mea-
surement equipment. This is used to measure the instrument loop
frequency characteristics.

Each partition of Racks 1 and 2 behaves identically and indepen-
dently of the other partitions though they share a common master
computer. This multiplex mode is currently in operation in the
LN31 INU Test Station. Both the programmable digital multimeter
(DMM) and scope have access to 300 signal channels via the
scanner; signal routing and measurement are all under software
control.

The operator interface is through the CRT, Keyboard and Printer.
The CRT displays time, test mode, test number, unit under test
(UUT) status and current test results. In the lower 1/3 of the
CRT, operator messages are displayed. Messages are only displayed
when operator action is required and a keyboard response is
needed. The keyboard allows the operator to select, initiate

or terminate a test as well as input data and respond to messages.
A printer provides hard copy of all test results and requested
operator transactions.

In addition to the Scan Control and the Scanner, Rack 2 contains
the Rack Control Unit (RCU) and System Interface Unit (SIU).

The RCU furnishes the digital interface with the computer bus
system, formatting all inputs and deciphering outputs. The RCU
interfaces the commercial equipment including the CRT, DMM, Key-
board, Printer, etc. as well as the unique UUT interface elec-
tronics. The latter are housed in the SIU. Typical of these
devices are the hi and lo speed data bus receiver and drivers,
discrete monitors, loads, time interval monitors and input test
stimulus. The SIU uniquely identifies a configuration of the
LSS-370 for a given application.
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Not shown in fiqure 7-3 are the granite block, work surface and
module indexing fixture provided for each partition. The work
surface provides an inertially stable and level reference for
orienting the module in its fixture into all six test positions.

The Rate Calibration Station (RCS) has been configured for pro-
duction testing and therefore to support factory troubleshooting,
a single axis rate table has been provided in the third partition
of the Load Station.

Rate Calibration Station

The RCS is shown in figure 7-4. Rack 0 and 1 are essentially
identical to those of the Load Station with the exception of the
frequency measuring equipment. It is not required here and is
deleted. Rack 2 has a unique SIU designed to interface with the
8 units under test. This interface is restricted to communica-
tion via the low frequency serial bus for transmittal of data and
commands. The RCU of Rack 2 now houses a new complement of inter-
faces to service the multi-module SIU, Data, Display and Record-
ing devices, and two rate tables. Rack 3 contains auxiliary
printers and displays to support test monitoring without inter-
facing with test control displays of Rack 1.

High angular rate testing of large packages requires specialized
rate tables. The proposed Rate Table, shown in figure 7-5 has
high angular acceleration, and provides the accuracy and pre-
cision control required for rate testing. Currently Litton is
using a version of the multi-gimbal table shown here. The table
is capable of rates to 1000°/sec and test packages to 34 kg

(75 pounds).

Inertial Navigation Modules will be calibrated individually
rather than in a 4-module system. Because of the high cost of
the Rate Table, however, up to 4 modules will be calibrated in
parallel. The orientation of the 4 INM's must be identical
rather than rotated 90° from each other as in an aircraft
installation. In order to fit 4 modules on the Rate Table, they
should be mounted side-by-~side. Therefore, the instrument block
engagement should be at the rear, connector end of the unit
rather than at the side as indicated in paragraph 6.2.10.

Burn-In Monitor (BIM)

The BIM supports the burn-in of two systems, 8 modules. The BIM
station is configured similar to Racks 0, 1, 2, 3 and 4 of the
Calibration Rate Station since both stations handle 8 units on

a limited access basis. The BIM interfaces with an environmental
chamber housing the systems under test. Fixtures within the
chamber orient the systcms and provide wrap-around of signals to
allow self monitoring of input and output circuitry.
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GOERZ
INLAN

SYSTEMS DIVISION
301 ALPHA DRIVE, PITTSBURGH, PA. 15238 ¢ TEL. 412-782-3516 o TWX 710-864-2082

MODEL 555 THREE-AXIS AUTOMATIC TEST STAND
GENERAL
The Model 55% Three-Axis Automatic Test Stand is amulti-axis fixture designed to test inertial guidance and control systaxs.
It is fitted with digital position tranaducers that allow the test stand to be operated by a variety of automatic control
devices such as a digital computer or tape reader.

Motion about all axes is produced by direct drive DC torque motors. Rate control to 1,000 degrees par second about thess axes
is achieved by means of 0.1V ripple direct mounted DC tachometers. Three nodes of automatic digital positioning and readout
ars available at t] arc sacond accuracy and 0.0005 degree resolution up to 1,000 degrees per second, at 0.000] degree reso-
lution to 200 degrees per second, or a dual 6.001 and 0.0001 degree resclution systerm providing both 1,000 and 200 degress per
second maximum speed serection. A Scorsby motion generator is alsc provided.

The mechanical structure of the test stand is in the azimuth, roll, pitch axis configuration. Since sliprings are provided for
both stand components and the unit under test (UUT) signal and power connections, continuous rotation capability is provided.

SPECIFICATIONS
Servo Components
AZIMULh -~ - mmecmcme L. 22 ft-1b torque motor
Roll - Rt i e Two 11 ft-lb torque motors
Pitch -- 7 ft-1b torgue motor
All Axes ~=~e-~ -=-=----- 0.1% tachometer, 720-pole Inductosyn and 2-pcle resolver
Azis Inartia, Torque and Acceleration Azimuth Roll Pitch
Inertia --------- (slug-feet squared} T60 T T
Stall Torque - {ft-1bs; 20 20 6
Stall Acceleration (radians per second sqQuared) -- .2 - 0.6 .8
Orthogonality of AXeS ===——-m-mccmcec oo 1 arc seconds
Bearing Wobble ---- mv———— - 2 arc secords
Intersaction of Axes <------c-- - - Within a sphere not excesding 1.0 mm in diame
Three Point Mounting
Range e e 2 degrees
ReSOLULION ~——ecmccccae oo - 2l arc second
Trunnion Shaft Deflection ----=--ec-cecccom—ao_. - Less than 0.5 arc second
Test Package
Size - l4-inches by l2Z-inches by 20-inches
Welght ——- e 75 pounds

ELECTRICAL SPECIFICATIONS
Sliprings - 100 lines rated at 3 amps, 250 volts
Resistance Variation R S At LT T LT 10 milliohms

D-150

D@xomomm
CORPORNATION

Figure 7-5. Three Axis Automatic Test Stand
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To Othar Axes
Scorsby Generator A

o-6-0

Mode
stche

Raadout Electronics

0 &>
t 1< e Pulse
rate Control fosition ConfrT'EPQI’C uls
Fflectronica Zlectronics —
p— raf brd %
- > nce
EU Output Bu.s . ere . .
t; [ orive
ai‘f ) “Input Busc -, N
7 _—
g L —> Ly Othe
] adaress Suss .
i ts 1]

! TYPICAL AXIS READOUT AND CONTAOL

MODES OF OPERATICH/SPECIFICATIONS

Position Mode
Range

Maximum Readout Spced

|_ High kesolution High Specd
;UU dagrees I.Ujﬂ deyrces 00 degrees

per second

Dual

1,000 degroes

per sccond per second par second

Readout Range A000.0000 to

B159.9999 degree:

A000.000 o
3359.999 degrees

AGQ0.0000 to
8359.9995 degrees

A000.0000 to
B81359.9999 dagrees

Accuracy --

stability

Cuntrol
Local

Remote

Rate Mode
Ranges
Resolution
Accuracy

Control
Local

Remote

Scorsby Mode
Sine Wave Motion
Phase Shift
Amplitude Centrol
rrequency Range Adjustment
Amplitude Range Control with
a 10-Turn Potentiometer
Accuzrecy of Motion
Frequency Range

Angle Lncoding Syctem
Transducer

Pine

Coarse -

Ahgolute Angle Encoding Sy
Rate Range
s} Accuracy and Stability

b) Quantisation

Velocity Error
{Wwhen sampled at submul
Output Display -

c)

e} Position Pulse Outputs
Pulse Width
Intervals
Accuracy -

Digital Outp -

f)

t3 arc second
20.5 arc second

rront panel 7J-decads thumbvheel switch plus Enter Command
pushbutton for each axis

Remote digital input per Report TR-203¢

X1, X0, X108, X1000 degress per sacond
0.2% of full scale con each range

0.1% or 0.000]1 deqree per second whichever is greater averaged
over 10-degres intervals or larger

Pront pansl ¢-decade thumbwheel switch plus Enter Command
pushbutton for each axis
Remote digital input per Report TR-2016

Applied to all three at s selected frequency
Adjustable betwoen axes
FProvided indepsndently for sach axis

10/1

.1 degree to )0 degrees
20.1 degree {rom a perfect sine wave
10 cycles per minuta to ) cycle per minute

720-pole, 12 arc second Inductosyn
l-apesd resclver

(0 to 1,000 degrees per second)
1.0 arc msecond
Kigh Repolution System - 0.3¢
High Speed System ------ 1.0
Dual System 0.3¢6
0.2 arc second per radian per
reference frequency)}
High Resolution System - 0.0001 dagree to 1359.999% degrees
sbsolute angle
Migh Speed Systam ----=- 0.0005 degres to 159.9995 degrees
absolute angle
Dual System -—-=-e---=o= (,0001 or 0.001 degres to 359.9999
or 339.999 degreas absolute angle
(Available up to 1,000 degrees per second)
1 usec
1-degree intervals
0.5 arc second, +0, -0.4 millisecond
Available for transfer to a digital computer. Outputs are
transferred to a data buss on recsipt of an address and fresse
command per Report TR-2034.

arc second

arc second

and 3.6 arc second
second
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7.2 G-6 Gyro Test

7.2.1 G-6 Process Flow

A projected G-6 gyro process flow is shown in figure 7-6. This
process flow is then used to determine projected factory test
equipment regquirements. The G-6 gyro design is very similar to
the Litton G-1200. Present production test equipment was used as
the basis for this description, with redesigns and modifications
as required to meet the needs of the G-6.

7.2.2 G-6 Test Stations

a. G-6 Final Test Station

List of Tests

° Measure pickoff parameters (ln, P O SF, P O Offset,
etc.)

Measure torquer parameters (SF, axis align)

Measure rotor and flexure parameters (Gand Non-G
sensitive, drift and repeatability, random drift,
resonant frequency etc.)

) Measure motor parameters (watts start/run, milli-
watts with torquer-bearing quality, run-up time,
etc.)

Rapid reaction (if any).
Time constant, etc.

Possibly a limited rate table test capability.

Description

Uses a computer data acquisition system (standard module),
and automatic table to collect and reduce data. All
excitations are under computer control. SR 33 keyboard
and printer provide the final data printout, and opera-
tor control. Temporary data, operator instructions,

UUT status and test station condition are displayed on

a CRT.

b. Flexure Frequency Station

List of Tests

° Test for the value of the natural resonant frequency
of the G-6 rotor flexure.
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Description

Contains vibration exciter and photonic displacement
sensor to create a closed loop system with the flexure.
Frequency counter readout and functional electronics
are included.

Pickoff Adjustment Station

List of Tests

° Takes data required to determine dimensional and
magnetic properties of rotor pickoff surfaces.

° Measures pickoff assembly parameters.

° Provides test verification capability after lapping.

Description

Uses master rotor and master pickoff elements (per-

manently mounted to fixtures). Provides a plotter out-

put to chart the rotor characteristics. Includes PAVM

and PO excitation electronics. Lapping facilities must

be provided to augment this station. -

Pretest Station

List of Tests

® Cover select.
) Component select.
® All ATP tests.

Description

Contains a full set of electronics to spin, capture and
temp control (if required) the gyro. Measurement
capabilities include: P O parameters, torgquer param-
eters, spin and motor parameters, temperature sensitivity
parameters and are provided through use of a data acqui-
sition system (standard module) and computer. No shake
capability is included. Vacuum backfill capabilities

are included. The station will operate semi-automatically.
The CRT will display manufacturing test procedures for
manual operations. Analog strip chart recording (or
plotter) can be provided as augmenting data.



403314

Evacuation and Fill Station

List of Tests

Provide "bakeout".

o Purge.

® Final backfill.
e Seal.

° Leak check.
Description

This station is similar to the G-1200 evacuation and
fill station in system capabilities but different in
design.

Static Rotor Balance Station

List of Tests

™ Collect data to determine static values of radial,
mass, etc., rotor unbalance.

Determine equivalent dynamic values.

Reduce data and determine position and amounts of
material that must be removed to meet rotor balance
specifications.

Description

This station contains a computer or calculator to col-
lect and reduce data. It controls the test for con-
sistency, provides printout of how much material to
remove, where, and the final static parameter values.
Eguivalent dynamic values are also printed. Modules
include the data acquisition system (standard panel),
temperature control (fixture), test cube or auto table,

loop closure electronics and augmenting functional
electronics.

Dynamic Balance Station

List of Tests

® Adjust radial unbalance of motor.

Description

A Schenk dynamic balance machine is used for measurement
and verification after adjustment. The station also con-
tains a spin supply, a mounting fixture, and a control
panel.
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h. Motor Test and Run-In Station

List of Tests

° 100 hour run-in of 18 gyro's simultaneously.

° Data collection of milliwatt meter data for bearing
evaluation throughout run-in.

Temperature monitor throughout run-in.

Self logging of elapsed time on each gyro.

Description

This station uses a minicomputer or microprocessor as a
test controller and data organizer. A high speed data
acquisition system (proposed throughout this gear and
is a standard module) is used to scan all 18 gyro posi-
tions for millivolts, temperature, and elapsed time.
This spin supply is a square wave with individually
controllable output stages (18). An historical window
of data (e.g., 30 minutes) is stored in case of power
failure, or in the event a gyro is "seen" as bad. All
data available can be dumped on a KSR 33 (thermal
printer with keyboard). An xy plotter may be included
to yield the effect of a stripchart recorder output for
the last hour of each gyro run-in.

i. Resistance and Continuity

List of Tests

° Resistance test of all circuits.
) Hi-pot insulation resistance tests.

® Intercircuit short test.

Description

This station is similar to the G-1200 Resistance and
Continuity station.

7.3 A-1000 Accelerometer Test

The A-1000 accelerometer is a production design. The redundant
strapdown INS accelerometers will use the test procedures and
equipment currently in use with minor modifications. Descrip-
tions are not supplied as part of this study since the technology
is not new.

346



403314

vIII. COST ANALYSIS

8.1 Baseline Cost Estimate

Table 8-1 is an itemized breakdown of the projected cost of the
redundant strapdown INS as described in Sections V and VI, and
tested with Factory Test Equipment similar to that shown in
Section VII.

TABLE 8-1. REDUNDANT STRAPDOWN INS PREDICTED
AVERAGE COST, 200 SYSTEMS

ELEMENT COST (1976 $)
GYRO 4,331
ACCELEROMETERS (2) 3,751
COMPUTER/MEMORY 3,697
BLOCK/REBALANCE ELECT. 2,862
MODE/IMM /O 1,252
INTERNAL/EXTERNAL 1/0 2,246
POWER SUPPLY/INTERRUPT 3,864
CHASSIS 2,481
TOTAL, PER CHANNEL 24,484
TOTAL SYSTEM 97,936
SYSTEM LESS MOUNT 95,560

"Cost" is defined as cost to an airline based on 1976 dollars.
Therefore, the estimate of table 8-1 includes not only the average
cost to build 200 INS (800 channels), but also an estimate of
amortized development, production tooling, and test equipment
costs. The amortization schedule also includes delivery of
redundant strapdown INS equipment to other users beyond the
requirements of short-haul VTOL. The total build of systems is
assumed to be similar to the quantity of first-generation, com-
mercial inertial systems, LTN-51, built by Litton to date.
Approximately 14% of the net cost is due to this amortization.
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Cost items generally incurred by airlines but not included in this
total cost estimate are warranty, training and maintenance. These
are somewhat variable, depending upon customer requirements.

8.2 Basis of Estimate

The cost estimate was prepared from an estimated bill of material
of electronic components and the preliminary chassis design shown
in paragraph 6.1.10. Component costs were then estimated from the
current catalog prices of these or similar items. Some limited
extrapolation of prices was needed based on cost trends (not
including inflation) especially in the area of digital circuits.
Material costs are then factored to include line-flow, attrition
and common stores items.

Allocation of components to printed circuit cards was made, from
which assembly and test hours were derived. Cost of assembly
and test labor also included factory allocables such as manu-
facturing engineering, production control, quality assurance,
test equipment maintenance and sustaining design engineering.

The chassis mount costs were spread among the various system
elements, based on the ratio of that element's cost to total
channel cost. System cost excluding the chassis mount is also
shown in table 8-1. Some form of installation provisions would
probably be supplied by the airframe designer in many applications.

An estimate was then made of the total developmental cost of the
redundant strapdown INS including productionizing the design,
environmental and EMI testing, handbooks, software, etc. Cost

of design or modification of test equipment and production tool-
ing was cstimated as well as the procurement or build of a suffi-
cient guantity of items needed to support the production rate.

The total sum of development, tooling and test equipment was
then amortized over an assumed number of systems, with the
amortized amount then added to unit production cost. The
amortized amount added to each system element was based on the
ratio of that element's build cost to total channel build cost.
Final element costs include a factor for profit.

8.3 Cost Reduction Prospects

One area of potential system cost reduction is in the use of less
accurate gyros. Use of the Litton G-7 gyro instead of the G-6
could reduce system cost by nearly $3,000. A more sophisticated
filter combining radio and inertial data would be needed, however,
as described in Section 5.2 and paragraph 4.5.2.

Further cost reduction may be obtainable from the advancements
of digital technology. No attempt will be made to quantify such
a reduction, however.
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DEVELOPMENT SPECIFICATION
REDUNDANT STRAPDOWN INERTIAL NAVIGATION UNIT

1. SCOPE

1.1 Identification

This specification establishes the design requirements for
a low-cost, twice fail-operational redundant strapdown inertial
navigation unit, using two-degree-of-freedom, tuned-gimbal

gyroscopes.

1.2 Introduction

Improved integration of the various aircraft avionics func-
tions can lead to significant aircraft cost reductions. Sharing
of sensors between navigation and flight control functions, and
sharing of computers by navigation, flight control and air data
functions, tends to produce a low system cost with improved capa-
bility. Modern fly-by-wire aircraft using such a system require
extremely high reliability to achieve sufficient flight safety.
The specified redundant strapdown INS achieves the required reli-
ability. It is initially directed toward short haul VTOL aircraft
but shall be designed to be applicable to the full range of civil

and general aviation. Low cost is a firm design objective.
2. APPLICABLE DOCUMENTS

2.1 The following documents, of the issue in effect on the date
of invitation for bids or request for proposal, form a part of

this exhibit to the extent specified herein.

SPECIFICATIONS TITLE

ARINC 404 Specification, Air Transport Equipment
Cases and Racking
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SPECIFICATIONS TITLE

ARINC 413 Report, Guidance for Aircraft Electrical
Power Utilization and Transient
Protection

ARINC 414 Project Paper, General Guidance for
Equipment and Installation Designers

ARINC 571 Characteristic, Inertial Sensor System
(ISS)

ARINC 575 Characteristic, Mark 3 Sub-Sonic Air
Data System (Digital) DADS

RTCA Paper Environmental Test Procedures, Airborne

120-61/D0-108 Electronic Equipment

3. REQUIREMENTS

3.1 Item Definition

The redundant strapdown inertial navigation unit, hereinafter
referred to as INURS, shall provide multiply redundant sensing of
inertial quantities and redundant output of aircraft states (angu-
lar rates, linear accelerations, attitude, heading, velocities,
position coordinates) to other avionics. Essentially, inertial
sensing devices, gyros and accelerometers, shall be rigidly
mounted to the airframe (strapped down), without intervening gim-
bals. The INURS

of two failures without degradation of system performance. It

shall be capable of withstanding any combination

shall also be capable of accepting position and velocity updates

from external avionics.

3.1.1 System Diagrams

The complete INUpg shall consist of four identical and inter-
changeable channels, as shown in the system block diagram, fig-
ure A-1. Each channel, designated an inertial navigation module

(INM), consists of the following elements.
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Redundant Strapdown INS
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An Inertial Measurement Module (IMM) with one two-degree-
of-freedom tuned gimbal gyroscope and two axes of accel-
eration measurement with associated electronics to pro-
vide digital outputs.

A general purpose digital computer including low cost,
semiconductor memory.

Digital I/O for two-way communication with external
avionics.

Digital 1/0 for read-capability of other INM's.

Power supplies, clock generators, and other support
electronics needed for proper INM operation.

The gyro and accelerometers of each INM shall be skewed rela-

tive to INM axes. When the 4 INM's are installed into a common

mount, rotated 90° relative to one another, the 4 gyro spin axes

shall be normal to four non-parallel faces of an octahedron.

Fail-operational/fail-operational capability is obtained

since if two complete channels fail, two channels remain and these

are sufficient to derive the required three axes of output data.

Redundancy management shall be contained in the software in each

computer and in external equipment using the INU data.

RS

Software implementation in the four computers shall be mech-

anized as shown in figure A-2. Software functions shall be as
follows:
a. Read-in gyro data, accelerometer data, and calibration

constants.

Compensate measured angular rate and acceleration using
the input calibration constants and known gyro charac-
teristics, and then transform measurements from skewed
axes to aircraft body axes.

Solve parity equations which allow extraction of measure-
ment errors from vehicle angular rates and linear accel-
erations, process outputs to detect and isolate failed
instruments. Failure detection and isolation (FDI)
results shall be combined with self-test results to
determine instrument status.
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d. Combine outputs of two gyros and two pairs of acceler-
ometer outputs in a least-squares solution in the design
equations to derive three axes of acceleration and
angular velocity, in aircraft coordinates. The selection
logic of instruments shall be based on use of the local
channel's instruments plus another channel's inputs,
the next cyclic* channel number satisfying FDI/self-test.

e. Perform integration of angular rate inputs to determine
the transformation from aircraft coordinates to naviga-
tion coordinates, and resolve accelerometer outputs
through this transformation.

f£. Solve inertial navigation equations to derive required
outputs and derive inertial rate of the navigation
coordinate system to rotate the aircraft-to-navigation
coordinate transformation.

g. Perform additional functions such as software executive
control, ground gyrocompassing alignment, initialization
and update from a display or external computer, self-test
and cross-fed output table comparisons, redundancy manage-
ment reinitialization, and gyro bias trimming based on
entered latitude and longitude and terminal errors.

In order to avoid time-skew errors, the executives of each

of the four computers shall be driven by an interrupt, and the
four computer interrupts shall be synchronized by fail-op/fail-op
circuitry contained within each INM.

The INURs shall be capable of operation as a fail-op naviga-

tor with installation of only three INMs.

*
Cyclic is defined as the ordered sequence of channel numbers,

e.g. 1,2,3,4,1,2
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Interface Definitions

Output requirements are as follows:

CYCLE
CATEGORY QUANTITY RESOLUTION RANGE BITS TIME
. 15
Pitch (Eleva- 2n/2 tn/2*% 14 0.03125
tion)
Attitude |Roll 2 /213 t 15 |0.03125
Heading, true 21!/215 +7 15 0.03125
Pitch Rate 0.05°/sec 14 rad/sec |14 0.03125
httitude poll Rate 0.05°/sec +4 rad/sec |14 |0.03125
Yaw Rate 0.05°/sec +4 rad/sec |14 0.03125
Longitudinal 0.003 m/sec2 +10 g 11 0.03125
Body ** Accel. 5
Accel- Lateral Accel. 0.003 m/sec +10 g 11 0.03125
eration . 2
Vertical Accel. | 0.003 m/sec +10 g 11 0.03125
(body)
North Velocity 0.03 m/sec +1686 m/sec| 16 0.125
East Velocity 0.03 m/sec 1686 m/sec| 16 0.125
Naviga- {Vertical Vvel. 0.03 m/sec +1686 m/sec| 16 0.125
tion (earth)
QUEpUtS || . titude 21 /2%9 +n/2% 18
Longitude 2Tr/219 +q 19 .
Altitude 0.3 m -305 m to l6 0.5
18.3 km
Other Mode/Status N/A N/A 16 0.03125

*These outputs are generally scaled at 7.

**Installation is assumed to be at the aircraft center of

gravity so lever-arm accelerations are not included.

These outputs shall be provided separately from each INM on

an ARINC 575 format serial data channel.

An additional discrete
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relay closure shall be provided from each INM to indicate normal

INM operation, opening during a failed or off condition.

Three ARINC 575 receivers shall be provided in each INM.

One receiver shall be used to input aircraft barometric
with resolution, range, and cycle time TBD. The second
shall be used to input a system mode word, and position
velocity updates with resolution, range, and cycle time

The third receiver shall be for growth purposes.

altitude
receiver
and

TBD.

A discrete input shall be provided to each INM by means of

external jumper wires to identify the channel number to
for use in skewed-axis to aircraft-axis transformations

parity equations. Two additional jumper wires shall be

software
and

monitored

to determine +90° installation from the nominal orientation

described in paragraph 3.2.2.1.

3.1.3 Inter-Channel Interface

The following variables shall be received by each channel

from the other three channels:

Compensated velocity increments (3)
Compensated angular increments (3)
Attitude matrix, e.g., quaternions (4)
Vehicle velocity components (3)
Navigation direction cosines (6)
Inertial altitude

Accumulated velocity updates (2)
Accumulated position updates (2)
Output table (15)

Status

Some variables require transmission of more than one computer

word to obtain sufficient precision. Transmission of all 37 vari-

ables shall be completed in 1/128 second. Transmission of the
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first six variables shall be completed within 50 microseconds

after initiation of transmission. Scaling and resolution are

TBD.

3.1.4 Major Components

The INUpc shall consist of four interchangeable line replace-

able INM and one chassis/mount. The chassis/mount shall contain

provisions as follows:

3.2

3.2.

3.2.

a. A shell to house the four INMs.

b. A central alignment block to register the INM gyros
and accelerometers to each other.

c. Attachment for four aircraft cable connectors, one for
each INM.

d. A latching mechanism to hold each INM into the chassis
mount, provide connector engagement between the INM
connector and the aircraft connector, and lock the INM
instrument block to the central alignment block.

e. Attachment for aircraft cooling methods.

f. A plenum for even distribution of cooling air through
the 4 INM's.

g. Provisions for bolting the INU to the aircraft and pro-

viding for boresight alignment Of the central alignment
block to the aircraft axes.

Characteristics

1 Performance

1.1 Modes of Operation

The basic operating modes of the INURS are as follows:
OFF All power is removed from the system.
ALIGN Automatic sequencing through the various steps needed

for alignment shall be provided. The align mode is
initiated only on the ground. Automatic transfer to
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the navigate mode shall occur if aircraft motion
is detected via the INS accelerometers.

All outputs shall be provided to full accuracy in
this mode.

Consideration shall be given to use of a pendulous
attitude mode in flight during certain failure con-
ditions if the end reliability of attitude and
attitude rate outputs can be improved.

These modes are mutually exclusive and, with the exception

of ATTITUDE, are selected from an operator's panel external to the

INURS.

The ATTITUDE mode, if provided, shall be selected by

redundancy management software in the event of a third channel

failure.

Other software-controlled operating modes shall be provided.

These are:

UPDATE

RECON-
FIGURE

REIN-
ITIALIZE

Accept position and velocity coordinate errors (4)
and correct INUgrg outputs. Provide growth capabil-
ity for tilt, heading, and gyro bias updates.
Updates will be made asynchronously, with a mini-
mum time duration of 1 second between updates.

Based on results of FDI and self-test, change
selection of instrument channel number being used
in design equation solution. Reuse of a pre-
viously failed channel shall be provided if it
again satisfies FDI thresholds.

A computer shall reinitialize its attitude trans-
formation, velocity, and position calculations to
another channel's values following reuse of a
previously failed channel, including one that was
removed and replaced during maintenance. In addi-
tion, consideration shall be given to reinitializa-
tion under the following conditions:

a. Following any channel reconfiguration activated
by FDI provisions.

b. Following detection of a large error in soft-
ware output tables, which may have been caused
by a computer transient.
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3.2.1.2 Accuracy

The INURS shall have the following output accuracy:

Attitude rate 0.05°/sec, rms, per axis

Body acceleration 0.003 m/secz, rms, per axis
Attitude 0.1°, rms, per axis

Heading 0.2°, rms, VTOL flight profile

TBD®°, rms, CTOL* flight profile

Velocity (no 3 m/sec/axis, lo, VTOL flight profile

updates)
TBD ft/sec/axis, lo, CTOL flight profile

Position 7.4 km/HR, CEP, VTOL flight profile

(no updates)
TBD NM/HR, CEP, CTOL flight profile

This accuracy shall apply with either 0, 1 or 2 hardware
failures, through the operational environment described. It is
assumed that aircraft installation errors are not included, air-
craft parking coordinates have been entered perfectly, and a full
gyrocompassing alignment has been completed at a latitude of

45° prior to first aircraft motion.

3.2.1.3 Ground Alignment Time

The redundant strapdown INU shall complete its self-contained
alignment in less than 10 minutes from system turn-on. No external
inputs shall be required, with the exception of aircraft latitude
and longitude entered within two minutes after system turn-on.
Aircraft motion during alignment shall consist of the model
described in Paragraph 3.2.5.2.3. The alignment time required
applies for a starting ambient temperature greater than 0°C and

less than 50°C and for a latitude less than 70°.

*
Conventional take-off and landing aircraft.

A-12
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Redundancy Management

Redundancy Management Logic

Redundancy management logic shall consist of the following:

a.

b.

A computer shall always use the instruments within its
own INM chassis.

A computer's output calculations shall be based on only
two channels of instrument data.

The second channel used in a given calculation shall be
the next working cyclic channel number.

Accelerometer and gyro redundancy management shall be
independent of each other except for major failures
detected by self-test.

Detection and isolation of a failure of one axis of a
channel shall cause rejection of both axes of data,
except (a.) supersedes.

An instrument's outputs shall continue to be monitored
following its rejection, but not included in output '
calculation, except (a.) supersedes.

If a failed instrument returns to working condition as
determined by FDI, it shall be reinstated into output
calculations, based on normal instrument selection logic.
The computer of the same channel number of the reinstated
instrument shall reinitialize to the state of a non-
failed channel.

Logic shall be incorporated to detect and isolate two
simul taneous failures within information limits of a
4-gyro skewed array.

During the condition of isolation ambiguity, monitoring
shall continue. A status word output shall indicate
presence of a failure and approximate magnitude.

Indicated instrument failures shall be placed into 3
categories:

a. HARD - inoperative (self-test)
b. GF3; - nav and flight control failure
c. GF, -~ nav failure

A-13
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k. Instruments with category HARD failures shall never be
reused even i1f failure condition disappears.

1. Instruments with category GF, failures should be used
following a third channel failure or to resolve a cate-
gory GF; 3-gyro isolation ambiguity

3.2.1.4.2 Error Detection/Switching Levels* and Time

The levels which shall be used in the FDI mechanism to
indicate failure of an instrument are given in table A-I. An
instrument error and its integral are shown. The threshold error
is the minimum detectable instrument error. The error integral,
e.g., angle delta or velocity delta, may be used to determine
the time to detect large errors. FDI solution time shall be suf-
ficiently fast that errors greater than these amounts do not
reach system outputs regardless of instrument error amplitude.

TABLE A-I. PRELIMINARY ERROR DETECTION/SWITCHING
LEVELS PER INSTRUMENT

: FLIGHT
FAILURE TYPE GROUND NO TURNS FLIGHT TURNS
NAV FAILURE
Acceleration Threshold 0.083 m/ 0.001 m/ TBD
sec sec
Velocity Delta 1.5 m/sec| 4 m/sec TBD
Angular Rate Threshold (0.1°/hr l°/hr TBD
Angle Delta 30 sSec 60 sec TBD
NAV/FLT CONTROL FAILURE 2
Acceleration Threshold N/A 0.03 m/ 0.03 m/sec
sec
Velocity Delta _ N/A 12 m/sec 12 m/sec
Angular‘Rate Threshold N/A 1°/sec l°/sec
Angle Delta N/A 1l° 1°

Detection/switching levels indicated in the table are approximate.
Further testing and/or analysis are needed to establish reason-
able levels. Corrective maintenance action will occur if one or
more nav failures 1s indicated before takeoff.
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3.2.1.4.3 Performance Transients

System error buildups following occurrence of a failure, but
before FDI action, shall be minimized. Performance shall return

to normal following redundancy management actions.

3.2.1.5 Performance/Environment

A typical flight profile for the VTOL application consists
of:
a. System turn-on at 20°C, start alignment, passenger

loading/refueling in progress, aircraft subject to
wind gusts, ground power applied to the aircraft.

b. Engine turn-on after five minutes.

c. System advanced to Navigate Mode after 10 minutes, remove
ground power

d. Engage rotors, perform vertical take-off.

e. Climb to 305 m altitude, turn left 90° at a turn rate of
3°/sec.

f£. Accelerate to 103 m/sec and cruise for 6 minutes.

g. Turn left 90° then spiral down at turn rates of 3°/sec.
(typical peak turn rate of 30°/sec).

h. Decelerate and perform vertical descent to touchdown.

i. Disengage rotors, unload/reload passengers for
3.5 minutes.

j. Repeat d thru h two additional times, then turn off
system power.

The non-VTOL applications are assumed to have the flight pro-
file as follows:

a.
| }Same as above
C.

d. Take-off, climb to 9,000 m altitude, accelerate to
257 m/sec.
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e. Turn left 90° at a turn rate of 3°/sec.

f. Cruise for 2 hours with two 10° course changes at turn
rates of 1°/sec.

The required and desired aircraft operational performance limits

are:
CIVIL OR GENERAL
VTOL AVIATION
Angular Rates 4 rad/sec 4 rad/sec
Angular Acceleration 50 rad/sec2 50 rad/sec2
Linear Accel. (maneuver) 3 g 3 g
Velocity (max.) 154 m/sec 1029 m/sec
Altitude 3048 m 18,300 m
Aircraft tilt (parked) +5° £5° w
Range of operation +70° Worldwide

(latitude)
3.2.1.6 Power

The aircraft power supply characteristics, utilization and
general guidance, are given in ARINC 413. The redundant strap-
down INU shall be designed to use 115V AC single phase power, per
MIL-STD-704, Category B. A separate input shall be utilized for
each redundant power supply.

Capability of operation from an external battery, equivalent
to Sonotone P/N CA-51N, shall be provided with each redundant
power supply. In addition, each supply shall contain a battery
charger, as required by ARINC 561. The redundant strapdown INS
shall also have the capability of operating from redundant standby
computer DC buses for backup power, as defined in ARINC 571, para-
graph 2.4.5.1, in lieu of the battery.

Maximum average power drawn by each INM during flight condi-
tions shall be under 150 watts. The chassis/mount shéll reguire

no power.

A-16
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3.2.1.7 Cooling

Cooling air having the characteristics of ARINC 404 may be
utilized if required. Maximum cooling air flow shall be 14 kg/
hour/100 watts. Cooling air attachment method, if other than that
specified in ARINC 404, shall be TBD.

3.2.1.8 Operational Service Life

The redundant strapdown INS shall be capable of operation for
at least 3,000 hours, preferably 5,000 hours, without additional
lubrication, adjustment or replacement of components (per ARINC
414). Scheduled calibrations required to be performed during

Level 2 maintenance, shall be minimized.

3.2.1.9 Built-In Self-Test

Minimum self-contained self-test features shall be incorporated

within each INM:

° To prevent chain-type failure modes which could lead
to extensive equipment or aircraft damage.

® To provide a high level of capability of detecting
failures of each gyro to reduce the probability of a
failure occurring within the 3-gyro isolation
singularities.

) To contribute to making the third failure a fail-safe
condition, that is, to indicate to the aircraft flight
crew that a failure has occurred.

(] To provide information to maintenance personnel for use
in determining the failed module for repair.

3.2.2 Physical Characteristics

3.2.2.1 Inertial Measurement Skewed Axis Geometry

Figure A-3 shows the nominal orientation of the accelerometer
and gyro input axes, and gyro spin axes relative to aircraft axes.

The angles between axes shall be as determined by the faces of

A-17
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Figure A-3. Inertial Measurement Axis Geometry (Nominal)
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half of a regular octahedron. The two orthogonal gyro/accelerometer
input axes shall be oriented symmetrically relative to the outside
edge of the octahedron.

Normal orientation of the octahedron relative to aircraft
axes is shown in figure A-3. Some applications may require
installation into the aircraft with the INURS rotated +90° about
Zg from the nominal. Means of computing the outputs in either
rotated installation shall be provided by means of jumper wires

on the INM connectors.

3.2.2.2 Dimensions

The maximum INURS dimensions are shown in figure A-4. These
dimensions do not include protrusions such as handles, latching
mechanisms, connectors, or boresight adjustment provisions. They

do include the holding chassis/mount.

3.2.2.3 Weight

The weight of the INURS shall not exceed 32 kg. The weight
of each INM shall not exceed 7 kg.

3.2.2.4 Alignment Repeatability

The angular alignment between the instrument blocks of
adjacent INM's shall be 90° +30 arc seconds (3 sigma). This
alignment shall be maintained following repeated insertions of each
INM, and through the environments specified in paragraph 3.2.5.
Removal and replacement of one INM shall not disturb the alignment
of the remaining three.

The angular alignment between the alignment block and air-
craft axes shall be capable of being boresighted to, and maintain-
ing through the environments of paragraph 3.2.5, an accuracy of

+12 arc minutes in pitch, roll, and yaw.
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Figure A-4. 1INU Installation Dimensions

RS
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3.2.2.5 Packaging of Redundant Elements

The four INM's shall each be packaged into a separate
housing. The chassis mount shall provide EMI, thermal, and as
much mechanical shielding between INM's as practical within
weight and size limitations, to reduce the probability of multi-
ple INM failures due to a single cause. There shall be no elec-
trical interconnection between INMs within the confines of the

INU envelope.

RS
It is assumed that the aircraft designer will locate the INURS
away from the path of rotating machinery such as engines or APUs

which might shed debris during certain failure modes.

3.2.3 Reliability

The probability of failure of the INURS during a 0.5 hour
flight, assuming no failures are present at takeoff, shall be
less than 10_9, including effects of self-contained FDI coverage.*
A failure is said to occur when undetected or unisolated gyro or
accelerometer errors exceed the navigation performance detection
levels given in table I of paragraph 3.2.1.4.2. Coverage of FDI
capability external to the INURS'shall be assumed to be unity
for both fail-op levels.

The probability of failure of the attitude rate and accelera-
tion outputs of the INURs during a 1.0 hour flight, assumiggono
failures are present at takeoff, shall be less than 5 x 10 R
including effects of self-contained FDI coverage. A failure is
said to occur when undetected or unisolated gyro or accelerometer
errors exceed the flight control system performance detection
levels given in table I of paragraph 3.2.1.4.2. Coverage of FDI
capability external to the INURS shall be assumed to be unity for

both fail-op levels.

*
Coverage is defined as the probability of recovery from a given

failure.
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Provisions for reliability improvement by use of external
radio aid update information to resolve the rare 3-gyro isolation
ambiguity shall be included. Increased coverage from this means

shall not be included in the previous INUR reliability

S
calculations.
The mature in-service MTBF of each INM shall be greater than

3000 hours.

3.2.4 Maintainability

3.2.4.1 Maintainability Design

Plug-in assembly construction shall be used to the greatest
extent practical. All modules bearing the same part number shall
be interchangeable. As a goal, electronic modules shall not
require adjustment or recalibration after replacement. Care
should be exercised in locating and mounting of modules and com-
ponents for ease of accessibility.

Each aircraft-replaceable unit shall have a failure indicator,
visible from the front panel which indicates that one or more of
the internal modules has failed. This indication shall be present
with or without power applied to the system and shall only be
reset after repair.

Highly reliable self-test shall be included, consistent with
redundancy management requirements. All self-test provisions
shall be continuous and automatic, with no pilot-initiated tests.

Sufficient unit test points shall be included to allow fault
isolation to the module level using factory or field test equipment.
Module test points shall be provided to allow fault isoclation to

the failed component without probing.

3.2.4.2 Maintainability Specification

The time to remove and replace an INM in the aircraft,

assuming adequate accessibility, shall be less than one minute,

22

>
1
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including mechanical alignment registration as defined in para-
graph 3.2.2.4. Normal functioning of the other three INMs shall
not be disturbed during this process.

3.2.4.3 Adjustments

Manually-activated on-aircraft adjustments, alignments or
calibrations shall not be required by the INURS. Adjustment,
alignment, or cal ibration devices shall not be accessible during
normal, on-aircraft handling. The INURS shall require no periodic
maintenance.

Automatic self-biasing methods using entered ramp position
coordinates (accurate to +2 km), gyrocompassing alignment pro-
cedures, and terminal position and velocity indications shall be
used to the extent practical to maintain system performance

within required bounds over long periods of time.

3.2.5 Environmental Conditions

The redundant strapdown INS shall be designed in accordance
with ARINC 414 except as modified herein, and be capable of being
tested in accordance with RTCA Paper 120-61/D0-108, with condi-

tions modified to be consistent with this specification.

3.2.5.1 Ambient Temperature

Normal ambient temperature: 30°C
Maximum continuous operation: 50°C
Short term (30 min) overtemp: 71°C
Low operating témp: -15°C



3.2.5.2 Vibration
3.2.5.2.1 General
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The INURS shall be capable of operation during vibration as

specified by RTCA Paper 120-61/D0-108, Category A.

This vibra-

tion level consists of a constant total excursion of 0.76 mm from

10 to 55 cps with a maximum of 5 g, and of 5 g from 55 to 500 cps.

3.2.5.2.2

Performance Vibration

The angular and linear vibrations present during flight to be

used for performance estimates are shown in table A-II.

These

shall be considered 3 sigma environments, present during 50 per-

cent of the flight, with a phase correlation between axes of 0.3.

TABLE A-II. MAXIMUM PERFORMANCE ENVIRONMENT
SINUSOIDAL RANDOM
. 2
Linear 0.3 I rms @28 Hz 0.00045 (grms) /Hz
0-200 Hz (0.3 grms)
2
Angular 1.0 deg/secrms @15 Hz 0.033 (deg/secrms) /
Hz
0-30 Hz (1.0 deg/
sec )
rms
Linear/angular| 0.1 grms-deg/secrms @15 Hz | 0.0033 (gymg-deg/
sec ) /Hz
rms
0-30 Hz (0.1 yrms™
deg/secrms)
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3.2.5.2.3 Motion During Ground Alignment

Coning motion of the vehicle shall be assumed to occur during
ground alignment with a cone whole-angle of four arc minutes, at
a frequency between 1 and 4.5 Hz. Sudden pitch or roll rotations
of 0.5° shall also be assumed. Motion of the ajrcraft due to
wind gusts shall be assumed to be a first-order Markov process

with a standard deviation of 4 mm with a correlation time of

20 seconds.

3.2.5.3 Shock
Operational: 6 g with a time duration of at least 10 milli-
sec., in accordance with the procedure of
RTCA Paper 120-61/D0O-108.

Crash Safety: 15 g with a time duration of at least 10 milli-
sec., in each direction.

3.3 Design and Construction

3.3.1 Electromagnetic Interference

The redundant strapdown INS shall meet the conducted and
radiated susceptibility and emission requirements of ARINC 413,
and the test requirements of RTCA Paper 120-61/D0-108, for Cate-
gory A equipment. Grounding and shielding practices shall be used
in accordance with ARINC 413.

3.3.2 Humiditx

The redundant strapdown INS shall be capable of normal opera-
tion during conditions of a relative humidity varying from 10 per-
cent to 100 percent, combined with temperature and altitude cycling
encountered in normal aircraft operation, as defined by ARINC 414,

for Category A (Std) environment.
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3.3.3 Explosive Atmosphere

Explosive atmosphere is not normally encountered by elec-
tronics equipment in airline type aircraft. Specific installa-
tions where explosive vapor presents an operating hazard are

normally defined by the airframe manufacturer.

3.3.4 Atmospheric Pressure

Normal atmospheric pressure range is from -305 m to
13,700 m. Decompression from a pressure altitude of 2100 m to
13,700 m in 15 seconds or less shall not degrade system per-
formance, per ARINC 414.

3.4 Logistics

The INURS design shall be compatible with the fol lowing

maintenance structure:

Level 1 Unit replacement, in aircraft

Level 2 Module replacement, in the shop

Level 3 Module repair (excluding gyros and
accelerometers)

Level 4 Gyro/Accelerometer repair

Level 1 maintenance shall not require the use of any standard or

special test equipment.

3.5 Major Component Characteristics

3.5.1 1Inertial Measurement Module (IMM)

The IMM shall consist of one two-degree-of-freedom, tuned-
gimbal gyro, two single-degree-of-freedom accelerometers, with

supporting loop-closure electronics. Compensation coefficients

for use in software for correction of systematic instrument errors

shall be contained in a memory which, when installed, may not be

A-26
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altered by any means. Self-test capability shall be included to

detect loop-closure failures.

3.5.2 Digital Computer

The digital computer shall be of the general purpose type
with the instruction sequence and constants stored in a memory
which, when installed, may not be altered by any means.

Space in the INM chassis shall be included for expansion of
instruction memory by 100 percent from that needed for the INURS
problem as defined in this specification. Spare computer execu-
tion time shall also be provided, for greater than 100,000 instruc-
tions per second with an average instruction mix as shown in

table A-III.

TABLE A-III. SPARE CAPACITY INSTRUCTION MIX

PERCENTAGE

TYPE UTILIZATION
Load/Store 11.9
D-Load/Store 31.8
Copy 5.5
Exchange 4.2
D-Shift 9.1
Add/Sub 10.5
D-Add/Sub 13.1
Multiply 6.4
D-Multiply 5.5
Divide 0.6
Transfer 1.4
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A portion of the computer memory shall be non-volatile with
removal of aircraft power. Last-computed values of the following
variables shall be retained following normal or failure-mode
power shut down, for a time duration of over 30 days without

external power:

a. Calibration constants which are modified during the
course of normal operation.

b. Latitude, longitude, velocities, and gquaternions.

c. Maintenance data, e.g., self-test results, FDI informa-
tion, etc.

Computer self-test provisions shall be included such as:

a. A watchdog timer not driven from the main computer
clock, periodically reset under software control,
indicating a failure if not reset

b. Instruction tests

c. Memory tests

d. I/0 tests

3.5.3 Computer I/0

Input/output provisions for interfacing the computer with
the various peripheral elements shall be included:

a. Interface with one IMM including the calibration
constant memory and temperature sensors.

b. 1Interface with external avionics via ARINC 575
transmitter/receivers.

c. Interface with up to three other INMs. Particular care
must be taken in the design of this circuitry to avoid

single-point INURS failure modes.

A-28
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3.5.4 Power Supply and Support Electronics

The power supply design shall include monitoring circuits
for over-voltage, under-voltage, and short circuit protection.
Automatic shutdown shall occur during failure modes to avoid
potentially hazardous or chain-failure conditions.

Computer and IMM clock and timing circuitry shall be included.
Provision for synchronization of all software executive inter-
rupts shall be included to avoid errors due to time-skew of sensor
data readouts. Particular care must be taken in the design of

this circuitry to avoid single-point INURS failure modes.
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APPENDIX B

PARITY EQUATIONS
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Parity LEguations

Parity equations will now be derived for the semioctahedral
spin axis orientation. Egquations are based on TDF gyro measure-
ments,

Test relations for a semioctahedral array are obtained as
follows. Four unit spin vectors are defined (Si, i=1, 2, 3, 4)
normal to and directed outward from the four triangular faces of
a semioctahedron, (figure B-1). From symmetry considerations the

following useful relations can be obtained.

4

E-(—l)i s, =
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o
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The output planes (sensitive axes) of the TDF gyros lie in the
triangular faces of the pyramid, hence, a set of parity equations
can be constructed by resolving the gyro output rates along the

pyramid edges and comparing them. This leads to six independent
comparisons and can be formalized as follows. First, find the
unit edge vectors of the pyramid. These edge vectors must be

~

perpendicular to the adjacent spin vectors. Thus edge vector eij

can be defined from the spin vectors Si and Sj as:

>
I
w
-

1] |s. x s.|
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Figure B-1.

Semioctahedral Spin and Edge Vectors
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the output rate of the ith gyro is ﬁi and the
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Then we can define the parity test as:
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of the rate difference and the edge vector sign change on inter-

change of index.
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or expanding

Tip = (W =Wy * e,
* > > ~
Ty = (W) = W3) ey
* . > ~
Tyg = (W) — W) = ey
* > > ~
T,y = (W) = W3) + eyg
* > -> ~
Toy = Wy = Wy) = ey
* > > ~

Tyy = (W3 = Wy) €3y (4)

In reality the gyros do not output rates but incremental

angles
(n+l) At
- -
AD, = / Wi dt
nat

Furthermore, these incremental angles have "noise" components.

Hence, it is desirable (necessary) to filter them. For the



purposes of this treatment we define Tij = filtered

the test equations become

T. .
1]

filtered :W
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4,

eal e
TR

i<jc< 4

1 .
For example a first order filter of the form

might

Tij((n+l)At)

be employed.

1

*
K Tij(nAt) + Tij((n+l)At)

/( n+l) At

o

e k(t-T) >
1]

dt

*
(Ti

j)

thus
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LOGISTICS ANALYSIS
VTOL Operations

1. OPERATIONAL CRITERIA

1.0 SYSTEM UTILIZATION

TYPICAL ROUTE PLAN

PORT
START #1 LEG #1 #2 LEG
MAIN
PORT
BASE 2
Shutdown PORT
#4 LEG #3 #3 LEG
ACTIVITY #1 LEG #2 LEG #3 LEG ¥4 LEG
Ground Operations (Power on) 6.5
Unloading/Loading: 3.5
Ascent 2.5 .
Cruise 6.0 . .
Descent 3.0 .
Servicing (Power off) .
Total Time (Minutes) 21.5 15.0 15.0 23.5

Total Flight Time per Route
Total Ground Operating Time (Power On)
Total Time for One Complete Cycle

46.0 Minutes
20.5 Minutes
75.0 Minutes
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1.1 OPERATIONAL MODES:

peak Demand Period

Reduced Operational Period - 6:00 PM to

OPTIONS:

A. 1 Aircraft per Route
B. 2 Aircraft per Route
C. 3 Aircraft per Route
D. 5 Aircraft per Route

Total Routes Flown per day:

Peak Period

6:00 AM to

90
45
30
15

Reduced Operations Period

slack Time Between Flights
Peak Periocd

6:00 PM
6:00 AM

Time Between Port Stops

Peak

Minutes
Minutes
Minutes

Minutes

A
14

6

(Minutes)

Reduced Operations Period

Total Operating Hours per day

Avg. Operating Hours Per A/C/

day

Total Flight Hours per day

Avg. Flight Hours per A/C/
day

1.2 OPERATIONAL SITES:

Given

Assuming 90% Operational
Readiness

i

200

180
20

15
45

15.52
15.52

10.73
10.73

28
16
12

15
34

31.
15.

21.
10.

10
50

47
73

Reducegd
120 Minutes
60 Minutes
45 Minutes
30 Minutes

c D
40 72
24 48
16 24
15

60 75

44.33 79.80
14.78 15.96

30.67 55.20
10.22 11.04

Aircraft In Inventory

Aircraft Operational

Aircraft

In Maintenance
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Assuming one (1) Main Base has five (5) separate routes, then:

TOTAL TOTAL
OP:A/C BACKUP TOTAL SATELLITE
OPTION REQD A/C A/C MAIN BASES PORTS OPER. SITES
A 5 1 6 30 450 480
B 10 1 11 16 240 256
C 15 1 16 11 165 176
D 25 1 26 7 105 112
1.3 OPERATING TIME:
AVG. FLIGHT NO. OF aA/C TOTAL FLIGHT OP/FT HR
OPTION HRS. PER DAY IN USE HRS. PER MON. RATIO
A 10.73 150 48,285 1.444:1
B 10.73 160 51,504 1.444:1
C 10.22 165 50,589 1.446:1
D 11.04 175 57,960 1.445:1
1.4 ESTIMATED RELIABILITY:

Channel: 3,000 Hours MTBF (4 per aircraft)
Consisting of:

IMM: 6,000 Hours MTBF
COMPUTER: 7,500 Hours MTBF
POWER SUPPLY: 30,000 Hours MTBF

Unit: 750 Hours MTBF (1 per aircraft)
1.5 FAILURES

1.5.1 "Hard" Failures, or "Soft" Failures exceeding system
degradation limits, encountered in flight will require removal
and replacement of failed unit at next ground operational site.
Take-off for next leg of route will not be attempted until all
INS Units operational.



1.5.2 "
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Soft" failures in flight, not exceeding system degradation

limits, will require system monitoring until return to the main

base whe

1.6 MAI

1.6.1 M

re the faulty unit will be removed and replaced.

NTENANCE:

aintenance at satellite ports restricted to removal and

replacement of INS units within 3 minutes {1 minute installation

time) us

ing minimal, common hand tools.

1.6.2 Maintenance at the main operating base shall consist of:

a.

b.

2.0 INI

Fault verification and removal and replacement of failed
INS Units.

Fault detection and isolation to replaceable assembly

within the INS unit; removal and replacement of failed
replaceable assembly; and repair verification.

TIAL AND REPLACEMENT SPARES COSTS. (INS Unit only -

mod

<

Where:

STK

ucC
PFH
UF

QPA

RIP

MTBF

DRCT

ules not included)

(PFH) (UF) (OPA) (1-RIP) oy (yc)

= (STK) (M) (UC) + MTBE

1 Box 4 Box
= Stock Level at a site (units) - 1 -

= Number of Operating Sites - Ref. Para. 1.2
= Unit Cost 90K 23.75K

Ref. Para. 1.3 -
Ref. Para. 1.3 -

= Peak Flying Hours per Month

= Ratio of Operating Hours to
Flying Hours

= Quantity of Like Items per 1 - 4
Aircraft

= Fraction of Failures which can - .00 -
be repaired in place

= Mean Time Before Failure in 750 3000
Operating Hours/Box

= Average Repair Cycle Time .0667 - .0500
(In months)
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2.1 Spare Units Stocked at Sites:

2.1.1 One Box Inertial Navigation System

Option A. = (1) (480) (90K) + (48'285)(1'323)(1)(1-0)(.0667)(90K)
= $43,758,067.
B. = (1) (256) (90K) + (51'504’;;6444)‘l’<ss,ooz.)
= $23,635,272.
C. = (1)(176) (90k) + (20389 (1.846) (1) (56 43,
= $16,425,506.
D. = (1) (112) (90k) + 27.960)(1.445) (1) oo 05,

750

= $10,750,353.

2.1.2 Four Box Inertial Navigation System

(48,285) (1.444) (4) (1-0)

Option A. = (1) (480) (23.75K) + L2 (.05) (23.75K)
- $11,510,396
B. = (1) (256) (23.75K) + (51'504"%6384)‘4’($1,187.50)
= $6,197,755.
C. = (1) (176) (23.75K) + (50'589)(§6836’(4)($1,187.50)
= $4,295,824
D. = (1)(112)(23.75k) + (27.960)(1.445)(4) o, ;49 50

3000

= $2,792,608
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2.2 oOn-Board Spares (1 Replacement Unit per Aircraft)

C. = (Operational Aircraft) + (Standby Aircraft) + (Repair
Pipeline Units)

2

2.2.1 One Box Inertial Navigation System:

Option A.

2.2.2 Four

Option A. =

(1) (150) (90K) + (1) (30)(90K) + 558,067
$16,758,067.

(1) (160) (90) + (1) (16)(90) + 595,272
$16,435,272

(1) (165) (90) + (1)(11)(90) + 585,506
$16,425,506

(1) (175) (90) + (1)(7)(90) + 670,353
$17,050,353
Box Inertial Navigation System:

(1) (150) (23.75K) + (1) (30) (23.75K) + 110,396
$4,385,396

(1) (150) (23.75K) + (1)(16)(23.75K) + 117,755
$4,060,255
(1) (165) (23.75K) + (1) (11)(23.75K) + 115,824
$4,295,824

(1) (175) (23.75K) + (1) (7) (23.75K) + 132,608
$4,455,108

3.0 ON-AIRCRAFT MAINTENANCE COSTS (MONTHLY)

C

3:

(PFH) (UF) (QPA)
MTBF [PAMH + (RMH + RVH)] (BLR + DDR)
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Where: 1 BOX 4 BOXES
PFH = Peak Flying Hours per Month - Ref. Para. 1.3 -~
UF = Ratio of Operating Hours to - Ref. Para. 1.3 -
Flying Hours

QPA = Quantity of Like Items per Aircraft 1 4

MTBF = Mean Time Before Failure in 750 3000
Operating Hours

PAMH = Average Manhours for Preparation - 1 Min/4 Min -
and Access to Unit

RMH = Average Manhours to Remove and - 2 Min -
Replace Unit

RVH = Average Time to Verify Restoration 10 Min .5 Min
of System to Operational Status

BLR = Basic Labor Rate for Maintenance - $24. Hr -
Personnel

DDR = Dispatch Delay Rate - $3,000. Hr -

3.1 Not Requiring System Shutdown

3.1.1 Four Box Inertial Navigation System

3.1.1.1 On-Board Spare Available

(48,285) (1.444) (1

option A. = {1 ) [.0166 + (.0333 + .0083)] (s24. +$3,000.)

= 518,681

5. = (511504;éé'444)(1)(.0582)($3.024-)
= $17,207.

c. = (50,589) (1.446) (l)(.0582) ($3,024.)

750

= $17,165.

D. = (57,960_)75(3.445) (l)(.0582) ($3,024.)
= $19,653.
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3.1.1.2 Replacement Spare Stocked at Site

Option A. = (48'285);26444)(1)[.0667 + (.0333 + .0083)1($24. + $3.000)
= $35,512
= $32,036.
_ (50,589) (1.446) (1)
C. = 750 (.1083) ($3,024.)
= $31,941.

750

$36,572.

3.2 Requiring System Shut Down During Maintenance

3.2.1 One Box Inertial Navigation System
3.2.1.1 On-Board Spare Available

Option A. = (48'285)§36344)(4)[.0166 + (.0333 + .1667)]

($24. + $3,000.) = $69,561

_ (51,504) (1.444) (4)

B. = 3000 (.2167) ($3,024.)
= $64,102

c. = (50'589)(1'446)(4)(.2167)($3,024.)

3000

$63,912.
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(57,960) (1.445) (4)
3000

(.2167) ($3,024.)

$73,177.

3.2.1.2 Replacement Spare Stocked at Site

Option A.

1l

(48,285) (1.444) (4)
3000

[.0667 + (.0333 + .1667)]

$87,452

{51,504) (1.444) (4)
3000

(.2667) ($3,024.)

$78,892.

(50,589) (1.446) (4)
3000

(.2667)($3,024.)

$78,658.

(57,960) (1.445)(4) (.2667) ($3,024.)

$90,062,

4.0 OFF-AIRCRAFT MAINTENANCE COSTS: {MONTHLY)

Where:
PFH
UF

QPA
MTBF

RTS

C

(PFH) (UF) (QPA)

4 = MTBF [ (RTS) (BMH) (SLR + SMR)]

1l BOX 4 BOXES
Peak Flying Hours per Month - Ref. Para. 1.3 -
Ratio of Operating Hours to - Ref. Para. 1.3 -
Flying Hours
Quantity of Like Items per Aircraft 1 4
Mean Time Between Failure in 750 3000

Operating Hours

Fraction of Units Expected to be 1.00
Repaired at Main Base
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SLR
SMR
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1 BOX 4 BOXES

= Average Manhours to Perform Shop 3
Maintenance on failed units
including fault isolation, repair,
and verification (INS Unit only -
module repair not included)

= Shop Labor Rate per Hour -

= Shop Material Consumption Rate per -
Hour

4.1 One Box Inertial Navigation System

Option A.

4,2 Four

(51,504) (1.444) (1)
) ($150.)

(50,589) (1.446) (1)
=50 ($150.)

(57,960) (1.445) (1)
750 {$150.)

Box Inertial Navigation System

Option A.

(48,285) (1.444) (4)
3000 [(1)(2)($34. + $l6.)]

(51,504) (1.444) (4)
3000 ($100.)

(50,589) (1.446) (4)
3000 ($100.)

(57,960) (1.445) (4)

- 2

$34. -
$l6. -

$16,265

$14,673.

$14,628.

$16,750.

$10,843.

I

$9,783.

$9,753.

$11,167.
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LIFE CYCLE MAINTENANCE COSTS
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Assuming:

Service Life of Inertial Navigation System = 10 years

Increase in Reliability

5000 Hours MTBF for mature system

(120)
(120)
(120)
(120)
(120)
(120)
(120)
(120)

(120)
(120)
{120)

5.1 On Aircraft Maintenance Costs
C5 = [C3 - (K)(C3)](1UP)
Where:
c3 = Monthly On-Aircraft Maintenance Costs
K = Adjustment Factor to establish Average
Monthly Costs over Program Period
1UP = Inventory Usage Period (Operational Ser-
vice Life of System in Months)
5.1.1 Spares at Site
OPTION BOXES
A 1 (87,452 - (.2)(87,452)]
4 (35,512 -~ (.2)(35,512)]
B 1 [78,892 - (.2)(78,892)]
4 (32,036 - (.2)(32,036)]
C 1 (78,658 - (.2)(78,658))
4 (31,941 - (.2)(31,941)]
D 1 {90,062 - (.2)(90,062)]
4 (36,572 - (.2)(36,572))
5.1.1.2 spares On-Board
OPTION BOXES
A 1 (69,561 - (.2)(69,561)]
4 (18,681 - (.2)(18,681)]
B 1 (64,102 - (.2)(64,102))
4 (17,207 - (.2)(17,207)]

{120)

Ref. Para. 3.

20%

120

= §$8,395,390.
= $3,409,130.
= $7,573,632
= $3,075,456.
= $7,546,848.
= $3,066,336.
= $8,645,952.
= $3,510,912.

= $6,598,907.
= $1,793,413.
= $6,153,792.
= $1,651,872.

0
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OPTION BOXES

1 [63,912 - (.2)(63,912)] (120) =
4 (17,165 - (.2)(17,165)] (120) =
1 (73,177 - (.2)(73,177)] (120) =
4 (19,653 - (.2)(19,653)] (120) =

5.2 Off Aircraft Maintenance Costs

cg = [(Cy) = (X)(Cy)](1UP)

Where:

Cy = Monthly Off Aircraft Maintenance Costs

OPTION BOXES

A 1 (16,265 - (.2)(16,265)] (120) =
4 (10,843 - (.2)(10,843)] (120) =
B 1 [14,673 - (.2)(14,673)] (120) =
4 [ 9,783 - (.2)( 9,783)] (120) =
C 1 (14,628 - (.2)(14,628)]1 (120) =
4 [ 9,753 - (.2)( 9,753)] (120) =
D 1 [16,750 - (.2)(16,750)] (120) =
4 (11,167 - (.2)(11,167)] (120) =

6.1 One Unit vs Four Unit Inertial Navigation System

$6
Sl
$7
$l

sl
sl
sl
$

Sl
$

Sl
$1

6.1.1 Spares Stocked at Sites:

,135,552.
,647,840.
,024,992,
,886,688.

,561,454.

,040.969,

,408,608.

939,168.

,404,288.

936,288.
,608.000.

,072,032.

UNITS INITIAL & RPL'MT LIFE CYCLE M COST TOTAL
OPTION PER A/C SPARES COST ON A/C OFF A/C ($000,000)
A 1 43.8 8.4 1.6 53.8
4 11.5 3.4 1.0 15.9
DELTA COST: 32.3 5.0 .6 37.9

Cc-13
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UNITS INITIAL & RPL'MT LIFE CYCLE M COST TOTAL
OPTION PER A/C SPARES COST ON A/C OFF A/C ($000,000)
B 1 23. 7.6 1.4 32.6
4 . 3.1 .9 10.2
DELTA COST: 17.4 4.5 .5 22.4
C 1 16.4 7.6 1.4 25.4
4 4.3 3.1 .9 8.3
DELTA COST: 12.1 4.5 .5 17.1
D 1 10. 8.7 1.6 21.1
4 2.8 3.5 1.1 7.4
DELTA COST: 8.0 5.2 .5 13.7
6.1.2 On Board Spares:
A 1 16. 6.6 1.6 25.
4 4.4 1.8 1.0 7.2
DELTA COST: 12.2 4.8 .6 17.8
B 16 6.2 1.4 24.0
4 4.1 1.7 .9 6.7
DELTA COST: 12.5 4.5 .5 17.3
C 1 16.4 6.2 1.4 24,
4 4.3 1.7 .9 6.9
DELTA COST: 12.1 4.5 .5 17.1
D 1 17.1 7.0 1.6 25.
4 4.5 1.9 1.1
DELTA COST: 12.6 5.1 5 18.2
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CONCLUSIONS:

a.

Initial and Replacement Spares Costs for a four unit
Inertial Navigation System are from 71 percent to 76 per-
cent less than a one unit Inertial Navigation System,
regardless of whether the spare units are stocked at the
site or onboard the aircraft.

On-aircraft maintenance costs for a four unit Inertial
Navigation System are 72 percent less than a one unit INS
when onboard spares are available and 59 percent less
when the spare unit is stored on site. The difference

is due, in part, to bringing the replacement unit aboard
and removal of the faulty unit from the aircraft.

Although initial and replacement spares costs are lower
when stored at the site (when the number of aircraft
exceeds the number of sites), the difference in cost is
offset by the increased on-aircraft maintenance costs.

Off-aircraft maintenance costs for a four unit INS are
from 31 percent to 35 percent less than a one unit INS
due to the added equipment complexity and time required
to fault isolate and verify repair of the single unit INS.

Total life cycle maintenance costs including cost of spares
is over $13M greater for a one unit INS than for a four
unit INS. 1Initial INS procurement penalty 1is only 5K

x 200, or $1M, for anet savings of S12M.
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APPENDIX D

STRAPDOWN GYRO TRANSFER FUNCTION
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Strapdown Gyro Transfer Function

The dynamic model of the strapdown gyro is shown in
figure D-1. The basic equations of motion of the strapdown gyro
are determined by balancing all the torques acting on the rotor.

Torques about X:

+ DO + + 0. + = < Hé. - A, + +
AO, + DU, Ky 0y + H, 0y Ky Oy Hoy - A¢y + M_, My
(1)
and torques about Y:
. _ _ _ . N
AUY + DOY + KD OY HC Ox KQ GX H¢X A¢Y + MeY MaY
(2)
where:
A = Rotor moment of inertia about output axes
D = Damping on rotor about output axes relative to case,
D =~ 2A/1
1 = Gyro dynamic time constant
KD = In-phase spring rate between rotor and case (function
of mistuning parameter AN) KD = HC AN/Fm
KQ = Quadrature spring rate between rotor and case:
KQ = Hc/t
HC = Angular momentum of rotor for rotor displacements
relative to case for no case rates, i.e., ¢X = ¢Y = 0,
H, = (C + A )N
c g
H = Effective angular momentum of rotor for case rates
about input axes for rotor moving with case, i.e.,
Uy =0, =20, H= {HC - N (Ag + Bg - Cg)/2} = H_ [l—l/ZFm]
Fm = PFigure of merit = Ho N /K7, where Kp = sum of all

torsional spring rates of suspension.
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SHAFT SPIN AXIS

ROTOR SPIN AXIS

/ L
L/
X, Y, s ARE AXES FIXED
. T IN THE GYRO CASE

qix. éY, dSS: ANGULAR RATES OF CASE
RELATIVE TO INERTIAL SPACE

9. : ROTOR ANGULAR DISPLACEMENTS
RELATIVE TO THE CASE (PICKOFFS)

N : SPIN SPEED

N TUNED SPEED =»/K J(A +B -C)

o T g g g
Ky SUM OF TORSIONAL SPRING RATES ATTACHED TO GIMBAL
Ag . GIMBAL MOMENT OF INERTIA ABOUT SHAFT-ATTACHED AXIS
Bg . GIMBAL MOMENT OF INERTIA ABOUT ROTOR-ATTACHED AXIS
cg . GIMBAL POLAR MOMENT OF INERTIA

C : ROTOR POLAR MOMENT OF INERTIA
AN - N - N

o

Figure D-1. Dynamic Model of Strapdown Gyro
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Max and May are torques applied to rotor about X and Y

respectively. Mex and Mey are error torques generated primarily
by the non-linear terms in the equations of motion. The primary

terms are:

(C - A) o &;X-H&)Soy+(c—2A) ésé

oy S - A¢p_ G©

S X

M X

The first term is the expression for the anisoinertia term and is
present even for an ideal perfectly captured gyro, where

iy = Uy = 0. The second term is the cross coupling error gener-
ated if the capture loop is not ideal (0x and 0Oy not equal to
zero). The third and fourth terms are other error terms which
are also generated for imperfect rebalancing. Additional terms

due to motor hunting are discussed in another section.

Gyro Transfer Function (Open Loop)

The output angle 0 (pickoff) versus input angle ¢ can be
determined from Equations (1) and (2). Assume és = 0 and
inoperative capture loops.

Taking the Laplace transform and expressing in matrix form:

2 . e N oael
AsS” + Ds + “c AN/Fm nc(s + 1/1) OX(S) Hb®y(b) AS @X(s)

. . 2 : . . - all )
-uc(s + 1/1) As™ + DS + “C AN/Fm Oy(b) Hb¢x(b) As my(s)
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Solving (3) yields (for D << HC):

L (8) -s(s + 1/1) (s® - ps/2a + HHC/AZ)
7.(5) = 5 > 5 A Direct Axis
X ES + 1/71) + (AN/Fm) } [S + DS/A + (HC/A) ]
U_(8) -H s[s - F /T + V/(F /T)2 + ZANH/A.][S -F /T - v/(F /T)2+ 2ANH/Ak]
Y - C m m m m Cross
by (s 2AF [(s sl (AN/Fm)2][52 + DS/A + (HC/A)z] Axis
HC
" Nutation frequency w
HH
__é; = Y% T n [} - % F ]
A m
for
F »>>1
m

A typical frequency response for such an open-loop gyro 1is

shown in figure D-2.
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RATIO OF PICKOFF OUTPUT ¢# TO ANGULAR DISPLACEMENT
INPUT ¢ VS, FREQUENCY (OPEN-LOOP)

PARAMETERS
1o N 628
2 F - 500
10— m
AN/N - %19,
10 7T - 50 scc

w - 1060 rad/sec

a0
O
o
] TW
! -1
Z 10
0]
I
= 10"
zlo /7
107>
1074
!
107> ‘** 1
- - - - 3
10 4 10 3 10 2 10 ! 1 10 102 10 10‘1 10‘5
FREQUENCY w, RAD/SEC
Figure D-2. Open-Loop Frequency Response of Strapdown Gyro
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APPENDIX E

PENDULOUS ACCELEROMETER ANALYSIS
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Pendulous Accelerometer Analysis

Below is a brief analysis of a Pendulous Accelerometer.

Instrument level errors and dynamics are derived and error magni-

tudes evaluated.

Instrument axes defined by:

(X, ¥, 2) Case fixed axes

(OA, PA, IA) Principal axes of accelerometer
OA Output axis

PA Pendulous axis

IA Input axis

0] Pickoff angle

(OA, X) » Y

PA

Resolving input case rates along principal axes to first order

in 0.

IA Z Y
= + 0

“pa Wy Yz
= + 3
wOA wx U
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Input acceleration as measured by instrument is:

AIA = AZ - OAY

Since (0A, PA, IA) are principal axes, angular momentum, H, is

related to angular velocity by principal moments of inertia JOA'

JIA' JPA
HIA = JIA (mz - GwY)
Hpp = Ioa (wY + Gwz)
Hon = Jon (o * ®
Equations of motion are obtained from:
(é)SPACE = M
(B) gpace = () popy * & X H

The equation for torques along the OA axis 1is then:

Hoa + “paHia = “1afpa = Moa

Substituting for w and H and collecting terms:

- JPA) + 0 (wz2 - w 2) (J - J.,) =M

( Y IA PA

J (wx + 0) + Wy Wy

0A J1a

External torques to the system along OA axis are:

MOA = PA - Kee - B + M

IA e
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Where
P = Pendulosity (M1)
KU = Torsional restraint of suspension
B = Rotational damping
Me = Applied rebalance torque

Applying equilibrium of moments, we have:

JOAO + BO + KOO = PAZ + PAe + Me

Where Ae are the error terms measured by the instrument:

PR, = wyup(Jpp = Jg )

+0(w2—wY2)(J -J.) - J.o

2 PA IA OA - POAy .

X

The magnitudes of these error terms will now be evaluated using

the A-1000 design parameters.

Anisoinertia

== [9%} -
Yo “v¥s (pa Jia) /P
Ole 2
R = 0.5 uG/(°/sec)
v¥z




With

Governor Effect

OA

Eo
o (¥

G o{w

Vibropendulous

403314

0.9 gm - cm2

wo SIN (27ft)

210 uG/(°/sec)Hz
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APPENDIX F

DERIVATION OF DESIGN EQUATIONS
FOR TETRAHEDRAL ARRAY
OF 4 TDF GYROS
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APPENDIX F

DERIVATION OF LEAST SQUARES DESIGN MATRIX FOR n
TWO-DEGREE-OF-FREEDOM GYROS WHOSE SPIN AXES
ARE NOT COLLINEAR

When the instrument cluster consists of n TDF gyros, then there
are 2n channels that contain information of angular rate of the
cluster. The computed angular rate of the cluster,<w» is related
to the measured angular rates of the cluster, W, through the
matrix [D] as shown in Equation (1).

<w>= [D]g (1)

The purpose of this section is to derive and define the design
matrix in such a way that the sum of squares of the errors con-
tributed by all 2n channels is minimized.

Let & represent the total angular rate of the instrument cluster.

Let the unit vector gi coincide with the spin vector of the ith
gyro and wj represent the component of  that is perpendicular to
the spin axis of the ith gyro. The relationship between the spin
axis of the ith gyro and the various vectors is shown in

figure F-1.

Figure F-1. Spin Axis of the ith Gyro and the Angular
Velocity Vectors .
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It is noted that & is the angular velocity vector measured by a
perfect ith gyro and this vector is given by Equation {2)

5 = T -8 .5
i w-Si (Si ® ) (2)

The dot product written in matrix form becomes

wn>
.

- [gf] (=) . (3)

i

—
wn>
-3
| W— )
p—
€l
[ —)
1
—
wn
»
H
wn
<
(™
N
'.l
[ E—
€
X

w
Y
Yz
S .w +S.w._+8.w_ ! 0 !0
xi "x viy zi Tz I
e e e et o e o e e e e o o S WS S
! 1
= 1
0 (") : 0 (4)
UV UOH EIRR (R .
! |
! |
- 0 i 0 1 0 -
) A
Where S,i, S and S,; are components of the unit vector, Sj,

i z
resolved alng the re%erence coordinate set xyz , and wyx., Wy and
w, are components of total angular velocity of the cluster also
resolved along the same set.
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Substitute (3) into (2) and express in matrix form.

5] - o1 - ][]

(0 - [8] 3= . (s)

Let

[ss] = @ - [5] [¢7] (6)

Substitute (6) into (5)

[Gi] = [Si][i] . (7)

Expanding (6) we obtain

— | -
1 -s2, | -s_.S... | -5
xi | xi Tyi [ xi “zi
|
____________ B o e ——
| i
| 2 }
s.| = -S_. S_. b1 - s°, | -S. . S_. (8)
i X1 “yi : yi | yi "zi
____________ Y S
[ |
I |
: '. 2
~ ~Syi Szi L TSyi Sz I =5, ]

Examination of Equation (7) reveals that when the total angular
rate vector, w, is premultiplied by the [Si] matrix the resulting
product yields a component of the total angular input rate that
is perpendicular to the spin vector of the ith gyro. Thus Gj
represents the rate vector as would be measured by a perfect ith
gyro. Similar relationships may be written for the n TDF gyros
contained within the instrument cluster. Thus,
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—
£l
'_J
pr—
]
e
4]
—
ed
(o
€]
s

£l
..l
[ W—
1
[42]
H.
[l e
£
| S—

or

(a] = [a)(=] .

(10)

(11)
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Where [&] is 1 by 3n matrix representing 2n measured rates and
[A] is the 3 by 3n matrix (sometimes referred to as the
mapping matrix). [6] and [AJ are defined by Equations (12) and
(13).

(s] = . (12)

]

[a] . (13)




403314

Assuming that the spin axes of the n gyros used are not collinear
then we have 2n available measurements that represent the total
rate of the cluster. There is a variety of ways of extracting
the desired information out of the 2n measurements available. 1In
our approach we will consider the least squares regression method
which is given by Equation (14)

<w> = [AT A]-l [AT] w (14)

Comparing Equation (14) with Equation (1) it is noted that

[p) = [AT A]-l [AT] (15)

Next we will evaluate the least squares solution for matrix [D]
when n TDF gyros are present and operating within the instrument
cluster.

Using (13) we obtain

[AT] = [[sf], [SZT], C. [siT] C . [snT:H (16)

(7] = [ - (17

Applying (17) to (16)

[AT] = [[51]' [sz]. Co. . [si], C. [sn]] (18)
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And thus

[AT] (2] = [ [Sl] . [Sz] SRL [Si] e [Sn” F[sl]7

= [sl]2 + [52]2 +...+ [si]‘2 +o..04 [sn]z . (19)

n>
n>

(20)
But since

N A
s'f S. = 1 (21)
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Then Equation (20) becomes

[Si]2 - 1-58; 5] = [Si] (22)

Using Relationship (22) in Equation (19) we have

[AT] [a] = [[sl] + [Sz] fot [si} TR [sn]] (23)

Substitute (18) and (23) into (14) we obtain

<w>= [[sl]+[52] T [si]+. .. [sn]]'l [[51] , [52], .. .{si], .. .[sn]] w

Cien 1™
S| B[R 1)
cw>= 12:511 [Si] W o
& |

since S;] Ww: = Wi .

Equation (24) states the computed angular velocity, <w> of the
instrument cluster based on outputs of the individual instruments.
In this equation the outputs of the individual instruments are soO
weighted that the sum of the squares of the errors associated
with all the instrument axes is minimized.



403314

Equation (24) is a general one and prior to its solution, instru-
ment orientations have to be specified. This is done in the
following paragraphs for tetrahedral orientation.

DESIGN MATRIX FOR FOUR GYROS

Thus let us assume that n = 4. Using Equation (6)

A SIS N ISEATS
- X ORI e

Next we evaluate the value of the sum of the products in Equa-
tion (25).

—
!
S
™
Il
NN

[
]
[
-
il
| o

S .
yi
SZiJ
[ > N
S_. S_. S . S_.. S8_.
xi xi “yi xi "zi
= 2
= S.. S_. S, S . S_. (26)
yi “xi yi yi “zi
S_. S_. S_. S . SZ.
[Tzi Txi zi Tyi zi i




Assuming orientation of the spi

hedron as shown
cosines for the

£
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n axes on the faces of a tetra-
n figure F-2, 1t may be proven that the direction

i unit vectors are:

Figure F-2. Regular Tetrahedron
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for

[2 0] [e))
o ~N
o
<fm Il
1] —
N
n
-~
NN —
wn >
n
< —
1] ] < —
~ ~ {l ]
i o
|
1l
il
-
N
ol 4]
N D>y
w o
x
n
< —
] 1]
- ~ Sy —
AL
-4 -
<|m
n
I
-~
om{ y
oNX 1%}
[47]
o
»
< ~ wn
H il
.l .l
<t ~
] il
o =]

12
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Substitute (28) and (29) into (26) we obtain

.
0

1
wib
o

H
]
—

n>
-
—
I
O
W
o
I

r__
o
o

wis

Substitute (30) into (25)

and

4

.—0

-1

=

5 pa] - - el

Substitute (31) into (24)

(30)

(30a)

(31)

(32)

F-13
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Substitute (12) into (32)

B (YR CA HER A I T8,
(“2]
[“3]
| [“4]]

-]+ [a]f]] o

]
®|w
—
——
n
[
—
—
€
o
+
—
%]
(8)
—
NG
(§)
—
+
~—
0
w
—_—

) - )

Then, the least squares solution for four gyros arranged in
tetrahedron configuration is given by Equation (35)

w
' 3k
+
€l
+
e1
+
[
NN
—_—

<w> 1234 = g (35)

Where &, ©,5, &3 and w4 are vectors representing outputs of the
four gyros.

The subscript 1234 to<w>indicates that solution is based on the
output data of all four gyros.

The relationship stated by Equation (34) may be derived from
physical reasoning as follows: Premultiplication of a vector by
the matrix [Si] yéelds the component of that vector that is per-
pendicular to the i vector. Now, since w; is defined as being
perpendicular to éir then premultiplication of Gi by the matrix
[Si] must yield [y
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DESIGN MATRIX FOR THREE GYROS

Next let us assume that n=3. When one of the gyros in a tetra-
heoral set fails, then we wish to process only the outputs from
the remaining three properly operating gyros. Let us make an
arbitrary assumption that gyro number 4 has failed.

The sum of matrices in Equation (24) becomes
z [si] = {sl] + [52] + [33] + [34] - [54] (36)
i=1

Note that the matrix involving the failed gyro, [84], was added
and subtracted in Equation (36). Substitute (30a) 1nto (36)

-(3 [J-31[]) (37

Assume that the inverse of Equation (37) is given by Equation (38) .
Thus

P
1
w

[si] = 2 ([1] + 3 [54]) (38)

]
!
[

F-15
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The relationship stated by the Equation (38) may be verified by
performing multiplication indicated by Equation (39)

3 -1

[si] [si] = [I] (39)

Substitute Equation (37) and Equation (38) into Equation (39)

= FI Q.E.D.

Where it was noted that relationship stated by Equation (22)
was used.

Substituting (38) into (24) and noting (34) we obtain

W03 T % [[I] * % [54]] [C’l teg ‘:3] (40)
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B

states the least squares solution for the tetra-

hedral set when it is desired to process the data from gyros 1,

2 and 3 and disregard the data provided by gyro number 4.

In a

similar manner when the data from gyro number 3 are disregarded

we obtain

<w> o, = % [[1] + -g- [53]] [:’l + 5, :4] (41)
When the data from gyro number 2 are disregarded we obtain

<w>y34 T % [[I] + % [Sz]] [:1 + 05+ 0, ] (42)
when the data from gyro number 1 are disregarded we obtain

Wy T g [[I] + 3 [Sl] ] [az teg ity ] (43)

DESIGN MATRIX FOR TWO GYROS

Finally let us assume that n=2, i.e., when two of the gyros in a
tetrahedral set fail, then, of course, we wish to process only
the outputs from the remaining two properly operating gyros.

As before, let us make an arbitrary assumption that gyro num-
bers 3 and 4 have failed.

The sum of matrices in Equation (24) becomes

] -

-
1
N

(44)

[52] * =]

[
i
[
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Assume that the inverse of Equation (44) is given by Equation (45)

-1

2 [a] 2013l ()] ] ] e

As before, the relationship stated by Equation (45) will be veri-
fied by performing the following evaluation.

Define

[B] = [[sl] + [52]} - (46)

[
[ et

[s] = & [I] - %[[51] + [52]] + 7= [[51] ¥ [Sz]] ’ (47)

) < [ ]
) - [ [ra]

18

)
1
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[511] 5, 8] (50)
[522] - /5\2 ’5\3 (51)
[ R 8 I G S R T S T
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Evaluate

[511] [511] = [511]2 (54)

Substitute Equation (50) into (54)

[Sll] [511] B §1

>
]
>
n>
=3

>
Ll

= [511] (54)

AT A . C
Because S{ 51 1s the dot product of the same vector and this is
equal to unity.

Similarly

[322] [522] - [522] (55)

Next evaluate [Sll] [SZZJ

Substituting from Equation (50) and (51)

_ A AT A AT
[511] [522] = 5,88, 8

& _ % [312] (56)

F-20
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AT A . .
Because S$ S, is the dot product of two unit vectors and for the
case of tetrahedron orientation this dot product is equal to
- 1/3.

Similarly

[522] [511] = -35, 8]

-3 [521] | (57)

>

Substitute Equations (54), (55), (56) and (57) into (53) obtaining

[[Sl] * [52” 2

0
KN
—
—
—
1
>
—
~—
wn
[
s
—
+
—
)
N
N
—
—_

+ :821] ] ' (58)
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Substitute Equation (52) and (58) into (47)

o] = B[] -3 [ (3]~ [o0d] - [520])]

- “512] * [521]] (59)

Noting definition of [B] from Equation (46) multiply both sides
of Equation (59) by the inverse of [B].
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+ _126_ [[512] [311] + [512] [522] + [521] [511] + [521] [522]](60)

Evaluate components of the last term of equation (60) using
definitions stated by Egs.

“12]
S12]

LS 2 1]

=il |

Evaluate the term

[ [22]]" -

gh
.o

{S 11]

|
—
w0

(50), (51), (56) and (57)

= -3 [511]

(61)

(62)

(63)

(64)



Substitute Egs, (61),

Il

gyro failures.

are only dependent upon the specific or
hedron relative to the reference coordi
entirely independent of the orientation
The i

where

403314

(62), (63), (64) and (65) into (60).

- % [[512] * [Szl]
* 75 [[512] * [Sle - 3 [[511] * [522]]]

1] e

Table F-1 shows the design e

Note that the matrices

matrix is given by

s : ]
L -5, VT xi%yi D TOxiPzi
———————— -.:——_————_—_-:—_——_—_—_
= TPxiyi 1 - Sii - yiSzi
i '
_______ [ B
- xiszi I "Pxi%zi ! 1 - Szi
' ' 4
2, 3, 4.

quations to be used for the special
[S1). [s2]. [ s3] ana [s4]
lentation of the tetra-
nate axes selected and are
of the gyro sensing axes.
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Table F-I. Design Equations

GYRO DESIGN EQUATION TO BE USED
FAILED

NONE Kw>1534 = 3 (“1 tow, t+u, “’4)

+
njw
n

-

KW > _ 3
1 234 = )

+
ujw
n

<w>24 -

.—l
pl,_,
—
-
)
|
S0
~—
nn
N
| —
+
~n
N
e
—_
+
[
m|‘°
—
e
n
N
[ M )
+
'J}m '
4

—
€l
N
+
el
N
s

<w>

[
g
Y
N
w
i
— /-\
] hra
N +
+
IV
£l —_
w
g '
FN[¥e]
[ |
r—
7))
N
+
—
n
w
—
—
+
.—l
o ©
————
n
(%)
[ W—
+
—
[47]
w
—_
d
\-/N

F-25
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Table F-I. Design Equations (Continued)

S ORI O RO R S
(:’1 ¥ 54)

2ea s (0] -2 Ry - B - % [ - Eo)
(51 + %)

R (% ] -2 [[SJ * [Sz]] * 1 [[sl] * [SZJ])Z
)+ 5y)
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APPENDIX G

RELIABILITY DATA
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RELIABILITY DATA

Attached are two separate reliability predictions, of 18
pages each, for the redundant Strapdown INS. Both predictions are
based upon MIL-HDBK-217B failure rates. The first assumes an Air-
borne Inhabited application with the part ambient temperatures
stabilized at a maximum of 70°C. The second prediction assumes
an Airborne Uninhabited application with a part case temperature
of 90°cC.

The Airborne Uninhabited prediction is applicable to mili-
tary aircraft applications and is, therefore, conservative for
the VTOL application. The Airborne Inhabited condition is appli-

cable to Commercial Airline installations for inertial systems.



DATE: ASSY AMBIENT TEMP:

RELIABILITY PREDICTION DATA SHEET
ARBORME INRADITED

10 < sneer L _oF !

Paevtial Nawi §t¢ ‘v

Langley Sévap dewn

PROGRAM: L\-hz\‘ S*ﬂr&w\ar\k!"ﬁt\ Nav, ASSY:

NHA: SCHEMATIC NO:
QUANT See INDIVIDUAL TOTAL PAILURE
- PART TYPE/ASSEMBLY e FAILURE RATE RATE
e o MmN
4 Tuertinl Navigation Medule 2 243.890 415,560

ASSEMBLY FAILURE RATE A15.560  paLURES/ 106 HOURS

A mmsmaamm: s as e

\oxS uAlIDe PAGF ‘ oF ._Q__l G-3



RELIABILITY PREDICTION DATA SHEET
AIRBORNE INHABITED

DATE: ASSY AMBIENT TEMP: 20 e sueer ' _or |
PROGRAM: L-;Alu\ Stripdann T tiniNav ASSY: Twevrtial szl%h‘“ Medy e
NHA: SCHEMATIC NO:
QUANT See INDIVIOUAL TOTAL FAILURE
m PART TYPE/ASSEMBLY 'Pa;t 'MLUI(;)IAY! l(:‘;)!
| Twstrument Blacx Assewmbly 3 90.14> 40.143
\ Tus tvument Rebalawee Cavd 4 13.54¢ 13544
1 T MM Pl/o Card ) 5 12.129 12.129
L Car® Spn/Puterrypt Cavl . 1312 13
L] e®u Cavd Nt 1 5.492 1S 552
| CPW  Cavd No.L 8 31.5L2 318
{ RAM Card q 22111 2. 121
! PorT Ligic Cavd to 4.48¢ 4 484
| T/o Card Nl " G .806 -80%
\ 2/ CGvd WNe L Y .. 147 6.4
i Rfo Cavd No.d 13 §.72L 5.122%
L Male Cavd (% q.220 Q2720
i Tower Supyly Assenmbly Y .13 8.4
4 Comnector L0 P - 2 .03 % a.130
ASSEMBLY FAILURE RATE 243.8% raiLURES/ 106 HOURS
G-4 ASSEMBLY MTBF 4109 HOURS Pace _% or '8




RELIABILITY PREDICTION DATA SHEET
AVRBORNE THUABITED

DATE: ASSY AMBIENT TEMP: 10 ¢ sHeeT _\__oF !
PROGRAM: Langley Sw\ilown‘rnqv‘t\s\ Nav. Lesy. TweX rumenT DBlacn Asscmbly
NHA: SCHEMATIC NO:
QUANT STRESS INDIVIDUAL TOTAL FaAILURE
M PART TYPE/ASSEMBLY RATIO FAILURE RATE RATE
o LY
\ Gyvescope, G- - 36.000 2% .000
2 Acce\evometers A-\o00 - (6.13S 33,410
4 | 1.0 Hqbvid (High Govvest Swibk) (188044) — | 413> 18.431%
2 | T.c, SSTIMSE Liwear LM 13Q) - 0.%08 0.41L
X T C., sstiMsy Dig.tat (R3gsiofsvior) CsnSac) —_ 0.06S 0.130
T T.c., ssimsT digtal (n3sSiofooder) (snsaou) - 0.018 0.lSo
__i__‘ C_—;?:c\"twl Cevamit CewR) o.-% 0,002 0.0S*
A Capaniter, Tand, Sl Lesw) °.4 0. 004 0.0 L
| 2 C";;—u\tvf. Glasy Cexw) 0.4 0.008 .ot
\2 TV‘I\:\s\s*‘w‘ NPN, kineas CJANT’L) o.2 0.048 0.48 0
4 | Dude, GeweralPurpuse CaanTe) |82 0.053 °. LI
8 Resiy o Film CRLR) o.x 0.00% 'RERR
\4& ResisXev. Cavbon Composition Crer) °o.2 0.001| 0.0 ¢
\ Connecor 40 Tin ' — VA4 WL Y
—

ASSEMBLY FAILURE RATE Qo. \4d FAILURES/ 106 HOURS

ASSEMBLY MTBF ATANY HOURS PAGE 3 OF 18 G-¢




DATE:

RELIABILITY PREDICTION DATA SHEET

A\RBORNE IMWHADITED

ASSY AMBIENT TEMP: ____ 10

‘c

SHEET

PROGRAM: ‘2ngley Sﬁnplowntnev*'mle,Assy: Tnastrument Rebatance Cavd

\__ofF _}

NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FaAlLURE
PART TYPE/ASSEMBLY STRESS | ¢ iLuRE RaTE RaTE
) RATIO 0 iy
G [ X.c., SST/MST Digtai(M3esiofeio) (sSNSasW) | — 0,019 0.414
2 | B.C SST/AST Digtal (edsost) - 0.1k 0-324
2 | T.c, SsT/MstBigikal (Ccd4a053) - 6.1k ©.3%4
2 | BC, SST/MST Dagtal (ANISe) | — 0045 0,040
5 | T.C, SST/MST Linear (M3esi0/10304) (M) - 0.208 \.040
10 | TiC, SST/MST Lineav CLID) - 2.217 2.210
& | T.C.,SsTiMsT Livear (khnie) - 0.25% 1.524
rd Tvtn:ts""ov, NPN,Lineav CIANTX) 0.2 0,040 0.080
& TransisTor, PNP, lanear (JANTX) 0.2 0.059 0.412
8 | Tramsistor Field Edfect Lmenr (TANTY) 0.2 6 . 3o 2.38%0
T Diode, General Purpose CIANTR) ©.2 0,653 0.3
2 | Dicds, Zawer (IARTR) o.2 0.125 0.250
86 Czpoacitlor, Ceramic CeKR) °o.4 0.009 0,11 &
1o Caspacitor, Tant, Selid CcsR) .4 O.c04 5.040
103 ?\!.Sbs"\‘bv' T b ('P\L’R} ©.2 0.00 4 O, 4\
29 'Rt.5|:"1'ov" Film CRNO) 0.2 0004 o\ L
T | ResisTor Carbon Gompesition CReRD c.2 V.00l 6,067
% | Resister, Vaviable CRTR) | 0.2 0,031 ©.0L2
l Conneclor, Qo P - 2,934 2,03¢
ASSEMBLY FAILURE RATE 43:54%  FAILURES/ 108 HOURS
G-6 ASSEMELY MTBF 13, 833 HOURS pace _ %+ or '8




RELIABILITY PREDICTION DATA SHEET
ALRBORNE TINWABTED

DATE: ASSY AMBIENT TEMP: 10 cc SHEET ) oF _}
PROGRAM: hangley s+"!é.w.\'1’mtu| Nav, aeqy. _ X MM Xio Cavd
NHA: SCHEMATIC NO:

QUANT sTRESS IMDIVIDUAL TOTAL FAILURE
- PART TYPE/ASSEMBLY RATIO PAILUl(:)IAYI l(;{)!
4 | T.c, SST/MSE Digibal (2506) - o L0& o.8LlL

4 T, L&D+ RAM (27s03) —_ 0,l6S 0.L6L0
\ T.C, ssT/MsTIgtal (H3eS0]00i0¥) (s 5%00) - 0.065 9 .06S
\ T C, SSEMST digtal (#128510{ 00401) (sN5%02) - 6.070 6.010
A | Tc, sST{msh dgtal (13850/oies) (sNsa0a) | — 0.010 0.280
| | T.c,sszinsz 3ig.tal (H3psI0l00205) (shnsa) | - 0.619 0019
|| T.¢, sstimsz Digital (SN5%125) - 0,081 0081
\ T.C., SSTMSR Dugital (SNS*15T) -~ 0.5 o5
L__ly___‘I‘.C.,Ssr/"xs:: Dy tal (M32Si0fo 130L) (5S4 16l) — 6. 1S .
4 | T.c, ssT/nst digital (SNS4113) | — 0.138 0. {52
\ T.c, sse/nseDigital (snwsesud) | - .10 0.110
l T.C, sS2/MSE Dig kal (snoesia)| - 0.l 0.\
L | T, ss2[Hst Diglal (snsas25) | — 212§ 0.259
i T.C., 53T(MSY Dyikaj (sNsesid) | — 0.180 0109
2 T.C, ssr/asr digital (SN5eL5\14) - 0.10% 9.200
1 T.C,, SSE/MsT Degrtal (sns4.5194¢) | ~— 0.5 2.5
1 T.C, s5T{ASE Dig.bal (w2-GogqA ) - ©.100 0.108
' AlD Convevber Module - b 21 L.L21
e Capacit or Cevamic Cewt) o.4 0. 009 0. \4s
a Cafz:\to\r‘ Tauw®, Selid (ese) .4 0.00% 0.0
) Conneckor, R0 P - 2..034 L.034
ASSEMBLY FAILURE RATE 12124 FAILURES/ 108 HOURS
ASSEMBLY MTBF 18,501 HOURS pace _5___ of '8




RELIABILITY PREDICTION DATA SHEET

AIRDORNE TNHARITED

—_—10 ¢ sHeeT __\ __oF _!

G4vre Spm/ Tt vaf"‘ Cavd

DATE: ASSY AMBIENT TEMP:
PROGRAM: L2mgley Sivapdewn Tuekial Nav,

ASSY:
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FAILURE
- PART TYPE/ASSENBLY ’:::"o’ FAILURE RaTE RaTE
o LY
' T.c, $8T/MSI Digital (M28Sios0ai) Ccraon) - 0.0ty 0.000
3 | T.c, ssefmar Drgikal (M3es500/05 102) (cdao2)) | — o191 0.513
) T.C. SsIMsT Digital ( (4023) -— 0.201 8. 20|
3 | T.C, SOT(MSI digtai (n38Siofo 1300) __Gsnse) | — 0,151 0.453
3 | T.c ssTjmst Dighal Qm0gs) | ~ o.015 0.215
2 | T.c, SSTYMsT D Ral (s nsatsu)| — 6.019 0.158
2 | TG, SSTinszdigital (Massigfosios) CsrS400) - 0.045 9.130
2 | T.c.,SSTMSEDigtal (Massiofoois ) (snSe0ed | - 8.010 0.140
I | T.C¢., SST/AST Dgtai (M3es10/00102) ECLELITY) - 0.053 0.053
|| T:€,SS3INST Digtal (M38510/00%00) (snse3s) | - 2.138 0.138
‘ T.C.,SST [nar Digital (H38510/01403) Csnsmisy) | - 0.0%4 © .09«
5 | T.c., 35T/ms2 Digkai (MI8S10 01304) Csns+i@a) | - 0,140 6.140
! T.c.'SsliHJI‘ hvezr CLMieg) - o, \ i o\
U | TC. SSTIMST, banear Cemni) - 0.221 o2
I ®c,SSTiAsT tinear (Lm13%) - 0.108 °.208
i 'r'\ns\xfor! NPN, Legic Switel CITanTX) o.2 0.01% 0.019
6 | TeansuTor, PN, Linear (IanTR) [ ot o-ste 0.240
\ TS is¥or TNP, Linear CIANTR) 0.2 9.059 °.059
3 Jiode, Geneval TG"?"'— CIANTY) 0.1 0.083 0,159
12 | Dusde, SCR CsanTy) 0.2 Py LTS
) Capaciber, Cevramice Cerp) °o.% o .009 %072
S5 | Capacibor, Taut. Salid (esw) 0.4 0 10t 4= 0010
© | Resistor Filmmy CRR) 02 6004 o.\L0
.rl Resistor, W.W. Power CRwWR) 0.2 0.0} 0 01|
t Connec to", Q0 Tinm - 2:.034 2,034
ASSEMBLY FAILURE RATE 1.3 FAILURES/ 106 HOURS
G-8 ASSEMBLY MTBF 136,515 HOURS page _“*__ or '8




RELIABILITY PREDICTION DATA SHEET

DATE:
PROGRAM: Lang'tt

ALRBORNE TNHABITRD

ASSY AMBIENT TEMP: 10

S*Ytr dvwn _L,“gyt\‘h\ Nav

ASSY:

°c

SHEET

\

or !

C.m,ufev?n cessor Cavd Nool

SCHEMATIC NO:

NMA:
QUANT STRESS INDIVIDUAL TOTAL FaAILURE
- PART TYPE/ASSEMBLY wATio | PAILURE maTE RATE
(N LY
T.C, LST digital CAM2388) - .03 1L3b0
A T.C., LST dig.tal CAMLYe ) - lis8 a3
\ T.c, SST{nsDighal C AM2q02) - 0. 11 6. \%
1 T.c.. loz4B:t Ron (anm nui - 0. 520 3,40
& | T ssTin s1 Digtal (M38510/01000) (s S442) - 0.\ 1 0. 444
3 | T.c., sstnst digtat (M38si0fo1ne2)  (snise 11S) -~ 6.070 0.210
3 | T.c,ssz/mst Dgkal (n385i3fo0el) (sHNSH101) - ©.091 0.213
2 | xc ssp/mse Digtal (sN 54LS153) - o.110 2.220
| Capaator Jeramic Cene) o. 4 0.008 0144
a Capacitor, Tant. Selid (cswr) o .4 0004 ool
4 Resistoy, Cavbon CampesiTion CReR) s .2 .00 { 5.004
\ Conneclor A8 Pin —_ 2.03 ¢4 1.034
ASSEMBLY FAILURE RATE \5.S5% _ FAILURES/ 108 HOURS
© & 300 HOURS page 1 oF 2

ASSEMBLY MTBF




RELIABILITY PREDICTION DATA SHEET

AR BORNE “THHABLTED

DATE: ASSY AMBIENT TEMP: ___10 __ °c SHEET __\ _oOF
Computer Trocessor Cavrd No.2 - RoM

PROGRAM: Langley SvipdouwnTuevtial Nav ASSY:

SCHEMATIC NO:

NHA:

QUANT INDIVIDUAL TOTAL FaAiLURE

- PART TYPE/ASSEMBLY ’.':,:"; PAILURE RATE RATE

o MmN

3 | Tc, SsTNse Bigital (M3s5i0 fonon) (snseins) | - ©.010 0.210

3 | T, 357/mse dqebal (n38sie/oi00)  (smsee) - o.M 0-333

\S | T.c, ssTimsr Digtal (Anzain) | - 5.5 2.670

8 [=.¢, ie3seDt Rom (Asz2u) - 3.25L 16 .048

I {T.c,, 2oes Bt TRon (imew) | — 0.192 °.1q1

1 Caparcibor, Cevamue €44 B 0 6,009 0.0L3

| 3 | Gaprcker, Tand. sind Cesn) 0.4 0.00 % 0.0l

\ Coevnector, 30 Pin - 2.034 2 03¢

ASSEMBLY FAILURE RATE 30.SLL  fFaiLuRrES/ 108 HOURS

G-10 ASSEMBLY MTBF 3hede HOURS Pace _8  ofF _'8




RELIABILITY PREDICTION DATA SHEET

AMRBORNE THHARBITED
DATE: ASSY AMBIENT TEMP: ____ ‘0 °c sweeT ' __oF _!
PROGRAM: LangleySTrapduvTuertiai Nav.  oqr. RAM  CcArd
NHA: SCHEMATIC NO:
QUANT INOIVIDUAL TOTAL FalLURE
- PART TYPE/ASSEMBLY ’:::"; FAILURE RATE RATE
1 o mN
4 | Tc, 40caLBrRAM - 2,160 8.6 %0
3 T.C, SsT/MsTDigtal (M3ssiofoiT0d) (snSe 10 s) - 0.010 0.210
2 T.C, ssrlns:)m&t—;\ (n28s5i0)01001) (3ns5e41) - o Ll ¢ L1
\& | T.c, ssejmsr drgtal (Am2405) - 0.2l 3,240
¢ | =.c., sSTIMST Lmear CH3BSI0] In10Y) Crmae) - 0.181 o.&!
2 | diede, General Puvpese CITANTX)] o 0.053 o.{0k
[ C.aflt\t""' Cevamic (exn) 0.4 0.409 0054
(A Capacitor, Tant. Selid Cesv) °.4 e.004 0.0L8
8 Resistor, Tolm CRLR) °.2 0004 6.2
L | Batteny — 8.000 8 .%o
\ Connector, 9o Pin -— 1.03¢ 1.93%
ASSEMBLY FAILURE RATE 22121 FAILURES/ 108 HOURS
ASSEMBLY MTBF 44,001 HOURS pace 3 or _'&

G-11



RELIABILITY PREDICTION DATA SHEET

ARBORNE THHABITED

DATE: . ASSY AMBIENT TEMP: 10 «¢ sMeeT ' __oF _!
PROGRAM: kavaleySimpdeunTuerlial Nav. oo Tork Legie Cavd
NHA: SCHEMATICNO: =
QUANT STRESS INDIVIDUAL TOTAL FAILURE
PART TYPE/ASSEMBLY FAILURE RATE | RATE
(42}) RATIO o N
5 | T.c, ssTinsTIqtal (r3nsis]oeies) (SNS4e) - 0.065 0.325
S | T.c, ST{nsT Dgtal (H3851% 0aies) CanNSvee) - 0,070 0-350
5 | T.c,s3ximst Digtal (M38Sisfooied) CoNS418) - 0.0L0 0.300
1t | T sstjusz Dighan (m3eSi0]otrod) Gruseins) | — 0,014 0.849
3 | ©.c.,ssTnsT dgal  (n3gsiofoitor) (sNSeins) | - 0.010 o -llo
4 | Tc., SSTiMST Dig.tal (dMv09p) | - 0.019 0.31 6
e Cﬁ?u\tofl Cevamic Cert) 6.4 6. 00% 6,072
2 Capauto’v, Tawt Sl Cesy) o.4 0.00% 0.008
L—-‘ C..vw\tc'tov‘ R0 Tiw — 1L.00% 2.02%
i’
ASSEMBLY FAILURE RATE 4.48¢ FAILURES/10® HOURS
G-12 ASSEMBLY MTBF 223,015 HOURS pace __'° _ of ‘%




RELIABILITY PREDICTION DATA SHEET

AIRPORNE TNHADBITED

DATE: ASSY AMBIENT TEMP: 0 °c sueer ' _or _!
PROGRAM: Lm\.is'\‘v:'&\hn'l‘uv"tul Nav. Lesy: /o Cavd No.l
NHA: SCHEMATIC NO:
QuANT INDIVIDUAL | TOTAL PaiLuRe
- PART TYPE/ASSEMBLY ’::T"’o’ FAILURE RATE RaTe
N 4L
2 T.C, 1024 Bt PRom CA™M 53680) - 0,520 L1040
2 | T, SST/MsST Dy tay (AR 180s) - 0.0 ¢S o 056
(3 T.C., SST/Mst Dgtal (M38510/c0104) (snseeo) - 0.0L Y% 8,130
2 T.c. SST(RST Dgital (M3LSIe] 0g4e ) (3N 54 02) - 0.0 0.\40
2 | o, ssx{mnsz dgtal (M3asiofe2ed) Csneri2a) - °.019 2.158%
4 | Tc sseiast Digkal (A3RSI0[01306) (smusepe) | - 6. 151 2.L0%
8 | T.c, sst{nsT DAzl (HM3esiofoogen) (SNS* te%) - LY 1184
3 | T sst[msT dighai (M3zsiofoned] C(SNS9s 1) - 2.0 0.1311
__L T.C, SSTiMs: 3\3&1—\ (3nses2.5) | - one s 0.L%0
2 | =.¢, SST(ASR hwmear (M3eEI0/10101) (rren) - 6.18¢ 9.3
8 C.Z&ag\tov, Cavrmmc Cer ) 0.4 0,004 9,011
L3 Capacitey, TauX. Siud CCsR) 0.4 500 & 00038
0 ”Re;u‘*o-r‘ Film CRLR) o.2 9004 0.080
4o Res 157G .. Cavbew Gw\p s Cien C‘RC‘PJ 6.2 0,00\ 004
) ConnecTo L A0 Tiw — 2.034 .03«
ASSEMBLY FAILURE RATE - 809 FAILURES/ 108 HOURS
L Ao 8L HOURS pace __'' _ofr _'2

ASSEMBLY MTBF

13



RELIABILITY PREDICTION DATA SHEET

ALRDORNE THNRABITED

—-to

DATE: ASSY AMBIENT TEMP: °c SHEET ! _OF
PROGRAM: hawaley StapdiwnTueknl Nav, oo TI0 Cavd MNa.2
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FAILURE
- PART TYPE/ASSEMBLY ’:::l;’ FAILURE RATE RATE
n LY
V] T, 1024 Bt TRom (Mm5300) - 0.S20 0.528
\ T.C., 83Tjr st Mgtal (AMISv0) - 0.0¢5 6.04S
4 | T.C, ssT/mst Digtal (MI8Sin/o0ia) Csnseea) - 0.06S ©.260
& | T.c.s3TimMsz Digtal (M38SI0j00401) (SNSen) - o.010 +.280
\ B.C.,sST/MST Dugkal (M38SI0fe1203) (SN s4i23) - 0.019 0.019
2 | T.c,ssT/ms2 Dugbal (M38Si0foi200) ( sHSH161) - 0.151 o 302
4 | T.c,sstymsT Dig.tai (M 3850/ 0eq03) (SN SHice) - 0.148 0.5%2
A T.C., SST/RST Digtal (H3a8i0/ osL) (snsersny) | - 0.0719 0.4\ &
12 | B.C, SST/MST Digkal (snses2s) | — o.16§ \.1Lo
| | T, SSR/AST Limeav{n3asiofiaier) (Lre) - 018 | °.181
8 Capacitay, Tevamic Cend) o.% 0.009 0-01%
(4 Cep ralery 3%, Se 0l Ccs®) °o.% © 00 * 0.008
20 Resistor Tipn (RLR) .2 0.00 4 0.080
40 Resustor, CarlomCampesiTion CRCR) 6.2 0.001 0.040
i Gmece v S8 7P — 2Lode 2.034
ASSEMBLY FAILURE RATE LAdn FAILURES/ 106 HOURS
G-14 ASSEMBLY MTBF 143,247 HOURS pace '~ or _'%




RELIABILITY PREDICTION DATA SHEET

ALRBORNE TNHABITED

DATE: ASSY AMBIENT TEMP: 10 °C sueetT _\_oF _!
PROGRAM: hang Ity Stipliwn Tocvhiatnav, o0y Tio Cavd No.3
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FAILURE
. PART TYPE/ASSENBLY ’.':7'"0’ nu.un‘:) raTE l(:'YUI
2 T.c., 1024B*+PROM (M 8510] ec104) (nmsic) | — 0.520 1.040
2 T.¢., 3sT/MSE digkal (M38510/00i0¢) (SN S%e0) - ©.0L§ 0.130
S | T.c.,ssmjnsz Dig.kal (M3ssiofovies) Gsrsese) | — 0.010 5-35°
{ | ®.c.SSEMsT D gt 21 (M335iofes103) Csns40) | — 0:0u8 © .0kt
\ RC, S8R [MaT Dig Lad Cﬂsamo[nlu.) (snsens) - 0.953 N Y-x) .
e [T ssynse ’b\:-tzl (Massi0h 3eey (snsered) | - 0. 148 0,883
¢ |TC, sseiMsz gkl (’Hass:ujooﬂoq-) CINS41LS) | -~ 0.451 0, 04
3 |T.C, ssT/MSE Digital (M33S10foi0)  (snseisun)| — 0.01" 0231
| r,c-'ssT{nsx: Lineav (nsssn}:um) CLM'\M) — o. 181 0.181
8 Capaciter, Cevramic CCKR) 0.4 0.00% 0.072
[ Capactkey “Tant Sihd {esw 6% 0.00% 608
\ Connectov, S0 P ~— 2.034 2.034
\S | Resistor Tilem (Rw) o2 0 0% 0.0be
S | Resistor Cavlen Compasitinm (ReR) o% L 0095
ASSEMBLY FAILURE RATE S3%%  paALURES/108 HOURS
ASSEMBLY MTBF e s HOURS page '3 of ‘& G-15




RELIABILITY PREDICTION DATA SHEET

AIRDORNTG TNHADITEY

DATE: ASSY AMBIENT TEMP: 0 __°c SHEET \_orF '
PROGRAM: kangity Stplown PreitialNer. oo Mode Cavd
NHA: SCHEMATIC NO:
QUaANT INDIVIDUAL | TOTAL FaiLume
. PART TYPE/ASSEMBLY ’:::"; FAILURE RATE RaTe
o my
V| Tc, s52MEY Ddugital (c» 4053) - 0.1b% CNTA N
1| x.c,ssp/ms Digkal CAMIS00) - 0.04S 0.845
\ Z.C.,SsT/MsT Dig . tal (snseisio) | — 0.045 0 «AS
I | =.c,ssp/ms1 Digibay (snS*esoe) | — 0.015 oa1s
| | TC,ssTiMST Digital (snseiee) | - o 4d o.148
2 | T ¢ SST/MSE Dig.kal CnJBS\e/olsn) (snseiLs) - 0151 8.2302%
& | T, sse/nst Dt (M38510/00rer) (s N s93) - 5,087 0.3a48
4 | Tc,ssn/MsE Migtai (M285 0fsios) ( snS4oe) - 0.0710 0. 180
L.. RC,SSTIMST Digtal (M3ggio/fooied) (s sene) - 0.053 0053}
G| TC. SSTIMST digbal (M3nsioforzen) (sMswic) | — 0.151 6960
2 [ T.c., ssP/nsz Lineay CEENITDY Cerel) - a8l 03062
3 | Tc., SSPMSR Linear M) —_ 0.2 0.6 8!\
3 T.C, SSRjMSD Linear Cnuie) — 0.2 54 9L
] T.C., SST/MIT bimear Crma) - 6.%.08 0.208
4 | Trausister NPMN, Lineay (TANTX) °.% 0.040 O.1Lb
! Tvansister, PHP, Lineaw (TANTR) o 0.05% 3.059
V| Transushiy, Field Effuet linear CTANTY) | o2 9.340 0.360
A | Diede, Gemeval TPurpese (IANTY) | 0.2 0.053 0.4
11 C\?it\tovj Cevamic Lewk) °. 4 0.049 0.153
4 Capacitor Taad silid (csw) o .4 v.0 & 0.0lt
2 C-gfzc-&ov, Metalized e r) o -4 600\ © ool
25 | Rests tovJ Tolvn CRLRD) oL 000 % 0.100
S Resiytr Fy b CRu) ° 2 080% 0 00
2 Resistor W. W, Power CRWR) o.% 6.0\t 00%L
LS | ReruTov, w.w. hkavrate (xww) °.% 0.0%0 6.300
i TRes3¥or, Vavialsie CmB 0.% 0.032 0.03L
\ Tw duet ov, Powe v -— 0.05% °.054
\ Ceqs¥\ Oscillatev - 0.0 . 0:9S5¢
\ Werkey — 1. %00 11000
A Connactovy, 40 Pin — 2.03% 2.034
ASSEMBLY FAILURE RATE .20 FAILURES/ 106 HOURS
G-16 ASSEMBLY MTBF 198,4ce HOURS pace 'Y orF &




RELIABILITY PREDICTION DATA SHEET
ALRDORNYE THNWABTHED

DATE: ASSY AMBIENT TEMP: o cc sHEET __} _oF
PROGRAM: Langley S*v;r&.wnTn!v{\t\ Nav, ASSY: ?og}f Supply Assewmbly
NHA: SCHEMATIC NO:
QUANT See INDIVIDUAL TOTAL FPAILURE
PART TYPE/ASSEMBLY FAILURE RATE RATE
(n Page
o (LIV]
\ "Power Svpply Cavd l6 y.8ae S.Bve
| “+ 5 Valt Supp'ly Modole 1 0.394 0.39%
\ Wigh Volka ge Suypply Cave ; %) 2108 2.105
ASSEMBLY FAILURE RATE B.A%3  ralLURES/ 105 HOURS
ASSEMBLY MTBF 11 HOURS pace _ 'S orf _'E

G-17



RELIABILITY PREDICTION DATA SHEET
AIRDO RN TN HAB ITID

10

DATE: ASSY AMBIENT TEMP: ‘c SHMEET OF
PROGRAM: kivgley Stpdivwm TuevlialNay, ASSy: _ Power Supply Cavd
NHA: SCHEMATIC NO:
QUANT sTwess | 'NOIVIOUAL TOTAL FAILURE
- PART TYPE/ASSEMBLY AT nn.un‘:)un u(:]';)z
\_| T.c, SST/MST Limear CkMios) | — o.M 0. 111
i T.C., SST{MST Linear Cemin) - 0.7.08 6.208
3 | T.c, SST[AST Lmear Cemazq) | — 0,208 0 .GL%
Il | Trawsistor, NPN, Linear 0.2 0. 04 7.440
4 | TeansisTor, PNP Linear 0.2 0.059 0.230
12 Piode, General —Puveost o.2 6.08)} 2-L3L
6 | ™Dicde Zewmer 0.2 °0.\¢5 0159
13 | Dicde , Reck i Fiew 0.2 0.6 19 o1
| 10| CapackerTawt Solid (cSR) °.a 0 .004 6 .040
28 Cz“nu‘tw, Cevamig (v 0.4~ 0.00% 0.252
& Car:utov‘ Palycarbinate Centp) 0.4 800\ 0 .00
32 | Resistor, Filvn (RLR) o.2 0.09 % o.\23
! Resistor, Tilim (RNO) 6.2 6 004 8.004
“b | Resistiy CavbanGmposition (RCR) 0.2 008 | 0026
- ‘Rulstov_ W. W, Power RwR) 0.2 6.0l o 088
\ Resutow, Vaviahsle rTY) °o.2 0.032% ©-032
W Carl Rowew - 0.0%5% 0.594
(8 TransRvrmerBwer - s.05¢% o.168
\ Covmeckor, 307Pin - 0.528 0.528
ASSEMBLY FAILURE RATE S. 8%« FAILURES/10® HOURS
G-18 ASSEMBLY MTBF VAL HOURS PAGE % _ ofF _'%




RELIABILITY PREDICTION DATA SHEET

AIRDOANE THRHUARDTAD

DATE: ASSY AMBIENT TEMP: 10 ¢ SHEET
PROGRAM: Lamale1 StrapdtwnPueckial Mav. pgey, _+ & Yo't Supphy Mudule

NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FAILURE
- PART TYPE/ASSEMBLY ’:::"o’ FAILURE RATE RaTE
o MmN
V| T.C. SSE[MST hweay (o) — | o.l18% 6.198
2 Transistor, NPN Linear 0.2 0.040 o.080
\ Transistor PNP Lineav . 0.2, §.0 59 0.059
1 Cag:utc‘r‘ Tan*.‘ Selve (csr) ° .4 c.60% 0.004
4- C:Pat\‘tavL Cevawarc (ckw) °o.4 0.009 0.03C
3 'R!SlSﬁ-QV,F-\n-\ LRL‘) 0.4 8 .004 ool
8 Resistr Cavrbon Composiom (Rew) 0.2 0.00\ 6 .008
ASSEMBLY FAILURE RATE ©.3%& FAILURES/ 106 HOURS
g o1\ ’
ASSEMBLY MTBF 535 HOURS PAGE ___'' ofF _'%  G-19




RELIABILITY PREDICTION DATA SHEET

AMRBOANE TN HABITED

DATE: ASSY AMBIENT TEMP: 1% _°c sHeeT ' _of _!
PROGRAM: L2251ty S™apdiwm Taevkidl Nav High Volbage Sugply Cavd
NHA: SCHEMATIC NO:
QUANY INDIVIDUAL TOTAL FAILURE
- PART TYPE/ASSEMBLY ’:::lsos FAILURE RATE RATE
o N
1 T.C,, SST{MST hinecav Curize) - 0.338 0. 338
W] Tramsiskor, NPN Lineayv 0.2 0.0%0 ©.440
\ Transiskor, PNP , Lineay 6.1 5.059 0.059
10 | Diode Genevral Puvpase ' 0.2 8.083 0.53°
b | Diode, Reck Fiav o.2 0.019 0.414
S | Capacker Tawt seuid (s 0.4 6.004 e 020
8 Capacrlor, Cevamic Ceng) o4 0.009 6.00\2
l Capzaikor, Poly carbinata Cewmt) 6.4 5001 o .00
(2 | Reststor, Tl CRuy) 0.2 D.0s4 9.048
25| Resistor carbow Compos(tuh (ReR) 5.2 0.00 | 9 .05
4 | Resustor, Ww, Powew Grwd | o2 o 6t 0.04%
3 | Co\ Power — | o.054 o.1bL
2 | Transhemer Touesr — 6.05+ 0.{08
\ Commeckor, 28 Tim - 0 .384 0.284
ASSEMBLY FAILURE RATE 2.105 FAILURES/ 106 HOURS
G-20 ASSEMBLY MTBF 36l¢86 HOURS pace _'®  ofF _'%




RELIABILITY PREDICTION DATA SHEET
ARBORNE UNINRADITED

DATE: ASSY AMBIENT TEMP: ae _ °c sHeeT _L__oF
PROGRAM: L"‘a\\‘ ‘*“Yé"w"‘?“'*h"\ Nav, ASSY: L‘\ﬁ\tx SMP écwh ?\'\!‘fh|1| Nav':‘*‘ v

NHA: SCHEMATIC NO:
QUANT Se INDIVIDU AL TOTAL PFAILURE
m PART TYPE/ASSEMBLY e FAILURE RATE RATE
e n MmN
4 Tuertinl Naviga®ian Medole 2 S04.3\%L 2017, %98

ASSEMBLY FAILURE RATE _ 20 - 2%8 41 URES/ 106 HOURS

| or _'°

ASSEMBLY MTBF b HOURS PAGE

G-21



DATE:

RELIABILITY PREDICTION DATA SHEET

ASSY AMBIENT TEMP:
PROGRAM: L:nslp‘ S‘\"v"tféawn—rngy--h.;lsz ASSY:

AVRDORMNE UNRINBRDBITED

30 <

SHEET

1 of !

Tmevrtial Navigafiowm Medule

NHA: SCHEMATIC NO:
QUANT StL INDIVIDUAL TOTAL FAILURE
my PART TYPE/ASSEMBLY 'Pa‘t FAILU!(;) RATE l(;;’!
| Twstvument Blacxk Assew oly 3 V25,485 \25.655
\ Tus +vument Rebalzuce Cavd & 33,550 33.55%
i T MM Tlo Card ) 257 25aM
| Gvo Spn/Tuterrypd Cavd . 12.L35 14 63S
\ CPU C2vd Nl ‘ y 3.4 37,418
i C?W  Cavd Ne.d 3 81 .Lok B1.6o%
{ RAM  Cavd 9 45,340 45.340
' PorT Liugic Cavd (o AL L83
1 T/o Card Nal W 11,012 (oL
\ R Cavrd Wo.l ‘2 LS. S4l L5654
{ R/o Cavd Ns.d 13 15 IBY \S.A8L
t Mede Cavd 1 % 2.3.598 23. WS
| TPower Sviply Assembly s 21.548 2| .548
4 Comneckor = 90 TPm - .84 31,360
ASSEMBLY FAILURE RATE S°4.3%___ FAILURES/ 108 HOURS
G-22 ASSEMBLY MTBF \1 83 HOURS PAGE % or _'8




RELIABILITY PREDICTIiON DATA SHEET

ALRDORNE URINKADITED

DATE: ASSY AMBIENT TEMP: ___ 30 °c SHEET _\__OF
PROGRAM: h2ngley Stip dewm TuerTial Nav, ASSY: TretrumenT DBlicw Assemmbly
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FAILURE
. PART TYPE/ASSEMBLY ‘:::"O’ PAILURE RATE RATE
n o mn
' G voscope, G-L —_ 35,000 35,000
ry Acceltvomelers, A-1000 - 16,735 33.470
4 I.C.. Hybvid (High CovventSundk) (18809 4) — \2. 308 4q,2%0
(X T.C. SSTIMST hiwwear LM 139) _— 6.482 0.20L4%
'3 T C., SsTMS2 Dig.tar (M3gsiofaston) (snsane) — 6,103 °.2006
2 T.C., SST{MST digka (nassiofooder) (snS400) - o.119 0.1.38
[ S ngzc\‘tov, Cevamit CCrR) 0.4 ¢.022 o133
4. C-z‘nu'tovl Taas Sl LCsh) o. % C.620 0.104
YR Caprator, Glass Cexy) 6.4 0,072 2.144
12 | Travsistor NPH, laneay (IANTY) °.2 0.019 0,948
4 bm&i, G-an‘f’x\—?bvﬂ-s,. (:ﬁﬂ"'ﬁ) 6 .% 0.120 0.4%9
28 | Resistor Film CRLRD) o.% 8,010 0.%89
|4 RestiRev Cavbonm Composition crevn) °o.% 2.008 . 0 010
\ Connector L0 Tin - 4.3qq 4.339
i
ASSEMBLY FAILURE RATE \25.6S5 _ FAILURES/ 106 HOURS
ASSEMBL* MTBF R §% HOURS PAGE ; OF -] G-23




DATE:

RELIABILITY PREDICTION DATA SHEET
A\RBORNG UNINHABLTED

ASSY AMBIENT TEMP:

20

SHEET

PROGRAM: \-?—“3‘3‘1 Strpdeurn Tnerhial N'“-ASSY: Trstrument Reo2lawnce Cavd

NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FAILURE
- PART TYPE/ASSEMBLY Siaess | raune nate RATE
4V mu
G ] x.c., SST/MST Digkai (M38si0{ei02) (sNs4su) | — 0.1206 0.154
2 | B¢, SST{MSTDigtai (cdsos1) - 0.2L3 0.52L
2 | T.c, SSThsnDgRal (cdao53) - 0.263 0.2
2 | B¢, sst/mst Digital (AN iSoo) — 0.0l 5.142
5 | T.€, sSTnsT Limear (M3B510/i0204) (M) - 0.482 L.%410
10 { T.C, SsT/MST Linear CLIED) - ©0.5133 5 .33¢
e | T.c.,SsTiMsT Livear (Lnnie) - o.L4l 3.84
2 | Tramsistor, NPN,Linzar CTANTX) 0.2 c.019 2.158
8 | TransisTor, PNP, luveas CIANTY) 0.2 ©.130 1.0%0
8 | Tramsistor Field EXFecT Limenr (TANRT®) o 0. 144% 5452
T | Dicde, General Purpose CIANTR) | o 0.120 0.840
2 | Dwoda, Tuemer QANTY) | o2 0. 244 0. 43¢
-1% Cepacilor, Ceramic CeXR) o .4 0.022% 1. 892
10| Caspacitor, Tant, Selia Ces®R) °. 4 0.02 0.%60
103 | Resistor Fuim CReDY ez | oo 1,030
2% | ResisTor, Fuiem CRNOD) °.a c.0l\ 0.319
7 | ResisTor Carpon SomposiTion CRe®D o2 0.005 0.035
2 | ResisTor, Vaviaole CRT®) | o2 0.083 5. bk
1 Commneclor, 30 P -— 7.840 1. 840
ASSEMBLY FAILURE RATE 33.554 FAILURES/10® HOURS
G-24 ASSEMBLY MTBF 23,801 HOURS pace % __ or _'8




RELIABILITY PREDICTION DATA SHEET

AIRBORNL UNINHABLTED

ASSEMBLY MTBF

HOURS

DATE: ASSY AMBIENT TEMP: __40 ¢ SHEET ofF _!
PROGRAM: Wansley S‘*‘vz?é.wn Tuevtial Nav, ASSY: _ X MHKn  Tio Cavd
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FaILURE
- PART TYPE/ASSEMSLY ’::::o’ FAILURE RATE RATE
o mN
4 | T.c., SST/MSE Disitrl (2500) - o.33¢ {.344
4 T.c., LBt RAM (27s03) —_ o . 4ré7 (.1188
) T.C., SST/MsE Iy tal (M3250]0otee) (sn S400) - 6. 103 o, {03
\ TR &, SsT/M ST Digtal (M38510] 0odot) (sNS902) - 0.1t Y
4 | T, sST{mMsh Bigtal (MI8Fw/ooies) (snS90q) | — 0.t 4.444
t | T.c,sszimse dig.tal (H385I0[00285) (snsqa) | ~ oAb 5.1%0
\ T.¢, ssRiMsR Distal (snse125) - 8,139 0.139
,' \ T.C., SST/Ms® Digikal (SNS*1S1) — 0,20l 5.20}
! | T.C, SSP{HSR Drg.tal (M3LSI0fo 1300) CLL YN — 0240 0.244
_._4_ T.c., SSX{MST Mgtal (5N54113) _— 0,114 5.8%06
\ T.c, sst/nsrDigital (S Sesu3) | — 61106 0.0
| T.C,SSPINSE Dig tal (snsesir)| - ©.183 ©.183
2 | T.¢, sse{msn Deg.kal (snsas5) | — o.i1% 0.38¢
l TG, SsT(Ms: Digkal (sHs4sud) | - 0.0 0 0.\b®
2 T.C., SSy/nsw Digital (SNE4LS\14) - 6.1Ly 0.320
1 T.C., SST/MST digetal (snas4r5\94) | — 6.240 o . 246
b | T, sszimsz digibal (w1-09A) | — 9.1Lo o.\Lo
i AlD Converter Modile - 10,681 10. 6B
I Capac & ov Cevimic Caoewgy) 0.4 ° oA .38
“ Capralor, Tawd. Said (eso) o.4 6.0%L n,\0&
{ Connector, 30 P - 1.840 1.83%
ASSEMBLY FAILURE RATE 258710 FaAILURES/ 105 HOURS
38,4% PAGE 5 oF ¥

G-25



RELIABILITY PREDICTION DATA SHEET

A\RBORNE UNINWABITES
DATE: ASSY AMBIENT TEMP: 30 ¢ sMEeY _\ _oF _!
PROGRAM: L2npley SirapdewnTuekialNav, oo Gyre Spw/ Tntervugt Cave
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FAILURE
. PART TYPE/ASSEMBLY ’:::"o’ PAILURE RATE RATE
N LY
' T.c., $SI/MST Dig kal (H38Siog00r) (craent) - 0.094 0.0 4
3 | T.c, sszimnsz Digkal (M3g5i0jos i02) (evaorr) | - 0.313 0.339
I T.C.,S5TMsT Digtal ( (4022) | — 0.330 6.330
3 | X, SIT(AST Igkat (N3850/0 1300) (srse16)) - 6.240 6138
3 T.C, SSTjMST Digkal (3m1r0a5) - oc.119 °.351
2 z.c,lssﬂhsx’b%.tzl (s NSeLs )] ~ o.120 01512
2 | T.c, ssTimsz drigikal (Matsifesios) CsMS400) - 0.103° ©.2006
2 | T.c.,SSTMSEDigtal (M33Siojosie5) (snS%04) | - c.lin 0.222 -
t | T.c sse{ns® Digiai (H38si0/00102) (sn5e20) - ©.08% ©-082 ]
\ | T.c. s5Tinsz Digkat (M335i0/00%010) (snseds) | - 0.224 0. 224
i T.C.,857 M3z Digkal (H2es510/01403) (snsars3) | — 0.150 ©.15e
) 5 T.C., SST/MSZ Jigkai (M2g300f 01304 CSM54163) - 0.246 1.230
1 T.C.,SSTMIT buwear CLM108) - 0.395 0.3 5
{ T.C.,SSTMST, Linezr Cumnil) - 0.533 ©.533
U | ®BC., SST/MST Linezr Cemiag) - 0. 482 0.482
b | TramsisTor, NPN, Logic Swide b LIANTY) e.2 ©.031 0.637
G [ Transutor, NPN, Winmear (TanTK) 0.2 0.919 0.414
" Trans 3Vor, THNP, binear CIANT %) 0.2 ©.130 0. 130
3 | Dwede, Geneval Porpese CIANTY) | 0. 0.120 2.3L0
12 | Drede, SCHN ANTY) [ o2 0. 244 2.928
8 Capzaler, Cevamaie CerR) o. 4 6.0k 2410
Capaclor, Tawt, Salia Ces®) o .4 0.026 0.130
30 | Resisker Filna (RLR) 012 0 oo 0.300
) ResisTor, WW, Power (RWR) 0.2 0.0Lb 0.0kl
{ Connec Rev, 30 Tim - 1.840 J.840
ASSEMBLY FAILURE RATE \bL3Y FAILURES/ 106 HOURS
G-26 ASSEMBLY MTBF 53,6L2 HOURS Pacge _“ __of _'8




RELIABILITY PREDICTION DATA SHEET

ARDORMNE UN|NERBITED

DATE: ASSY AMBIENT TEMP: __ A0 *c sHeeTr _\__orF !
M:L‘_"‘i\"‘ S‘hvzvlmn PuevbiaiMav ASSY: C,mput:v?nccss”— Cava Muoi

~-—- PROGRA

NHA: ’ SCHEMATIC NO:
QUANT STRESS INDIVIDUAL TOTAL FAILURE
m PART TYPE/ASSEMBLY RATIO FAILURE RATE RATE
N LY
T.C, LST Digitay CAM 2884) - l.a1 5 3.950
4 | T.C, LST digital (AM2481) - 3.38¢4 13. 534
\ T.C,, SST/ast Digral CAmMa02) - 0.11% 0.1
1 T.c., 10243t Ron (amM2911) - 132 q.L04
4 | T, ssT/Ms2 Dig.tal (H33510/01000) (sN S442) - 6119 oty
3 T.c. SST/MST Dig.kat (M385i0f01102) {snse 115) - 6.1 0.333%
3 | T.c,ssT/msT Digtal {M33510fo0203) (sNSe101) - 0.144 0.437
2 | TG 3ST MST Digital (SN 54LS152) - 0.1 0352
1L | Capacctor, Jeramic cene) o. 4 0.022 0.352
4 Capacitor, Tant. Selid Cesw) a4 ©.026 0.104
4 Resistor, Carbon CamposiTion CRecR) o2 ©0.00% - 9.0%0
\ Cowneclor 32 7Twn -— 1.840 q.540
o
ASSEMBLY FAILURE RATE 31.418 FAILURES/ 106 HOURS
ASSEMBLY MTBF 26,125 HOURS pace __1_ oF 1§ ©27




RELIABILITY PREDICTION DATA SHEET

AMRBORMNE UNINWABTED

DATE: ASSY AMBiENT TEMP: ___Q0 °c sweeT __\_ofF _!

PROGRAM: L\n‘leigvir&wu-rucv‘.t\\[ Nav ASSY: Cgmputtv’.?ﬂ‘-CSSOV' Cavid No. .2~ ROM

NHA: SCHEMATIC NO:
QUANT | INDIVIDUAL TOTAL FAILURE
. PART TYPE/ASSEMSLY Vhess | ranure mare RaTE
N mx
3 | rc, ssp/mse Degikal (M3s5i0/0m02) (snsens) | - 0.1 11 0.333
3 T.C,sst/As digetal (n3e5ie {0 oos) SNE4az) - 0,119 3.531
1S | T.c, SsTjMsr Digckal (An2%19) - ° .24 33,0
8 [T.c,, 16384 2T Ron CAs216) - 8. 404 1,232
!\ | T.c,, 2o4p DT Tron (image) | — 2,068 2.0L8
1 Capraitor, Cevamuw cr ) ¢ 4 0.022 9.15¢
3 Capicikor, Tand. Scihd Cesw) 0.4 0.02b 2,018
\ Covnector A0 P — “T.840 7.840
ASSEMBLY FAILURE RATE B1:60%  gaiLuRES/ 106 HOURS
G-28 ASSEMBLY MTBF ‘2,255 MOURS pace _8 _ of _IE




—

RELIABILITY PREDICTION DATA SHEET

AIRBORNE UNINNABITED
DATE: ASSY AMBIENT TEMP: 20 < SHEET _\__oOF _!
PROGRAM: L:nh\b‘S*h?suwnTn"b:l MNav, ASSY: RAM CAvd
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FAILURE
PART TYPE/ASSEMBLY STRESS | ¢ uiLURE RATE RATE
m RATIO 0 .
4 | T.C, 40 BT RAM S.Lto 22%2.5L0
3 | T.¢, ssr/AsTPigtal (M3asiofoiez) (snse11s) o.1L ©.333
2 | T.c, ssTinsE g kal (n2es10j0100) (3n544a2) 0.119 0.358
\& | T.C, sszims: digtal (Amza0s) 0 .35% S.s
v | T.e., SSTIMST Lwmar CM3BSsIe/1010)) QLTI - ¢. 4% ©.420
2 | diede, Geneval Puvpese CIANTX)| o c.a20 0.240
L Caput or, Ceramic (CxR) 0.4 0.0R% 0.13%
[ Capacitor Tant. Selid Cesy) 5.4 6.0%6 ©.052
8 Resistor, Tl - CRAR) 6.2 ©.0(0 o. 080
i Batteny B.000 8 .500
\ Conimector, 9o Piwm T.840 T.840
‘
ASSEMBLY FAILURE RATE 45.340 F"AlL.URES/‘Os HOURS
22,0356 MHORC Bare a nc 18

ASSEMBLY MTBRF __ ¢

G-2!



DATE:

RELIABILITY PREDICTION DATA SHEET
A\RBPORNG UNINKABITED

ASSY AMBIENT TEMP:

PROGRAM: F3waleyStrpdiuwTuertial Nay, ASSY:

qo 'C

SHEET

\

OF

Tov'k e e Cavd

SCHEMATIC NO:

NHA:

QUANT INDIVIDUAL TOTAL FAILURE

- PART TYPE/ASSEMBLY ’:::": FAILURE RATE RATE

o mu

S T.C., SST{MsT Dy tai (M33500] 00te4) (SN 54as) - 0.103 0.515

S | T.c, 55T/asz Drgtai (M38510) carss) C aNS404) - 0. 111 0.S55

3 T.C,ssT{MST Diatat (M38Siofooinl) CSNS418) - 6.094 5,410

bt | Toc., SSTms: Digtai (M3eSio]orner) (snsene) | — 0120 {386

3 T.C.,SST(M3T DgXai  (h3gsioforton) (sn5911S) - G-t 03373

4 | 2c., SST{MST Ddrg.tal (dMe98) | — o120 0,904

e Capacor, Cevamic Cer®) o .4 0.02% 2,476

2 CapacRov, TamT S5 hia CesR) 0.4 0.026 2,562

| Cbhv\tﬁ-‘tovi e Tin — -1.840 1.840

ASSEMBLY FAILURE RATE .83t FAILURES/ 108 HOURS
84,524 HOURS PAGE __'® _ oF _'&

G-30 ASSEMELY MTBF




RELIABILITY PREDICTION DATA SHEET

ARBPORNE UNINNRB\TED

DATE: ASSY AMBIENT TEMP: ae__cc sueer ' __ofF _\
PROGRAM: Lmh-tS‘bragA«thnv‘h:lN\v, ASSY: T/o Cava No.l
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL | TOTAL FAILURE
™ PART TYPE/ASSEMBLY S:::i: FAILURE RATE RATE
o MmN
2 |=c, 1024 Bt PRom CAMS360) | — L3 2 1as
[ T, SST/MSD Dig T2 CAM I500) - 5-01\ o/ \SL
2 | T.c, sst/nsz Dgtal (M3e5i0/cor04) (sns% o) - 6.103 0 206
2 | Tc. sstjpsz Pl (M38SIof goae ) Csrn5e02) - 6.1 0 &%
2 | mc, ssznsz dgital (M3ssiofer1203) Csnsaia) - 6\le 0.152
4 | T s3TNST Dis.kal (M32Si0/01300) (sN54 L) - 6.240 o384
8 T.C, SST{MST s tal Cnsggm[aoqu) (S NS4 1) - 0.241 LR28
3 T.C,SST [HST Digta. (M325i0/oer) (sNSas ) - 6.1 0.318
6 | T.c SSTiAsE Dgtal Gnsesesv | - 0.l 1,008
2 | T.c, SST(MSR hwmear (M385i0/ 10101) (nr14)) - o. 420 °.8%0
8 | cCaprctor Gerammc Cenid) 0.4 0.0 2.0
2 Capreitrr, Taat. Sond Ces ) o.4 0.0t 0.0S%
20 | Resistor Foilm CRLR) 0.2 o.ol8 0.%00
40 | ResisTir Cavbon GmpasCion (ReR) 6.2 ©.005 5.200
) Comneclor R07Piw ' -~ 7.840 1.840
ASSEMBLY FAILURE RATE \1.91% _ palLuRES/ 106 HOURS
58,518 HOURS pacge ' __ oF _1¢

ASSEMBLY MTBF




RELIABILITY PREDICTION DATA SHEET

AIRBORNE UNINRKDR ITRD

DATE: ASSY AMBIENT TEMP: a0 _<c SHEET _)_OF
PROGRAM: L:u%\tis**ﬂfa.wntntv‘tn\ Nav. sy TI0 Cavd MNe.2
NMA: SCHEMATIC NO:
QUANT INDIVIDUAL | TOTAL FalLURE
PART TYPE/ASSEMBLY STRESS | oo iLune raTE RATE
™ RATIO 0 i
V| T.Q, 1024 Bt PRon (MM 5300) - 1,372 1312
{ T.C., ssTipsT Dgtat (A™I500) - 0.0\ 0.0
a4 T.C, SST{MST Digital CHJSSN/OON«) Csnseso) - o.103 0.4\2
4 | T.c. 55TjMsz Dgrtal (M385i0/004a1) (SHSe) - 0.1l ©.444
U | T.c sst/Mst Ddgitel (H285i0fe1202) (sNse123) -_ o126 0.2t
2 | T.o sstimse Dagkal (M 38SI0joia00) ( SHS+161) - 0.244 0.3
4 | T.¢, sszy4sT Dis Rni (M32510/00901) {SH Se1Le) - 0,241 6.364
A T.C., SST{nsT Dig tal (M385I0/ 06l (snseeSh) | - o.124 ©.156
12 | Tc, ssT/MsT digtat (snses28D| — ©.168 2.006
l T.C., SSE/AST bimeav{n38sioficier) (Lre) - .40 0.9
8 Capacte v, Cavamic Cenp) o % 0,022 0.4
A Cs“v rciTevy TamY.Seli s Ccs®) °o.% 0.0l 20852
2.0 RestsTor T (RLR) .2 0.910 0.200
40 ResuTor, CarcbenComprsition CRcR) 6.2 0.8 0.200
\ Gunmecte v S8 P —_— 1.849 1.840
.
ASSEMBLY FAILURE RATE —‘5:5%' ko yrES/ 108 HOURS
G=32 ASSEMBLY MTBF L%, 336 HOURS pace '~ ofF _!8




RELIABILITY PREDICTION DATA SHEET
AVRBORNE UNINRABITIED

DATE: ASSY AMBIENT TEMP: a0 °c sHEeT __!__OF
PROGRAM: h3ngley StrapdiwnTaerkial Hav. oy, Power Supply Assewmbly

SCHEMATIC NO:

NHA:
QUANT s INDIVIDUAL TOTAL FAILURE
m PART TYPE/ASSEMBLY 'P:g FAILURE RATE RATE
b iy, My
1 Power Sopply Cavd L6 (3.283 13.983
i + 5 Vot Supply Maauie a 0.835 6.835
\ “‘i\" Nolt~ ae S\)!f\* Cavd (8 .12 (.T30
ASSEMBLY FAILURE RATE z1.5+8 FAll..LJRES/lC)6 HOURS
ASSEMBLY MTBF 46,408 HOURS pace > oF _'8



RELIABILITY PREDICTION DATA SHEET

ARDORNE ONINHRBITED
K0

DATE: ASSY AMBIENT TEMP: Ke SHEET \_OF
PROGRAM: =awsley §+ﬂPAth TwevhialNay ASSY: Tower Supply Cavre
NHA: SCHEMATIC NO:
QUANT cTress | 'NOYIDUAL TOTAL FAILURE
- PART TYPE/ASSEMBLY RATIO FAILUR(:)RAT! u(;;’;
\ | T.c, SST/MST Limear ChMioS) - 0.39 5 ©.33 8§
v | T.c, $STiMsT Linear Cemin) - 0. 482 o431
3 | T.c, SST/MST Lmear Cemada) | — 0. 482 1. 440
1l | Transistor, NPN, Linvear .2 0.01% 0.8
4 ‘\'ranS\STov"?NP, hinear ¢.2 0130 0.520
L2 | Diode, Gemeval Povpose °.2 ©.120 . &40
G | Diwde [ Zenmer o.2 0..84 1466
13 | Dicde "&gg‘h\'@l:v 0.2 0.181 2.353
) Cap acker Tant Solid (s o.4 o.02b 0.2L0
28 CapacRer, Cevamie (eKR) 0.4 0.0%2 0.616
2 Carz;\t.v-! Palycarbinate Cent ) 0.4 0,001 0.00%
32 Resistor, Tilem (RLW) oA 0.0 10 0.3%0
! ResisTor, Tilim CRNO o . 0.011 e.01L
r3X ResisTiv, Cavbamlimposition (RCR) 0.2 0.005 o \3e
1Y Resistor, Wwow, Power (Rwy) 0.2 0. 02 0.10%
\ Resustor, Vavriabole (R °.2 6.083 ©.083
W Cal | Powew - 010} Loty
X Transhvrme-Thwer - 0.161 ©.20 |
\ CovnecRor 30 P — 2.072 2.01\2
)
ASSEMBLY FAILURE RATE 13.383 FAILURES/ 105 HOURS
G-36 ASSEMBLY MTBF R HOURS PAGE ‘b ofF _'%




RELIABILITY PREDICTION DATA SHEET

A\RDORNE UININHABTITID

3o - sHEeET '\ _oF !

Xio C‘er No.3

ASSY AMBIENT TEMP:
S“\vhwv\-rntwt.\ll NIV,

DATE:
PROGRAM: =375 lty

ASSY:

NHA: SCHEMATIC NO:
QUANT INDIYIDUAL TOTAL FaAlLURE
. PART TYPE/ASSEMBLY ’::Y‘I’o’ FAILURE RATE RATE
o mn
2 T.c. 1024B+TPROM (N85I ooto4) (rms300) | — 1,372 2.144
2 T.C., SST(MST Dig Tl (M3IES10/o010¢) (SN S400) - 0.103 8.206
5 | T.c.,ssT/nse Dig.tal (M33sisfoevies) (sns4a84) - o. 111 8.555
\ T.C,, SST/AST Dig it 2 (n385icjee103) CsMS410) — 0.094 0.094
U | 2c, 52D tal (M38&0[eo102) (srsazs) | — c.o82 ©.082
e |Tc ssyymse digtai (M33sihied  (snseies) | - 0.24b .47
4 |Tmc, sseiMs2 vyl (M33Si0/00704) (sNS+1LS) | - o.240 0.a8¢
3 | T.€,ssT/AST Digital [M33Ziofo o)  (snselsun)| - 0.120 0.318
V| T, STAST bincav (N3850 1sist) Cenid) | — 0.4%0 3.420
8 ngzcx’cw, Ceramic CCKVD 0.4+ 0.0%% .11y
A Capiakin Tant. Sihd Cesw 6% 5.0 °.052
\ ConnectTir %0 Pin - 1.8%0 1.840
\S | ResisRar Tiipn () R ©.010 0.150
S | Resistor Cavmn CampasiTisn (rew) 0% 0.008 5.0LS
L
ASSEMBLY FAILURE RATE 15-18%2  paiLures/ 108 HOURS
ASSEMBLY MTBF 65,87 HOURS pace " of __'B 6-33




RELIABILITY PREDICTION DATA SHEET
Awwvborne Unim halo vted

DATE: ASSY AMBIENT TEMP: __ 0 ¢ sweer ' _or _!
PROGRAM: Lsag\tish\p&wu'ﬁnem-ulﬂzv. ASSY: Mode Cavd
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL TOTAL FAILURE
" PART TYPE/ASSEMBLY ’:::": FAILUPE RATE RATE
o Y]
\ | T, 552,452 digital (c» 4053) - ©.263 ©.n3
i X.C., SST/MST Dig.kal CAMIS00) - 0.0\ o.611t
\ L.C.,s5T/MsT Digital (snsersso) | -~ ® .0l 0.01|
| T.C,SSpjMST Digikay (sM5¥Lsoa) | — 0.118 o.119

1 | TC,ssT(MST Digital (snseiue) - o .24\ 0. %51

2. | T e sseiAsR Digtal (A3esiefor3e) (sHseiLs) - 6.264 0.4%2
& | T.¢,SST/AST Digkat (M38316/00r02) (s N se) - ©.139 °.53¢

4 | T, ssT/Mst Digtal (H285.0f00105) ( snFgoe) - o, 0.%4%4

| T.C,SSTMST Digtal (Magsiofosion) (s™ S4%0) —_— o.082 6.082

b | mc, SYRIMST Dbl (M3aagiefoi3en) (sN seie) - 0.244 141

2 | T-¢, s57[nsz Limear (138510 [(c1a1) Cremnel) - o.4720 0.840

3 | Tc., ss2fMs2 lameaw kM) -_ 0.533 1599

3 | T, SSRIMST biwca- Cemrnrp) — 0.6e! 1823

! | T.c. SST/ATT bamear Cnmn) - 0.482 482

4 | TeansisTowr NPHN, Linea, CTANTX) 0.2 { o.o1q 0.316

I | Transustary, TMP, Linear (TANTR) 5.2 o 130 0.130
\ Transisthiv, Frield Effect linear CTANTX) 0.2 6 144 onas
qQ Diede, Genmeval Povpoese CTANTX) o.% 0.120 1,080
17 th1:\tov' Cevamc L) e.4 0.022 9.314
4 C‘J“‘t“, TauY Sihé (esw) 5.4 o.0kL o.10%

2 C-;ftct‘&ov’ Metalizea (e R) 6.4 0.00 | 0.002
25 | Resis Tov, Film CRLD) 0.2 0.0i0 5..50
S Resiitor Fylym (Rue) o 0,001 0.035
2 ResisToe W. W, Power CRWR) °.% 0 .02 0.052
LS | Rerutor, w.w. Acurate vw) °.% 0.047 0.105

l Resi3¥or, Vaviable €93 ) 0.2 ©.083 6.083

\ TwducXovr, Power - o.la} 0.1%i

\ Cens T\ osaillatew - % .\o0 s _Asloc

\ Werkew - PRI 1100

) Connector, 90 Pim — | 1.B4o 1.8%0

ASSEMBLY FAILURE RATE 23.533  FAILURES/ 108 HOURS
G-34 ASSEMELY MTBF ‘%38 HOURS pace % oF __13




RELIABILITY PREDICTION DATA SHEET

A\RDBORNE UNIN® ABITRD
DATE: ASSY AMBIENT TEMP: 48 _°C sHeeT _\__oF !
PROGRAM: L’\“a\t‘\ s*"a?&wnrngvt\z\ MNav. ASSY: “+ g No \t SUY?H Hlkv\t
NHA: SCHEMATIC NO:
QUANT STRESS INDIVIDUAL TOTAL FAILURE
m PART TYPE/ASSEMBLY RATIO PAILURE RATE RATE
(8] mN
1 | T.C., SSE/MST hweay Cmien) - 0.45) 6.45!
2 | TrawsisTay, NPN Limear 0.2 o.0c19 0. 158
[l Teanststor PNP , e 0.2 5.130 o .130
\ Capacter, Tant, Solid Cesn) o .4 5.020 5.0%b
4 C:P;u'tov‘ Cevrawarc (ck®) o.< 0.02% 0.088
3 ResisTor, Film (RWW) 0.z 0.010 3.030
8 Resistor Carben ch\?o.s\tmv\ (rcw) 6.2 0.005 5.040
ASSEMBLY FAILURE RATE °.8 338 FA!LURES/‘OS HOURS
1,141,605 HOURS pace ‘1 oF _\8

ASSEMBLY MTBF

G-37



RELIABILITY PREDICTION DATA SHEET
ARBORNE  UNINHAB ITED

DATE: ASSY AMBIENT TEMP: ___ 38 _°c sweer L ofF _!
PROGRAM: b3ngiey Stapdiwn Tmevtni Nav Wigh Volkage Sugply Cevd
NHA: SCHEMATIC NO:
QUANT INDIVIDUAL | TOTAL FAILURE
- PART TYPE/ASSEMBLY ’:::"os FAILURE RATE RATE
N YLY
{ T.C., SST{MSK kineav Ceraze) — 0.804 O.804
L T?’AV‘SLS‘&ovL NPN Liweav 0.2 0.019 6.8 069
\ Transistor, PP Lineaw 6.2 2,130 J.130
\o Dicde, Grnmeval Puvpase o2 0.120 {00
b | Dicde, Reck Fiav °o.2 .18\ 1.080
S Capaclor 'T';m‘\‘.4 Selvd (CsR) © .4~ 0020 0,130
8 Capacilor, Coevamwe _CexE) o .4 0.022 0.116
t Capacitor, Paly carbemate Cem 6.4 .00\ 0.00 |
t2 | Resistor, Tilm (RuR) 0.2 o.010 0.120
25| Resistor carbow Composition (Re®) | 6.2 0.905 .25
A | Resusbor, W.W Powew (rwy) | 08 o.0Lb 0.104
3 Col Powewr — 0,10} 0.303
[N Tvtnsﬁv—mcvl “Power and °.101 0.20%
. \ Commeckov, 28 Tim - 1.480 1.489
%
v
/
O ASSEMBLY FAILURE RATE b.13® FAlLURES/‘Os HOURS
G=-38 ASSEMBLY MTBF \+-8 588 HOURS pace '8 or _'8




403314

APPENDIX 1

COMPUTER FLOW CHARTS



403314

ENTER REAL TIME INTERRUPT
(128/SEC)

SAVE REGISTER
AND PRIORITY OF
INTERRUPTED TASK

v

SERVICE
REAL-TIME CLOCK

v

DECREMENT TIME-
TO-GO OF READY
TASKS IN QUEUE

v

X = TOP OF QUEUE

X = NEXT TASK ON QUEUE ¢——

NOT READY

PRIORITY
OF QUEVE
TASK

RESTORE INTERRUPTED
TASK'S REGISTERS

> PRIORITY OF
INTERRUPTED TASK

RESUME )
PERFORM ) INTERRUPTE
(oueus TASKS (NTET:sU:T °

Flowchart H-1. Executive Scheduler (128/sec)




403314

ENTER

INPUT DELTA VELOCITIES AND
GYRO RATES AND MODES ALIGN ACCELEROMETER AXIS

n-1
AVBY ; MGY ;Y MODE

{ BTT* )
CHANNEL (I.E., BTT2,
BTTI 8TT3, BTT4) +

n-1
AVpy = Sayx OVyx+dayy AVy+8ayz OVg

NOTES: ‘

1. FOR IMM NO. 1 THE APPLY ACCELEROMETER
MODE CONTROLLER BIAS
SET BTT = (BTT1A

2. SIMILAR SETS OF AV = AVry + Agy - At
CODE EXIST IN Cx TX " 78X
MEMORY FOR EACH OVey = OVyy+Agy Ot

GYRO COMPENSATION

BODY TO TETRAHEDRON ‘
COORDINATE TRANSFORMATION

n-1 SELECT AND APPLY GYRO SCALE FACTORS

1
AVe = —= ( AV.. —AV, — AV, )
s V3 by by bz *NOTE 3. SEE GYRO
n-1 i SCALE FACTOR
5 = (- BBy, - 28— AO,) sox - (A DATA

ORGANIZATION

v

ACCELEROMETER COMPENSATION
* SGX = SGY +6

= HIGH RATE MODE

APPLY ACCELEROMETER SCALE FACTOR

AVy = Spax 8Vax

H

AVy = Spy BVay SGX = SGX + 3

Flowchart H-2. Instrument Compensation Fast (128/sec)
(Sheet 1 of 3)




403314

SGX = [SGX]* + [SGX +2)* 'Aon
GYRO SCALE FACTOR DATA ORGANIZATION
‘ SX ST 7
A 1STORDERSF. | oo e
* 2~°0RDERSI. LOW
o RATE
= HIGH RATE 1°" ORDER S.F. negaTive | MODE
MODE
* 2ND oRpERS.£. INPUT
o
SGY = SGY +6 st 3
.} 15T ORDER S.F. } POSITIVE
s oND INPUT HIGH
2N ORDER S F. HIGH
} 15T ORDER S F. MODE
. NEGATIVE
SGY = SGY +3 * 2ND oppeR s F. INPUT
Sy ° ST
} 15T ORDERSF. | posiTive
. ND INPUT
SGY = [SGY]"* +(SGY+2]"*- 88y 2"~ ORDERS.F. LOW
M. = SGY - Ag RATE
Y GY . ST
.} 1*Toroersr. | . [ MoDe
‘ * 2ND QRDER S.F. INPUT
YR RQUER AXIS TRAN ST
GYRO TORQUER AXIS TRANSFORMATION 15T ORDER S.F. } POSITIVE
« oND INPUT HIGH
~ . . 2NO ORDER S.F.
Mrx = gxx Bx +Sgxy My > RATE
Bry = Bavy Dy +8 v A *} 15T ORDERS.F MODE
Ty = Sgyx By +8gyy A8y . | NEGATIVE
+ * 2ND GRDER S.F. INPUT ]
GYRO INERTIA
COMPENSATION
n n-1
Bx = g B8yy —Diyy)
n n-
88y

Flowchart H-2.

Instrument Compensation Fast (128/sec)

{Sheet 2 of 3)



403314

e )
Y

GYRO SPIN AXIS ALIGNMENT
1 TETRAHEDRON-TO-BODY
_ can COORDINATE TRANSFORMATION
DBpy = 8y —r1Gx " Dg
n-1
. . 2
Abpy = By —Ygy Mg Bby, = 5 My
v P RV I
7 v T/ Yextm Moy
GYRO G—SENSITIVE DRIFTS 1 1
— My, = F Mox— 5 Mey
n-1 AVb = — — AV
_ . . . 1x CX
= Dpy + Myy "OVoy + Myy "OVey + Myy " 8V VB
LI J .
GYRO NON—G-SENSITIVE BIASES 1 Q.
Abbu \/'6- AVCX "ﬁ AVCY
Moy = oy *+ By bt |

NOTES: 4. FOR IMM NO. 1 THE MODE

CONTROLLER SET
TBT = (TBT1)A

5. SIMILAR SETS OF CODE
EXIST IN MEMORY FOR EACH
CHANNEL (LE., TBT2, TBT3,
TBT4)

Flowchart H-2. Instrument Compensation Fast (128/sec)
(Sheet 3 of 3)
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ENTER

COMPUTE GYRO PARITY EQUATIONS

n
APng = Mbh( + A0t’1z + Mbe _Mb“’z

n

n
Apgu = Asbax —Mb3z + Mb‘»l + Mb‘l

n

n
APg.|3 = Mbw - Aﬂb1z - Mb:iy + Mb3z

n

: | Pagy |-09>=2
FILTER GYRO PARITY RESULTS AND SET FAIL INDICATORS 41
v .

Lo12 = Lopz = Logq = Loggy = Loyg = Lgpg = O

¢ n n-1 o1 n
Po13 = Pay3 — 7 "Pay3 + OPgyq

n B n-1 At . n-1 n
Po12 = Payp — 5 “Payp + APgy,

-1 n-1 n
Po23 = Pog3 — T “Pay3 + APgyy

| Poge |-2g>-=2
o> K
‘-ﬂzaj" 1

Flowchart H-3. Parity Equations/Design Equations (128/sec)
(Sheet 1 of 5)




403314

COMPUTE GYRO-FAIL EQUATIONS

Ly = (Lo ®Lagy) ® (Lgga B Laq3) ® (Lagy @ Layz)
Loy = (Lo D Lagg) O (Ley2 P Legy) ® (Lagy B Logy)
Loy = (Lop3® Lezg) ® (a3 ® Lay3) O (Lagg @ Layg)
Lgg = (Lagy B Lagy) @ (Lagg &) Lagg) () (Lgg X Logg!

v

COMPUTE GYRO PARITY EQUATION ERROR DISCRETE

Long= Ly, @ (Lgy @ Legh B [Lagz @ (Lgy ) Ley)]
+ [L9y®“-93®L94H ® (Lggy ®(Lg4 Lgy))
+ (Ley3 @ (Lgy @ Lag O [Legy ®(Lay ® Loyl

v

COMPUTE ACCELEROMETER PARITY EQUATIONS

AP3, = —AVby, + AVby, + AVb, — AVby,
APayy = AVby, - AVby, + AVby + AVby,
APay, = —AVbg, — AVbg, + AVby, + AVb,,
AP:41 = AVb4x + AVb4y + AVblx - AVb4v

n
OPagy = AVby - AVby, - AVby + AVbg,

n
OPagy = AVb, + AVb,y, - AVby, — AVby,

R

FILTER ACCELEROMETER PARITY RESULTS AND SET FAIL INDICATORS

v

Lajy = Lagg = Lagy = Lagy = Lajg = Lagg = O

v

n n-1 At 01 n
PI12 = PI12 - —T- Pl12 + AP.lz

Flowchart H-3. Parity Equations/Design Equations (128/sec)
(Sheet 2 of 5)



Flowchart H-3.

403314

n n-1 At .01 n
P‘23 = P.23 bl 7 P.za + Ap'za

n

n-1 At
Pay3 = Pay3 -

T

. n-1 n
Pay3 + APayq

Parity Equations/Design Equations (128/sec)
(Sheet 3 of 5)



403314

COMPUTE ACCELEROMETER-FAIL EQUATIONS

= (Laga D Lagy) B (a3 @ Lagz) O (Lag; @ Lay3y)

(Lagy @ Lagg) ® (Lagy B Lagg) ® (Lay3 @) Lagy)

“J34 ® La14) @ “"34 ® Lﬂ24) @ (L‘41 ® le"

v

COMPUTE ACCELEROMETER PARITY EQUATION ERROR DISCRETE

Lang = [Ll«'z ® (LI1 le” @ [lea ® (le L‘a”
® lagy @ (Lag @) Lag)] B [Lagy D) (Lag X Lay)]

Flowchart H-3.

Parity Equations/Design Equations (128/sec)
(Sheet 4 of 5)



NOTES:

SAVE LAST A8°S

B0, = BBpy DESA)
N, = sz

az

(o) “‘/

403314

1. FOR IMM NO. 1 THE MODE CONTROLLER
SETS DES = {DES1)A

2. SIMILAR SETS OF CODE EXIST IN MEMORY
FOR EACH CHANNEL {(I.E., DES2, DES3,

COMPUTE (A8b) (1, 3)

O8b, = +3/4 (A8b, +Adby )
88b, = +(A6b,, +Abby ) +1/2 (A8, , + A0bg,)
A8b, = +1/2 (A8by, + Afbg ) + (88by , + Afbg,)

COMPUTE (A8b] (1, 2)

Mb‘ = + (Mb,x +A0b2x) +1/2 (ABb1z +szz)

O8b, = +1/2(B8by, +48b, ) + (A8, , + Afb,,)

COMPUTE [aV,] (1, 2)

COMPUTE (4V,] (1, 3)

AVb, = +(AVby, +AVby )+ 1/2 (AVb,, + AVb,,)
AVb, = +3/4 (AVb, +AVby, )
AVb, = +1/2 Avb,, + AVbzx) +(AVb,, + AVbb)

AVb, = +3/4 (AVD,_ +AVbg )
Abe = 4+ (AVb1v + AVb3v) +1/2 (AVb,, + AVbaz)
AVbz = +1/2 tAVb1Y + AVbav’ + (AVb1z "‘AVbaz)

Flowchart H-3.

RETURN

Parity Equations/Design Equations (128/sec)

(Sheet 5 of 5)
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RETURN

NO

A

o - Q2+ Q3 | L 1534 Q = Q@i - 1.234 Q =g i =1.234
i - 2 =123 Vi =V = 1,23 v, = Vi@ i =123

vi(2) + v;(3) By = B;(3 By = Bjl2
o - B;9(2) + 8,4 (3)
il 2
o Bjp(2) + B;p13)
i2 2

—Pr—

Flowchart H-4.

RETURN

IMM Initialization (128/sec) (Sheet 1 of 2)



403314

RETURN

RETURN

NO
A
a - GG L 234 O = QW i - 1234 |G - O i - 1234
2 i =123 Vi = Vi“’ i =123 Vi = vi(3)] 2,3
vidi+ Vi@ B = Bl Bjy = B
Vj = 3 Bi2 = Biz“) sz = Bi2(3)
8 . 8-1(3)+B]1(4)
i 2
i2 2

Flowchart H-4.

RETURN

IMM Initialization (128/sec) (Sheet 2 of 2)




403314

RETURN

-y

- Qi(2)+0i(3’ i = 1'2,3,4 ol = Qi(3’ P o= 1'2'3“ Qi = Qi(z’ ' = 1'2'3"

2 i =123 Vi = Vi(3b i = 1,23 Vi - Vj(2’l - 123
il By = Bjy(d By - 8,02

2 Bz = B3 By = 82
| 8,248,

2

2

e

Flowchart H-5.

RETURN

IMM Initialization (128/sec) (Sheet 1 of 2)
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RETURN

RETURN

_y
Q|(3’+Ql (4) i = 1234 QI = Q"‘) i = 1,2,3,‘ Qi = 01‘3’ i = 1'2'3’4
= - 2 ’ = 123 V’ = Vi(4) ] = 1,23 Vl = vi‘s)i = 1,23
Vi(3)+Vj|4) B]’ = Bj‘l“) 3“ - 8“(3)
L Eer@
i 2
L B2l B
i2 2

RETURN

Flowchart H-5. IMM Initialization (128/sec) {(Sheet 2 of 2)
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ENTER

COMPUTE DIRECTION COSINES

n n n n
(0412 - ()% - (@5)2 + (Qg)?

n
Cxx
n n n n n
Cyxy = 27 (Q;°Qp -Q3°Qy)
n n n n n
n n n n n

n n n n
10,02 - (012 - (a2 + (Qq)?

n n n n
2-(Qy° Qy - Q; Q)
n n n n

n n n n

n n n n
(@412 - (@) - (05)? + (Qy)2

v

O
N
N

1

PERFORM BODY TO LOCAL LEVEL COORDINATE CONVERSION

n+1/2 n n+1/2 n nt1/2 n n+1/2
AVXN = CXX ’ AVbx + CXY ' Ava + sz ‘A Vbz

n+1/2 n n+1/2 n n+1/2 n n+1/2
AVYN = cYX A Vb, +Cyy -’ A va + CYZ : AVbz

n+1/2 n n+1/2 n nt1/2 n n+1/2

v

NAVIGATION VELOCITY SUMMATION
n+1/2 n~1/2  n+1/2
VXN = Vxn  *O8Vxn
n+1/2 n-1/2 n+1/2
VyN = Vyn *tOVyy
n+1/2 n-1/2 n+1/2
VzNn = Van  t8Vzy

RETURN

Flowchart H-6. vCoordinate Transformat.ion
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ENTER
A8, = OB, +0b,,
88, = 08, + 0By,

A8, = 08, +08,,

v

% -
faly A8y - 06,

25 _
A8, = Mby—May

% =
22, = 29,

v

-8

L4 az

2.5 - . .
|86|2 = 8, 88, +08 - 08, +08," 08,

v

cle| =_I%E +LA;|;
v

sjo] - - 18]% L 112
v

- a2 2y .
8, = 88, +138 a%e,-n26 -89
‘. .28 —n2¢. -
86, = B8 +1/3108,- A2e —AZ6, -08,)

- -2 2
88, = M8, +1/308, 820 420, 08,)

Flowchart H-7.

Quaternion Body Rate (64/sec) Sheet 1 of 2)
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Ry = Q) 86,-Qy°0°0 +Qy 20,
Ry = Q3486 +Qq 86 -0y 20,
Ry = Qg 4°6,+Q,°8'6, -0y 80,
Ry =—Q,"A'6,-0Qy°8'6,-03°4°0,

v

Q, = Q,+Q,°C|68]| +V/2 Ry +1/2°S|8| "R,
Q, = Q,+Q, C|6] +1/2 R, +1/2°S|8| "R,
Q3 = Q+Q3°C|6] +1/2-R3+1/2°S|6| "Ry
Qq = Q,+Q, C|6| +1/2°Rg+1/2°S|6]| " Rq

RETURN

Flowchart H-7. Quaternion Body Rate (64/sec)

(Sheet 2 of 2)
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ENTER

COMPUTE VEHICLE ATTITUDES
PITCH = siN! (czv)

ROLL = 7AN! (—-gg—;)
AZIMUTH = TAN( %’%)
HEADING = -- AZIMUTH—ALPHA

FORMAT AND/OR SMOOTH THE FOLLOWING PARAMETERS

PITCH : ROLL: HEADING ; PITCH RATE ; ROLL RATE ;

YAW RATE ; LONG. ACCEL ; LATERAL ACCEL ; VERTICAL ACCEL ;
VELOCITY, NORTH ; VELOCITY, EAST ; VELOCITY, VERT. ; LATITUDE ;
LONGITUDE ; ALTITUDE

RETURN

Flowchart H-8. Output Formatter (32/sec)
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ENTER
COMPUTE NAV SYSTEM VELOCITY ZERO DELTA VELOCITIES
AND VELOCITY UPDATES
Vx = Vx +Vxnt (Vxcr + Vxcl) Aty Vyn = O
Vy = Vy +Vyn+ Vycpt Vye! Aty Vyn =0
- : Vo = 0
VZ Vz + VZN + (VZCR + VZCL) AtN ZN
<0 (ALIGN MODE) ALN
(NAV MODE)
DO ALIGN FUNCTIONS DO NAV FUNCTIONS
Vo, -0 . . .
Wy =0 R = — VX' RE1+V, - RE3
e o HOY Y
Y -
v =V Wy = Wxs* Ryox
XA - TX Wy = Wyg+ R
Ve - v vy = Wys* Ryoy

TPX = TPX — VYA - KT- Bty
TPY = TPY + VXA KT- AtN
WXC = TPX '8

WYC = TPY - 8

TPX = TPX — WXC - AtN
TPY = TPY —- WYC - AtN

By1 = 841~ Ryoy B3y 'Oty
B21 * Ruox B3y "Bty
B31 + (Ryoy "By1 — Ryox "By} Aty
Biz = By~ Ryoy "Bap Oty
Bz + Ryox "Baz " Oty
B3z = B3z * (Ryox  B12 — Ryox "B "Bty

VycL = ~ VXA - KV - GEE ' TPY
VycL = — VYA* KV + GEE - TPX
BXC = BXC - VYA ' KV - Aty
BYC = BYC - VXA KV - Aty

NAV RATES

WXY = — (Wy + WXC + BXC)
WYN = — (W, + WYC + BYC)
WZN = — (WZ’

Flowchart H-9. ©Nav Fast/Align (8/sec) (Sheet 1 of 2)
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UPDATE QUATERNIONS

| 882 = (WXN - WXN + WYN - WYN + WZN - WZN) * (Aty)2
|22
48

sle| = -

68|22
clo - -5 o5

T, = (- Qz WXN—Q, WYN +Q, " WZN) - Aty
Ty = (__04.WZN—()1'WYN+(.’12'WXN)'AtN

‘-4
]

o
t

Q,+Q,"C|8| +1/2 T, +1/2-5|6| " T,
Q, = 0, +Q, C|8]| +1/2' Ty+ 1/2°S]8] " T,
Q3 = Q3+Q3°C|0| +1/2-T3+1/2°5|6] " T4
Qq = Q.+Q  Cle] +1/2:Tg+1/2-S|0] "

-

‘-C

e=1-10,2+0,2+0,2+ 0,2

RETURN

Flowchart H-9. Nav Fast/Align (8/sec) (Sheet 1 of 2)
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ENTER

TEMPERATURE-SENSITIVE GYRO BIAS

BGTXO0 + BGTX1 (TGX) + BGTX2 (TGX)2
BGTYO + BGTY1 (TGY) + BGTY2 (TGY)?

:

CORRECT GYRO SCALE FACTOR TABLE FOR TEMP

By
By

DSGX = SGTXO+ SGTX1 (TGX) + SGTX2 (TGX)2

DSGY = SGTYO+SGTY1 (TGY) + SGTY2 (TGY)2
+ - ot - - e

Sex1 = Sgxo* DSGX.Sgxy = Sgxp * DSGX

+ - ot - - o
Sgy1 = Sgvo*DSGY.Sgy; = Sgxg* DSGY

:

TEMPERATURE—-SENSTIVE GYRO G-DRIFT

Myy = MGTXO+ MGTX1 (TGX) + MGTX2 (TGX)?
Myy = MGTYO + MGTY1 (TGY) + MGTY2 (TGY)?

I

TEMPERATURE-SENSITIVE ACCEL BIAS AND SCALE-FACTOR

SATX0 + SATX1 (TAX) + SATX2 (TAX)2
SATYO + SATY1 (TAY) + SATY2 (TAY)2
Agy = BATXO+ BATX1 (TAX) + BATX2 (TAX)?
= BATYO+ BATY1 (TAY) + BATY2 (TAY)?

»
[+
<

1

RETURN

Flowchart H-10. Instrument Compensation, Slow (2/sec)
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{(NAV MODE)

OPEN LEVELING LOOP AND CLEAR CONTROL TORQUES

VxcL Vzcr = 0
VycL ©
Wxc

Wyc

"
o O O o

v

COMPUTE CORIOLIS CORRECTION

v

COMPUTE RADII OF CURVATURE

1

1 : : (B2 2
RE1 (== “hy =t (1 =3 (By )2 — (By5))

2
a
L 1. . . 2 2
RE2 = — ~(1—— "hy — (1 -3 (B2 - (B,,1)
1
a

RE3 = — “(2° 1" Byy By

Flowchart H-1l1l. Nav Slow (2/sec) (Sheet 1 of 2)



403314

COMPUTE POSITION

1 B31
LONGITUDE = TAN ' {

By By~ By By

ZERO CORIOLIS TERMS

LATITUDE = sIN (85,

-0 . B,
0. Vyep ~ 0 ALPHA = 7AN! ‘3_2’

)

‘ 22

-1, BX
p -
ALPHA = TAN ' ( BY

C
¢ )

COMPUTE EARTH RATES

WXS = {1 812
Wyg = & 322

v
(o )

Flowchart H-1l1l. Nav Slow (2/sec) (Sheet 2 of 2)
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DGR = (Ah —hO) " (0.5)

KTA = r/1+26RZ,

16
K1 = 3 KTA

K4 = DRG S$%/(16* (1 + DGR S2/16))
K2 = 4 (KTA2+g- 107
K3 = 2-(kTA)3

NLP = NLP +1

Ah

hO = h

S4 = S4+K4 Ah
S3 = S3+K3 Ah-At
VZ = VZ—K2'AhAt
h = h— K1 Ah- At

<
v At = 05

h = h+VZ'At—-S3'(0.125'
Vz = Vz—s3At

RETURN

Flowchart H-12. Altitude (2/sec)
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( MODE 1 ) PRE GYRO CONTROL

ENTER

INPUT “INPUT
DISCRETE WORDS’

UP TO
OPERATING
TEMP?

!

MODE
EXIT

GO TO MODE NO)
MODE
ADVANCE
l COMMAND

MODE NO. = MODE NQO. + 1 CAGE

. ( MODE
( MODE
EXIT ) ADVANCE

OUTPUT ‘OUTPUT

DISCRETE WORDS'

MODE 2 PRE ALIGN

U\_)

GYRO
CONTROL

v
G

MODE
EXIT

Flowchart H-13. Mode Controller (1/sec) (Sheet 1 of 2)



LATITUDE
AVAILABLE

CHANNEL
AVAILABLE

403314

MODE
EXIT

SET:

BTT = (BTT (CHANNEL NO.)A
TBT = (TBT (CHANNEL NO.)A
DES = (DES (CHANNEL NO.)A

LINK TO QUEUE:

FAST NAV; SLOW NAV
FAST INST COMP; SLOW INST COMP

PARITY/DESIGN EQU; QUATRATURE INTEGRATION;
COORDINATE TRANSFORMATION:; GAIN SELECT;

OUTPUT FORMATTED

MODE
ADVANCE

ALIGN MODE

MODE
EXIT

MODE 3

a
\_/

MODE
ADVANCE

\_/

MODE 4

<

MODE EXIT

(L)

MODE

NAV MODE

Y ()
L/

=B

Flowchart H-13. Mode Controller (1l/sec) (Sheet 2 of 2)

H-26
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GAIN TIMER =0
GAIN TIMER = GAIN TIMER +1

KT =0
KZ =0
BXC = 0
BYC = 0
GAIN < NEW GAIN TIME J
TIMER

NEW GAIN TIME = NEXT GAIN TIME

KV = NEWKV
KT = NEWKT
KZ = NEWKZ

RETURN

Flowchart H-14. Gain Select (1/sec)
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APPENDIX I

ADVANCED FAILURE DETECTION AND
ISOLATION ALGORITHM
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1. Failure Detection and Isolation Algorithm for Tetrahedral
Array of Four Valid Gyros

Test relations for a tetrahedral array are obtained from

the centroid relation

-
e - e + e - e =0 (1)

->
where spin axes e,y are taken outward from sides of a pyramid.

For test directions

e - e e - e =
Trl Tr2 Tr3 Tr4
Since
> ~ -+ ->
eT z - eT apd eT =0
rs sSY rr
Then
- > -+
e = e - e
T1s T3 P
> - >
e = e - e
T3 Tys T34
(2)
-> > >
e = e - e
T12 Ts3 Tos
-+ -> -
e = e - e
T4 Ty T34



403314

Using the first relation, the absolute value yields CT T -
1/2 and multiplying by §, a relation for test duration rotal'3 14

tions is

914 = 913795 (3)

where subscripts indicate the test direction.

Note, the unit vector

e + e V3
(6r %

13
is normal to ET , hence, in the No. 1 gyro sensitive plane
14
e )
§=0,,8, +-22 122 (4)
14 N3 14

The magnitude of the rotation is

2(. 2 2 2\ .1 2 2
3(912 Y83t 8y )+ 3[814 - (812'613) ] (3)

using (3)
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Defining Trs as the test difference of r gyro and s gyro

outputs in the direction e  then it follows the square of

T
rs
rotation amplitude Gl of gyro No. 1, if other gyros are perfect

is given by the calculation,

x 2 2 2 2
Fij =3 (le t T3 + Ty )

*
, that is Fl = 912 for only gyro No. 1 drifting.

Multiplying (2) by 8 - obtain relations

913 = 053 ~ 044
912 = 853 - By (6)
914 = %24 = %34

hence if only gyro No. 3 drifts,

and if only gyro No. 2 drifts,

and if only gyro No. 4 drifts,
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It follows that the calculation

(6a)

812 if only gyro No. 1 drifts
0 if only gyro No. 2 drifts
Fl =4
0 if only gyro No. 3 drifts
0 if only gyro No. 4 drifts
-

Thus F., serves to detect failure of

1
fails at a time.

gyro No. 1 if only one gyro

It may be similarly shown that test functions for the other

gyros are:

20 2 2 2 21
Fa m 3Ty +t Ty * Tyy (T14 T Ty T13) ]
- 2 2 27

_2 e N PR -T) (6b)
Fyo= 2T, 23 34 12 14 24) |
2 [ 2 2 2 2]

= — - + -

Fa =3 |Tua” * Tag” * Tyy” ~ (Tra ¥ T T13) ]

In order to evaluate the response of the test functions for
general drifts of all gyros we shall express the drifts in terms

used in a later section.



Extending

it may be shown

where 9. are drift

k

Where

403314

(17) for four gyros in tetrahedral configuration

12

13

23

14

24

34

= D C -30° ~ D C -
Fl 91 F2 92 30°

=D Se + D C83-30°

=pD_ S -D. C
6 -60° 6 -30°
F 1 F 430
= Dp 562—60° - Dp Sy
=-D_, S e-= D S '
8 -60 -60°
F 3 Fy "9y

directions relative worst case directions.
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it may then be obtained,

= — Y - N3
Ty, = (X3 = X5) - 5+ (Y, - ¥,) >+
_ _ 1 3
T3 = (X3 - X)) * 5+ (Y3 +Y)) &
T,, = —(X, + X3) L+ +Y)\Q
23 2 3 73 2 t Y3) 5
(6c)
= v - 1_ N3
Tig = 7% — Xy T 5373
- 1 _ N3
Ty =Xy ¥ X4 " 37 ¥y &
T34=X3+X4
Note,
(Ty, + Ty = Ty3) = X; = X5 = Xj
-X. X
= 1 2 _ - N3
(Tyy + Tyy = Tyy) =5+ 5 - X+ (¥ = ¥3) 5
-X X X
_ - 1 .73 .74 _ N3
(Tyy + T3y - Ty3) ==+ 5+ 5 - (¥ + ¥+ ¥ 5
X X X
_ - 2,3 4 N3
(Tyy = Tpy ¥+ T3g) = 5+ 5+ 5 + (Y + X+ ¥y)

The selection of variables Xpo Yr leads to analysis of F4 of (6b)

which is simpler than other F .
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Obtain
F, =D_ 2 + 2%, (X, - X, + 2X) + 2 Y (X. + x.)
4 F, 3 74 1 2 3 N3 T4 1 2
+i(XX + X, X, - X, X,)
3 172 173 273
X X
R TN PO WL B S
E‘3 DF3 +3X3 (zx4 2+2+2(Y1 Y2) (7)
2 3y .3y A3 )
t3 Y3 (2 Y1 72 ¥ 7 5 (X + X))
+zx(§_x_yﬁ)+zx x. -y, N3
3 71\72 4 2 2 3 %2 \%4 1
+ 2 (X, Y, - X, Y.) + Y. ¥
N3 4 "1 4 2 172
where DF 2 . sz + er. Consider the mean and standard deviation
r
of Fr if gyro No. r fails with given DF over the set of random
— 2 r
phases. Note, Fr = DFr

assuming independent gyro drifts. Also,

(}‘4-1-“4)2 = x_i . -g— (X; - X, + 2x3)2 + Yi . % (X, + xz)2
+ 19—6 (xlx2 + xlx3 - X2x3)2
B 'g' DF42 . °N2 * %GN‘I
using xr2 = er = 0N2/2 for r =1, 2, 3 and_)_(-;_é = ;;3 = DF42/2'
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Then

o}

OF4 ;= %% r vl + r where r = N/DF (8)

/@' N .4
4

If the noise is .1°/hr and the failure rate 1.°/hr then the
lo variation of F4 is 11.6 percent about the average due to noise
of the other gyros. By symmetry the same relation holds for all
Fr' however to demonstrate the consistency of the above relations

for F obtain as expected,

3’
X X 2
Ftex? . (-2 208 -y
(F3 F3) = X3 9 2X4 > + 5 + > (Yl Y2)
+Y2 i((EY +§Y ) (X +)())2
3 9\'2 "1 2 "2 2 1 2
S 2 2
2 4 (x2 _ JB) 2 4 gg)
X -3 (2 Xg =~ ¥yy) v X7 . 3 (X4'Y1 2
4 2 2 ., 2
+ 3 (X4Yl X4Y2) +v,° -y,
=i 2 02 _4..04
3 DF3 N t3I N
If none of the gyros failed, then f: = DF = ONZ and
r
2 _ _ = .2 _8_ 4
°r_ ~ (Fp = F)o =3 9%



403314

Expressed as a fraction of the output with a test failure

rate D, then the lo spread of outputs is given by

Fr 2 ( )
—p < 1*2\/%-

Dp

where r = ON/DF. If ON = .1°/hr and Dp = 1.°/hr then the output
ranges lc from -.63% to +1.63% of the output for an actual
failure with test level magnitude Dp.

In order to evaluate the probability of no detection of a
failure and false alarm a more detailed analysis of the probability
distribution of errors is necessary. This can be done by
examining F4 of (7) assuming the gyro noises are Gaussian.

The analysis of probability distribution of F. is facilitated

by putting Fu of (7) in the form,

- p2 _ 2
F4 = R r
where
2 _ %2 * 2
R—X4+Y4
r = 2 (X, + X, - X.)
3 3 2 1
* 1 _
X4 = X4 + 3 (2X3 + Xl X2)

It
]
+
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It is readily shown using sz = er = 0N2/2 forr =1, 2, 3
2 2
(o] = 0
X*4 N/3
2 2
*
Y4 N
o2 = 20 2/3 Regarding X Y, given
r N 4' 4
= =
X*y = %y
TE =
Y4 Y4
r=20
x - wk - =
(X 4 X4)(r r) 0
* _.j ——=
(Y 4 Y4)(r r) 0
- YE x - V% =
(X 4 x4)(Y 4 Y 4) 0

regarding X4, Y4 as given rather than random variables. Regarding

1 i 2 _ 2 _ 2 X =Y, =
Xq, Y4 as random variables with X4 = Y4 = ODF /2, X4 Y4 0 then,
2 2 2
o =0 /2 +0..7/3
*
X4 DF N
Ouu 2.0 %/2 + C 2/3 Regarding X,,Y, as
Y 4 DF N 4’74
random variables
2 _ 2
Op =20y /3
* =
X 4 o
* =
Y 4 0
T =20
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(X§ - X (r-T) =0
(Yz-ﬁ;)(r-?) =0
(Xz - Xz)(Yz - Yz) =0

Since Xl' X2, X3 are assumed normally distributed then so

2

is r. It follows r“ has a Rayleigh distribution

2
¢(r2) = L . e_r /Or

Or

Since r is independent of Xx¥, Yz the joint probability

density of Xz, Yz, r? is
2, 2
~r /g dx*gy*
oxg, vy, %) axgavy ar’ = exy, v e Toafe?se ) T4

The probability distribution of F, is obtained substituting

r2 = XZZ + YZZ - F4 and integrating over Xx¥*, Yz such that
* 2 *2

(E;z + Y*Z) Fyu
4
+ dF

- . * quk * %k € 0,2 o 2 4
$(F,)dF, ‘ﬂdx4dY4 ® (X3, Yy) r rt— (9)
r

(xzz + Yzz) > G(F,,0)



403314

where G(F4,O) is the greater of Fyu and 0, and }?4 has the range
- o to (X";‘2 + Yzz) . Consider the case where gyro No. 4 has not

failed and simply has noise. Then

2 2
1 (X%, Y*,
X % * vk dXZdYZ e—_2- X*4+ O3{*4
dx,dy, * &(x¥,v¥) = ——
494 4) =m0y
4 4
2,2
_ g 40 dar e R /%
2T g 2
R
2 2 2 _ 5 2 o2 .2
whereoR —-ZOX*-20Y*—30N and R —x4 +Y4. Then
1, 1\, s
R\ o2 42 G 2
R r r
drF
_ 2R d6 R °© 4
$(Fq)dFy ff 21 g 2 32
RzzG(F4,0) R r
T4 2 _R? l2 + ‘ii
2 dR °r o
° 2,2 ¢
= dF e T . c,” ¢
4 R r
RZG(F4.0)
Fy
o 2 ~G (F,,0) (== + L
r e 4 g 2 (0} 2
= dF e R r
4 (C 2 ., 2)
n R r
dar -F /5/30N2
—4 e 4 if F, >0
7/3 °N
= - (10)
2 2 .
dF4 e+ F4/§ ON if F4<0
7/3 o2
-
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The probability of false alarm, PFA, using test level g2

against F4 is

~ dF, ~F4/5/3 ON?
PFA = J[—_——___ t e
7/ 39N .
€
3 € .2
- % e T (Eﬁ) (11)
If o, = .1°/hr and ¢ =.5°/hr then PFA = 2. x 10_7.

N
Raising e to .6 °/hr reduces PFA to PFA = 2.6 x 10-10. The frac-

tion of false alarms to actual failures is

MTBF = Mean time
before failure

A, = Test smoothing
time

For MTBF = 3000 hr, X_ = 1./60. hr we see in the last example
with € = .5°/hr we have fFA = .036 and withe = .6°/hr we have
fFA = .00005.

Consider the case of failure of gyro No. 4 having occurred
where the distribution of failure magnitude is (D) and the
distribution drift direction is flat with respect to angle €p.

The probability distribution of x4, YZ is

1| (xaeS) (aPpep)

@ 2m 2 Oy 2 O yw2
4 4
* = —_—.e
*(x3,¥Y3)axy ayy [ f TT Gy yOyy dxX*,dyy . ¢ (Dp)
~ l 4 "4
D=0 6.=0
dase
F
dDF 27



403314

assuming (XZ - x4), (Yz - Y4) are normally distributed where

. 2 2 2
= = O X* = 0OYy*“ = O
X, DFCGF’ Y4 DFS6F Using 0X 4 Y4 R%/2,
2 _ .2 %2
R = X4 + Y4
® m
2
-_Ri r_ u
dx*ay¥ oR2 0R2 e  dég
$(X*,Y*) dX*dY* = ———— . e . e $(D)dD 2
4'74 4" 4 o 2 nlo s A
R F F
(12)
where
2DF ZDF-R ZDF-R
u=—= (X* C; + Y% S = c,C, + 8,8 = Co -0
2 (¥4 Co i So_) ] ( 6 Cs 6 So ) 2
g o o}
R F F R F F R
DFR
using X* = R C, , Y* = R §,. Except* in rare cases K = 2 —= >»1.
4 8 4 8 G 2
R
Then,
2m ™ 2m @©
f / -}((1—C¢,)K f K62
a 2
Je __—-dB‘nE‘ - N eKC¢ g—:i = eK . . ed;z.ze . e 2 g_i
D_=0 ‘ =0 d=0 -@
F
o DR
K K 27
- _© e _ggz e ~e .R OR
= (12a)
21K t=0 2T 27K 27ﬂDF§

*Cases unimportant to non-detection of failure.

I-15
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Substituting this result in (12), obtain

2
_(R-DF)
dx* de (e} 2 dD
¢(X,,¥,) dxjdyy = _jjz*‘l [e R ¢(Dp) _F
2w OR '\[E . ’DF
DF=0
2 _ %2 ) ) _ '
where R" = Xy + Y4 . Substituting (13) into (9) obtain
D_-R, 2

-Rz/o 2 @ ————( F_)

axjav} . e R [ 0R7-
¢(F,)dF =ff e (D
4 4 2TT3/20R\/—R7 F

R2 G(F410) DF=0

Changing variables of integration XZ, YZ to R, 0 using

* *
Xy ¥4 R dedr _ /R AR db

2113/20R\/§ 2173/2<5R\/§ T Op 2T

and noting that the integrand does not involve 8,

Fy
ar

2
sirpar, = 3 (G, 00) - " —
ag
r

(13)

(14)
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where

2
- _Rz (P—(DF R)
2 o 2 dD
g
J(y) = I /—%g—R-e R - je R ¢(py) =
=y R D=0 v Dp

Consider the probability of non-detection of a failure, PND,
using the test F4 > g2 in which case

2
€

] $(F,) dF,

bl ]

PND

~E 2

I ¢(F4) dF4
0

[l

Using (14), and integrating by parts

.2 4
3
PND ~/J(\’T-‘_4)d e R

¢ 2
£ JZ
. [J(Y)d e T

y=0
2
13
T2
- Jre To-oto
2
_(opmY)
> = & dog
R /ﬁgx } e #(Dg)
. S - \/DF
Y =0 Dp=0
2
ol 82 (®e-Y)
.2 2 o .2
@ . L ] R abg
. ’/g“—"e © } /e oD} —— (15)
: R : /Op
0 D}=0

on collecting integral forms J(€), J(0).



403314

Consider the case of a distribution of failure rates

A\[DF for DF < DFsDF

0 otherwise

where A = 2—(D 3/2 - D
FU F

2
L
flat with bias toward higher values. Since non-detection occurs

mostly in a band of DF values less than ON wide at the lower end of

of the distribution, consider the probability

-1
3/2) The distribution is rather

4+ O
N

D
P
‘ D, + © = ¢ (D) dD
L% Dp = (0 N))/D ) 30
FL

o)
—

43

A

o

1A

L.y
- M +u -1 3

(rD3/2-—l) ) 2ur 3/2

D

where u = DFL/UN, ry = DFU/DFL. For u = 11, r, = 10, the
probability is 4.5 x 10-3 for occurrence of DF value where

non-detection is modeled as practically possible.

I-18
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For R«<D_ -0,
F_~ R
)2 D. - R
_ DF R FU
D ogz OR
[ ¢>(D)dDF AO/e_Y%i
e —_ = y
F [““DF R
D=0 D, - R
L
°r
(DF-R)Z (DF -R 2
A\ U Fy )
2 2
OR o]
“i.0 e _ e
=A-0g Z(DF—R) Z(DF-R)
L U
Or R
DF—R2
(Fy
2 e” 2
g e}
R R
A o] (16)
L

since (DFU - DFL)>,>0R and using the assymtotic property of the
normal function. Substituting (16) into (15), obtain

2
)
o 2 2 2 L
Dr =°R ofly_ =€) 0 - X _ A U 2 - 2
L ryayle o2 ") e o2 ___R e R
0 R L
(17)

assuming Dp_-€ »0 that is, ¢, the test level is many noise

RI
sigma less than the failure rate.

I-19
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The exponential terms dominate variation of the magnitude

of the integrand where appreciable contributions to PND occur.

2 2 2 2
For the tetrahedral case 9 = 9. = 3 9y hence for y,e>»>ay
D:- 2
D, - y\2 F
2 2 2 (F ) 2 L 2
-6(—5 . o) X - Lk : [e 'Z(Y"T P /2
o g 02 02
r r R r
e - e : e = e for y=e¢
1 2
- —= ° (y-D.)
g 2 F
r
e
for y<e

(18)

The maximum of this function occurs at y = DFL/Z when € < Dr;/2

and at y = € when Dp /2<EH:DF hence
L L

y G(Dp /z,e)

max - ( L

It is desirable to use the least €, so as to minimize PND,

consistent with acceptable PFA which by (1ll) ise=25.5 © For

N-
DFL/ON 211 then € sDFL/2 using € = 5.5 Oy and the integrand of
(17) is approximately maximized at y = DFL/Z. When DFL/ON 211,
we model GF2 failure. 1In general, (17) is approximately

evaluated setting y in non-exponential terms to y = DFL/Z where

y>€and y = € where y<e, and integrating. Then, fors:sDFL/Z, obtain
2
- 2
€ DF
L /2
2 20 2 D, -€
o SN F
PND = Rl o 3 e +V _L_
"3 D o./
/DFL N/'\/_G ( F” ) N3
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1
TV 3 .
4 - - < . Note, since
where G(x) e - and Or o 3 ON

N2

(DF —Eyﬁh/JE is large for the GF, failure model,
L

E.DFLG /—\/——— % NI;\I3
) S\ s ) T Gy

using the assymtotic expansion. Modeling r_ = D_ /D

D F > 1

F

then A=—*=— 3/2. For cases wheree<D_ /2,
r D F
> 75,) :

-% (032-v2)

PND = — 73 |e 'G<\f6(v-u/2)) + 5% 5 e

(20)

where u = DFL/ON, v = 6/0N. Adopt a nominal value of r, = 10,
noting adjustment of PND is readily made with any change of

assumption regarding r Consider the marginal case for GF,

D
failure with u = 11 where v = 5.5 to hold PFA to an acceptable
level, PFA = lO-8 obtaining

-45.3 . -45.3|.  _
PND=1.3x104-['5°'e + .18 - e ]1024

DF /2

GF2 Failure Model. €

Dg

11.0
L N
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When u = DFL/ON <1ll and v = €/0y = 5.5, since € > DFL/2 the
maximum value of (18) is at y = €. Substituting y =¢ for non-
exponential terms of (17) and otherwise making the same approxi-

mations as in (20), obtain for s:>DF /2,

L
3,2, 2 3
E(U/ZV) 3
5 1 Nov L e - ) L gl (v-ur2)) + )2
PND = —5 373 3 J2 2m
2u° - ¢ (u-v)
D
(21)
A table of PND for several u values is:
D_ /O
F, N PND
11 10”24
9 1.3 x 10”12 r, = 10
-6
8 1. x 10 e/ON _ 5.5
7 2.7 x 107°

(u-V)2

|
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Consider the statistical properties of

_ 2 2 2 2 2 2
Fo =Ty * Ty + Ty + Ty *+ Ty *Tyy
Using (6c),
X 2 X 2
2 2 2_(_ X4 \_fg) (_ 4_\/‘3)
Ty *Tyy * T3y =\7% =3 Vg3 Y 7%+ 5 Yoo
2
+ (x3 + x4)
X X 2 X X X 2
=(__1-_z-/§y4) +(_7l+_2__4)
N2 W2 N2 N2 N2
2
+ (x3+x4) |
) 3 . 1 %2 [3 2 2
(2 2 i)
N2 /2 \f6 \fb 3 3
X X X 2
O )
N2 N3 N3

where the identity Ul2 + U22 = (aUl -\/l-azuz)2 +-(/1-G2 U1 + aU2)2

is used with o = 1A/2, 1/J/3 to isoclate Yar ¥4 to single terms to

remove correlation of variables. Introducing the variables
x x X b
XD = 7; -2 ) Xg = 1 + 2 with variance oNz,
N2 N2 N2 o W2

2 X 2
2 2 2 _ /3 ', /3 [2 )
Tig * Tag * T3y _(xs+ 2Y4) +(Nr3+ 2 X4 V3 *;3
2
_ /2 X3

N3

where correlation of variables due to X1 Y, Was removed.
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Where we also introduce variables Yp = — T = ¥y, = =+ =

then by {6c¢),

using the above identity with o = 1//2. Adding the two results,

and introducing the variables

D 3 j—z
X, =—+[=x, +[=Zx
47 3 2 X4 3 %3
_ /3
Yy =%, W3 Y,
p.4
s 3 N3
Y3 == ¥/ 3 Y3t 5 yg

>
W
1}
oral
4
W
+
N
[
(o)

]
(o)1 N ]
o)

-4
o
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obtain

where

using & = ’% in the identity, then collecting terms. Note that

variables generated by the identity have a covariance

U,0, = (aU; - VI "5 u,) (JT-0a% Uy + au,)
= anI - a2 (5;5 - —23) - (1 - 2a2) . SI;;
In the case, 615 =-;;§ then the new variables are uncorrelated
usinga = 1A/2. Since
;:5 =Zz' =%0N2
we may apply the identity with a = 1/4/2 to obtain
Y42 + Y32 = U42 + U32
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where
Us =P (g ¥ ¥s v N2+ K
2.2
__'\[3 _ _ I S
U3 =5 (vy —y3 -y /N2) + 272
and U4 . U3 = 0. Also note U4, U3 are uncorrelated with X4,
X3, U.
Note, x42 = % °N2, 02 = %% ONZ. To use the identity to form

uncorrelated variables when the variances are unequal, use the fol-

lowing general result

2 2
1 -2 A1 + X _ Uy" - 1,
a = 5 A=
2 U1U2
Where U, = X,, U, = U then U,U, = X,U = O Z/JS so obtain
1 1 24 172 4 N
A = —— thena = 3 1 -02 = %;.
4s
The new independent variables are
1 2 [2
 iiealiin - + - =
V1 Xp T ¥y T /3% 3/3 %3
3N3
11 2 5 1 /10
vV, = X Yo /= x, + = [=
2 3\[15 D \/‘5 D 6 4 3 3 3
where V, - V, = 0 and X 2 + U2 =V 2 + V 2 We know V V., are
1 2 4 1 2 - 1’7 "2
uncorrelated also with U3, U4, but must determine correlation
with X3 to obtain
le3 =0
Y v - 3 2
VX3 = 15 %N

-
|

26
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The only non-zero covariance 1is V2X3 which is removed using

. . . _ _ . 2 _ 2
the identity with U, = V,,U, = X5 using Oy,“ = 21/10 9%,

0y.2 = 29/10 9%, for which A= 4/3 to obtain a = 1410,
V1 - o2 = 3/4/10 hence
Y
6N 3 242 2V3 6N6
I E T E O e
23 22 243 2~6
where
_ 2 2 2 2
UlU2 =0, X35+ v," = Ul + U,
Collecting results,
2 2 2 2 2 2
Fy ET12 + T)4 +'1‘23 +T14 +'1'24 +'I‘34
2 2 2 2 2
-U1+U2+U3+U4 + Vy
where the variables
Y
6~ 3 N2 243 66
3 + 3 + 3 + 3
= —_— X — X —_— X
2= 323" zP oz mE D
2N2
3 1
Uy = 35 (Y, + ¥y t Y AN2) + —— Xg

=2 /2 - 2 - 1
ViT3/3%3 7Y% 3% T35 %
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are uncorrelated where

XD = (Xl—Xz)ﬁJZ

Xg = (Yl—Yz)/\/?
Yo = (Yl—YZ)/\fZ
YS = (Y1+Y2)/\f2

It is assumed Xr' Yr r = 1, 4 are independent with variance

o 2 (o)
N S
2 _ 2
oUl = 20N
2 _ 2 .
2 _ 2
0U3 = 30N
2 _ 2
oU4 = 20N
2 _ 2
oUl = 20N
Since o7 2 = 20 2 F., = 12c 2 in agreement with the result
rs N’ "0 N g

for the new independent variables.
Consider evaluation of the probability distributionc&'Fo,
which involves the sum of independent Rayleigh distributed

variables with differing means. First consider the case where



means are equal.

403314

It may be shown that the probability distribu-

tion for the case of sum of two and three Rayleigh variables with

equal mean is

- e
o(s,) ds, = =3
2
o(S5) ds = &£
M
3
2
Let S, = U + U
2 7,72
M3 = 2ON . Then FO =

given by integrating the
substitutions dFO

¢(Fq) dF

where

m g__~ﬁ

Distribution of:

-S,/M,

-S3/M
3 38

where

dSZ Sum of Two Rayleigh
Variables, Means M2

2

—%~ ds3 Sum of Three Rayleigh
Variables, Means M3
_ 2 _ 2 2 2

M, = 30N and S3 = Ul + U4 + vl where

+ S3 has a probability distribution

product of the two distributions with

52 = FO —S3

- 5 )/M - S3/M3
(F - s 3-8 2 as dF,,

3 3
3

M3

-F /M

3 I
M3
-ax 2 1 1
(FA-x)x“dx , o= (—— - ——)

0 M3 Mz
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It may be shown by integration and taking M2 = 30N2, M3 = 20N
that
O(F,) dF, = 54 [2 (u-3) e 4 (w? 4 au + 6) © e %] qu
where u = F0/6 oN” The probability that noise causes Fy to
exceed €% 1is
[e0]
P(F,>c¢?) =/ o(F,) dF
4] 82 0 0
= [-27 (5-2u) + 2 (68 + 42u + 9u?) e U] e 2V
2
where u = 1/6 (c/oN) .
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2. Failure Detection and Isolation Algorithm for Tetrahedral
Array with Three valid Gyros

When one of four gyros in tetrahedral array is invalid, say

gyro No. 4 then 814 in (5) must be estimated using data of other

gyros using (3), hence

)
Wit
@

-
[\
+
[@s)
(]
w
+
@
| ae
W
[ae]
[
()
N
| —

4
=3 8 + 6 - 6

correctly estimates Dp 2 if only gyro No. 1 drifts and at drift
rate DFl' When a gyro other than gyro No. 1 fails it is important
that the test function for gyro No. 1 be minimized, in order to
isolate the failure. This may be done by elaborating the test to
the bilinear function

4 2 2 _ ,
F1 531T12 * Ty3 =Ty " T3 7 T3 [Kl T12" Ky - T13+K2‘T23]’

(22)

which correctly estimates Dp 2 when only gyro No. 1 drifts since

= 0. Constants K fl,l(z are chosen to minimize F; if either

Tas3 1’
gyro No. 2 fails or gyro No. 3 fails.
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Consider the case only gyro No. 2 drifts. Then (22) reduces
to

4 2 ) 2
Fp =3 lle - KyTHy3Typ = Ky Thy l (23)

-

Using (2) it may be shown ( T23) = 1/2, hence when gyro

T
12
No. 2 drifts in a direction with angie ¢2 from er €T, we have
T12 = "Ppy C¢, and Ty5 = Dp, Cgqe - 4,

When only gyro No. 2 drifts, it may be shown

4 2 2 2
F, = =D C + K, C *C_. - K, C_5,_
1 3 F2 ‘ ¢2 1 ¢2 60 ¢2 2 760 ¢2
K
=%DF2 (l+Tl-K2)+D c (24)
2 2 -4
where
K K 2
_ ¥y 2) 3 2
K K
i, S, 2
_ N3
Sa = 7 Ky - K)/D
The worse case direction of drift ¢2 is ¢2 = A/2 for which
Fl is maximized to
_ 2 2 *
Fl—gDFZ le +D]
* Kl
where K2 =1 + - - K2
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Eliminating K2 show

7 /3 2 * 3,2
so Fl is a function of Kl’ K2*. Note Fl is minimized taking
Kl = -] in which case (11) reduces to
_ z 2 * é _ X
Fi. =3 DF2 [Kz + Iz Ky C2¢2 _A] (25)

For the worse case direction of drift ¢2= - A/2 it is readily
w

shown

W
=)

*

the equal sign holding for K, = 3/2, which is desirable to hold

done worse case Fy. Measuring drift rate directionrelative the
. . g — - — - - 2
worst case direction w1th82 =9, A/2 note C2¢2-A = C282 =1-2 S82
hence (25) takes the form
_ 2 2 * }_ _ * _ 2
F, = 5D, - 'Kz + '2 K, | (1~ 25, 2]
2
_ 2 _4 3 _ . * 2
= Dp '\ 1 -3 (3K ) 8 l
2 2

for K2*5 3/2.

Then Fl is seen to be minimized by making Kz* as large nega-
tive as possible (noise being the counter consideration). Since
K2 = % - K;., it follows K2 should be as large as possible. Note,
with Kl= -1, generally A = -60° so the worst case drift direction
is ¢, = -30°, that is 90° to €T23.

14
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For only gyro No. 3 drifting, the same relations hold except

for sense of T23, T13 so Kl = 1.
The derived algorithm is
F 4T2+T2-‘I‘ T,, = T T,, - T + K, .T
1 3 12 13 12 © 713 23 ° 13 12 2 23

( D if only gyro No. 1 drifts
1
D 2 | l-i (1 + K.,) S 2| if only gyro No. 2 drifts
{ F, | 3 2 82 |
D 2 | l—i {1 + K.,) S 2| if only gyro No. 3 drifts
Fyo| 3 27 U803

where K2 is as large as consistent with noise levels. To investi-
gate the behavior of Fl in the general case where all gyros drift,

use
12 F ®q F

13 F, ~60°-¢, * Dp € (27)

23 °F

¢l is the angle from e to BF about ES

¢, is the angle from e to D about e
2 T F 52

. - > ->
¢3 1s the angle from eTl3 to DF3 about es3

as seen in figure I-1.
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Figure I-1
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Note, Eg (26) may be put in the form

2 2 2 2 ) 2| 4.
F1 =3 ‘(le * T3 Ty )*(le Ty3 + Tys) ) 3 K Ty
(28)

where K = K, + 1, where, using (27)

127 Ty3 * Tp3) = Pp (C¢1'C60°-¢l)"DF (C¢ “Ce00o-¢ )"DF (C¢ “Ce0°-0¢ )

T
( 1 2V h 2 3V %3 3
= =D S + D S + D S
F F F
1 -30° Fy ~30° 3 _3p°
.¢>l ¢2 20 2¢3 30
2 2 2 (3 2 3
(T, “+T1.%2+7.%) =D SR + D (— s
12 ¥ Ty3 +Ty5 Fl (2 ¢1-30°) F,\2 by _300
2 ( 3 2 )
+ D = -8 -2 D D_. C C
Fj 2 ®3_300 Fi B "¢ 79,
+2D. D. C C +2D.D ol C_ o
F1 T3 e0°-9, ¢3 Fa F3760%-,,760%- 4
ing (Cé - C ) = -8 and (C2+c 2y =3 _g?2
using 60°-¢ $-30° ¢ 60°-¢’ T 7 T4 -3p¢°
Then
2 2 2 2) ( _ 2| _ 2 2 2
3 (le T Ty Tp3 [T Ty, T23) l‘ DFl + DF2 + DF3
4
4 b A
3 Pr, P, 12
4
25 A
3 °r,%F, 13
4
+ = D_ D A
3 Pr,0F, 23
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where

A =C, -C C C + C C

+S s . =
12 ¢ *, 91-300 %2-30° B1-30° O2-300 O

-S C + C C

>
|

=-C C, +5S S =
13~ 760°-63 63 "0;_390 ®3.300  °1 ©3-30° °1+30° °3+30°
Aoy =Crno_s Coro_s + S S =S, S, +C C
23~ 760°-9,760°=65" "0, 390 % 350 95 O3 8y 43g0 93,4300
(29)
using ¢r = Gr_30° noting 82,63 are angles measured from worst
case directions in terms of which, using (27),
T = D - C =D - C
127 7F) T8y 300 Fp 95300
T =D «+ S + D, .C (30)
13 Fl 61 F3 83_300
T = D . S + D . S
23 F, 62 F, 63
Then, in general
2 2 2 4
F. =D + D + D -={D_.D_ . A +D_.D_ A -D_ .D_ . A
1 Fl F2 F3 3 l Fl F2 12 Fl F3 13 F2 F3 23
+ K (DF Sq + Do S )2
2 2 3 3
(31)

1+30° %5 430°
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where by expanding cosines

3 1 2 1
Ay, = (—-c C., +=58,8 )= C - J2c + =
12 278,70, T Z Yo7, 0, 52 8, 4 (32)
A (3 1 ) 1
=-{2 g C + = C S = -C /2 C,+60° + =
13 2 70) 300 83 2 T8 50076, 535, \/ 6 3
1 3 1
A =C,_o - S =<-— C o C o += S S )
23 6583 2 76, +85, 300 \ 2 6,460 63+60° 72 76, +60°76,+60°

It may be shown|A12|s3/2,lAl3ls3/2,|A23|s3/2.

Note the phase of BFl cannot maximize X12 with Ql= 0, 180°

= imi 1 = —=60° ° = &
for 62 82 and maximize AlB with 61 60°, 120° for 83 3

simultaneously, ratherlkl2l+ (AlBIS N7.

The selection of K should at last be held so if gyro No. 1
fails, the noise level in terms of DFZ DF3 does not reduce the
apparent failure magnitude by more than a fractionE on average.

This occurs when

. _ 3 2 2
for which K-—§ € DF /oN
In theworst case when noises of gyro No. 2 and No. 3 are

equal and 6, = 63 = T/2,

2 (33)

3 2
K-g £ DF /ON
would be necessary to hold the apparent failure rate reduction to

C-DF.
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The apparent failure magnitude can also be reduced by the
terms 112, A13’ k23 by worst case phase relationships subject to
(32) so it may be shown the worst case reduction factor in

apparent failure magnitude 1is,

ex < 27 °N

3 Dp

The total reduction in apparent failure magnitude from the K term
and A terms of (31) is (e + e ¥*) Dp which may be compensated for in
testing by lowering the test level accordingly.

The derived algorithm* tests Fr<6 r =1, 2, 3 where

F) =Fy -~ T232
F2=f4 -a Ty,
F3=F4 - a 'r122
where
Fy =3 {lez L ITHEE ORI Tzs)z}
a = % (1+K,) =3k
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If a single test fails, say Fr*?iﬁthen the gyro No. r* is

concluded to have failed. The functions Fr have the properties:

=

3]
. .
[

if only gyro No. 1 drifts

o Se : if only gyro No. 2 drifts {35a)
2
v’ S8 2: if only gyro No. 3 drifts
3
a Se 2% if only gyro No. 1 drifts
1
if only gyro No. 2 drifts (35b)
2 . .
-(xse x| i1f only gyro No. 3 drifts
3
*
* < 1
where 83 _ 63 + 60°, 83 +be1ng
zero for drift normal to e
T
13
aSG f : if only gyro No. 1 drifts
1
as, 2 { if only gyro No. 2 drifts (35¢)
2

if only gyro No. 3 drifts

where 6.* = 6, + 60° and 82* = 82 +60°

1 1
61*, 62* being zero for drift
normal to ET
12
2 2 2

* . . . —
Which amounts to testing T23 ’ T13 , le relative (F4—6)/a
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The variation of f4 due to noise of other gyros when

gyro No. r failed is limited to

‘5F4

4 .
< N7 Dp_ Oy if 6 «:DFr (36)

wherecﬁ is the noise amplitude and worse phases of the other gyro

N
drifts occurred (by (31) with K = 0). Writing the algorithm (21)

in the form,

Test No. 1l: T >4* If only Test No. 1 fails the gyro No. 1
failed

Test No. 2: T >8* I1f only Test No. 2 fails the gyro No. 2
failed

Test No. 3: T >8* If only Test No. 3 fails the gyro No. 3
faiTed
(37)

where

§* = (F4 -8)/a

Consider the case when two of the tests fail, say Test No. 1
and Test No. 2. This can occur when only one gyro actually failed,
say gyro No. 1, as seen by (35a), (35b) if SG;Z is sufficiently
small. Deciding which gyro failed may use (34) to compare Fl and
F2. If Fl>F2
than gyro No. 2. The exact probability depends on noise level of
F,-F., whereby (34)

then it is more probable that gyro No. 1 failed

172

_ 2 2
Fy-Fp = O‘('1'13 - Ty3)

I-41
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Using (17) and the general relation {C 2_300 - S 2):

(¢
r3 ) 3 3
%T C263—30°’ consider the statistic 4,

_ 2 2
6 =Ty3 = Ty

2 2
D, S, + D_C, _ o) - (D S, +D_S )
( F 70, Fy 6,-30 F.”8 F, 6

3

2 2 2 N3
= D, s + 2D, D, S, C, .o .

F,o78 Fl7F,708,76,-30 Fy

(38)

- p. %s - 2D.D.S. S
2 95 FyFy 8,0,

If gyro No. 1 failed at angle 91 and other gyros have only noise,

the mean value of A is

L2 2 2
Al = DF S8 9N /2 (39)
1 1
using C2 = 52 =1/2, C =8 =0, Dp 2 . DF 2 . 0;2. If gyro No. 2
failed at angle 62 and other gyros %ave onfy noise, the mean value
of A is
. 2 2 2
Ay, = -Dp "8, 7 + oy /2 (40)
2 2
. 2 2 _ 2
using also DFl = DF3 =0y -
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If gyro No. 1 failed at angle el, using (26)

2
- = 7
OA2 = (4 - Al) = [(A - DFZSG) + 01\12/2]2
1l 1 1
= (A"DFz Sez)z +<Kl"DF2 592)0;
1 1 1 1
4
+0N/4
=(A-DF2 sez)2 -oN4/4
1 1
Denoting drifts of other gyros as noises Ny, N3,
A—DZSZZ‘-N252+N2-£C + 2N, D S, C -2N,N.S_. § 2
( F) 61) B 2 ez 372 7205 30 3Fl el €3-30¢ 2362 83
4.4 a4 31232 2. 2 2 2 2 2 2
—N2 S+N3 -4—C +ADF s8 N3 . C +4N3 N2 s S

since none of the cross product terms contribute. Using *

4 _ 4 _ 4 _4 _
N,” = N3~ =207, S = 3/8 then

*An amplitude distribution of two components which are normally

distributed is modeled.

I

43
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Hence

If gyro No. 2 failed at angle 62,

‘z 2 - (b - 52)2 [(A+ D 2. S 2) - oNz/z]
2 2 2

Denoting drifts of other gyros as noises

3 , 2
. 2 2 [ 2 2 23
S+ D s =N s “ent el + 2NN, S C ~2 D. NS S
( P, So, ) 1Sy, 37 S2up-300 %3 5 G300 Pt ”3]

Hence,

H
|

44

(42)
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The observable A;5T132 - T232 is approximately normally

distributed when the failure term exceeds the noise level accord-

ing to probability density

A-El 2
l O
-2 1
e

$(A) = if gyro No. 1 failed
J 2T o
A
1
- 2 (43)
{52)
- g
2 b5
¢ (a) = = if gyro No. 2 failed
V2T o
P

To investigate the maximum probability density for

X = DF;Z Se]? put (43) for gyro No. 1 fail in the form
1
1 29
¢ (8) = o e
where
_ 2
A=A .
0 =L2228 4 oen (o, %), using (39), (41)
o, 1
1
2 2
A = -
p =% - 9y /2
2 2 9 2
o = . 2
A, 2 0y (x + 5 0.7)
2

(y =¢6) 2 9 2

Note Q = 5%'75 +4n 2 on Y where y = x + g 0y
N (44)
_ 13
6—A+—é—UN2

I-45
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Since ¢ (A) is maximized when Q is minimized, take 9Q/3y = 0

to obtain

2 62
2 2
N N
so
y:oz -1 + 2-| (45)
Y v :
1+ (6/0") |
Since OA12 >0, consider only the positive root. For 6>>cN note
y=6. ForA>3/8 ONZ,
1 4 2
Y =0+35 0y /s - Oy
that is Q = 4 + % ONZ/(l3/8 + A/oNz) (46)

minimizes Q and maximizes ¢ (A) whenA >0. The probability density
A

for x =A approximates 2
1 °u
4 (A+ 3¢ 2)
1 8 N
. —_— e 3 2
Max ¢(A|#l fail)= 5 G 5 1 7 elLog oy
D, Sg \ﬁn 20,7 (b + g§ON t 3oy /5)
1 1
(47)

For the same & observation, 4>0, if we assume gyro No. 2
failed we have using (43), (40), (42) and redefining x = D 2S 2

1
¢ (L) = — e
2T
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where 2
A - & a2 5
Q = 2/ 4 3n (0 )= Ly = 6%, on 20 y (48)
a A2 20 2y N
A2 N
where
_ 9,2
y = x + 8 ON
13
5=-A+—8'0N2

Since (48) and (44) have the same form except &* replaces ¢
the solution (45) for the maximum density holds with 6+8* pro-

vided y:>% ONZ (since x >0) hence

2
_ 2 * 2 g 2 ON _
y = ON [-l + \/l + (& /ONZ) ] = 6*l+0N (_fié_*l_ ) (49)

ifi 5*‘3>%§ ONZ, which by (48) reguires A>%-0N2. For cases
% 0N2:>A >0, where [5*|<<%§ ONZ let us examine Q and its deriva-

tive using (44) with § » &%,

2
Q=l y-26*+i*— +Rny+£n202
> 2 ' y N
o
N
(i_Q.=l [1—6_-’.':—;]4-}.
dy 25 2 y Y
N
Try y = % ONZ, the minimum value of y for which x >0, obtaining
2 4 *
- (2-24) (2 ) =
Q = (4 3 u + &n \7 oy ) where u 0N2 (50)
a0 _ 25 [1 - (ji u)Z] L o] 2> A>0
dy 180N2 15 2 N

I-47
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*
Since we consider the case % u = —% <1l, it follows
15 ¢
N
g—g >0 and that Q is larger for values of y = %oNz. The probabil-

ity density for the most likely value of DF22 5822 if gyro No. 2
failed is by (50), (48)

o
1 N
Max ¢(A’NO. 2 fail) = — e ? 0, 2>0>0
2T 2o 2 2 N
DF S6 2 °N
2 72
4A  _ 13 (51)
IONZ 8
Max ¢(Al No. 2 fail) L € L>= c’N?'
jzn 202 A 13 ozl
IDF Sq ’ N 8 N
2 2
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Calculation of the Probability of Isolating a Gyro-Failure
in the Three Gyro Case

3.

When only one edge test clearly fails in the three gyro case
it is clear that one or the other gyros associated with the edge
test that failed was a failed gyro. The best that can be done
is estimate the probability that one gyro failed rather than the
other, on the basis of the three test values. The principle by
which this is calculated here is the relative probability densi-
ties of the test results for alternate hypothesis of failure, the
probability densities being those for maximum liklihood values
with respect to amplitude and direction of the hypothesized fail-

ure rate. This procedure then is

Max ¢ (A|#1 Fail)
D, S
PF1= F,76; 1
PF, Max ¢ (A|#2 Fail) r
DF Se
2 2
- - 4 - 1-
where Ppy + Pp, = 1 so PFy = 3¢ Pp, = 1-PF, where (34), (38)
are used for the peak probability densities for givend s(Tl32-T23
when T, failed. Using (34), (38) obtain
i 5 '("A'?_"ls_B)1 -1
A+ = © 2 c
P = 1l + 8§ N - e N forA>ZON2
F AL 13 o2 2 ‘
l - —_—
| 8 N -
) 2 (8 INT
. (& 3
_ 2J2 [ & . 5 N 7 52282730
Ppl‘Ll“To—z*s e for 37 % 8N
N -

2)
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A table of a number of values is

2 p
8/0y Fy
2. .52
22
3.5 . 80 A= Tl3 -T23
5. .956
10. .999746

2

For values of A/ON <= 1.5 the formulae are in accurate

because of approximations made in the deviation.
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4. Navigating with Improved Accuracy with Four Valid Gyros

The proposed configuration generates four navigation program
outputs in parallel. To minimize navigation error the parallel
outputs x, of any navigation parameter x can be estimated by use

of weighting coefficients, wy s

4

T ux
p o i=l

4

Wi

i=1

where w, should be selected according to quality of the ith chan-

nel estimates. When no failure has occurred and all gyros behave

according to specification, selection w, = 1/4 is a practical
selection. Consider the case of soft failure of one gyro, GE‘l
type, where already available test functions Fr, r =1, 4 do not
indicate failure. In this case, the use of

-1
w, = [Fj + Fk + C]

where the ith channel uses gyro j and k, and C = constant, will
reduce the weights on two channels using the degraded gyro. This
selection of weights is further justified as follows:

a. For errors in x; independent from channel to channel,
the theoretical weight is w; = 1/04,

b. Actually errors in xj are correlated because certain
pairs of channels have one gyro in common. However, the
correlation of drift rates in the constructed reference
using two gyros is |P| <1/3. Neglect this correlation
since the effect on magnitude is fairly small, by

V1 - 02 = 943,

c. The reference error of the constructed reference; using
two gyros has variance proportional to (ODjz + oDkZ)_

I-51
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2 . . .
where ODjork is the variance of gyro j or k. Gyro

cluster orientation is such that most navigation variables
relate to total reference error, so

2 2
= O
9% . ¢y ( p. 9% ) * S
J k

where Co includes errors not related to reference error.

d. For four gyros, the test function F. for test of gyro j

approximates F. = D:2, when one gyrojj has distinctly
larger drift tﬂan ghe other gyros, for which Fx is noisy
but small.
e. Then
2 -1
wi = l/Oxi z[Fj + Fk + C]

C
where ¢ = -2

1

Note: This weighting technique is contemporaneous to the smooth-

ing time of the test so that if a gyro shows some recovery,
the channels using it are given more weight.

Preliminary Gyro Failure Detection and Isolation Program
FORTRAN Listing

S(4) = Ty3 * Ty,
S(5) = T,, * T,,
S(6) = T3y * Tyy

F(l) = S(6) + S(5) + S(4)
S(2) = T,, * T

13 13
S(3) = T, * T,
F(2) = S(3) + S(6) + S(2)
S(l) = Ty, * T,

F(3) S(1) + S(3) + s(5)



F(4)

Fg
F(1)

F(2)
F(3)
F(4)

vi(5)
TL

S(1) +

(F(4) + F(3)
- T

(T4

+

(Ty,

(T12 +

(le

v5
(F(JB)

DO 10 J = 1,4

S(2) + S(4)
+ F(2)

IF (v(5).EQ.0.) Go to 1

IF (F(J)-Fg) > 0 Go to 10

IF (F(S8).LT.82) Go to 7

v5 = 0.
2BAD = 1.
SM = 5(1)
Go to 4
v(J) =0
JB =

403314

+ F(1))*.5 - 64

* % 7
+ T34) 2 + F(l)

24
T34 - T13)**2 + F(2)
- * % 7
T14 T24) 2 + F(3)
- * % il
Tl3 + T23) 2 + F(4)
-83) * a

—W
Four

For Gyro
2BAD Case




IF (v(J).EQ.0.)
DO 2 K = 1,4

Go to 10

IF (K,LE.J) Go to 2

IF (v(K).EQ.0.)
L=J+K-1

IF (J.EQ.1) L =
IF (2BAD.EQ.1.)
IF (S(L).GT.TL)
IF (2BAD.EQ.O0.)
SM = S(L)

JM = 4J

KM = K

Go to 2

KB = KB

KB = TEN-J-K-JB
v(KB) = 0.

ARG - S(L)~-ARG
CONTINUE
CONTINUE

IF (v5*Fg.LT.0.)
2BAD = 1.

v5 = 0.

Go to 4

Go to 2

L-1

TL = SM
Go to 2
Go to 7

Go to 5

IF (2BAD.EQ.0.) Go to 6

JB = 3
IF (JM.GT.1l) JB
IF (KM.LT.4) JB

v{(JB) = 0.
2BAD = 0.
Go to 4

oo
N -

403314

For 2BAD

For
2BAD

Three
Gyro
Case

Optional
(Long Shot
Case)

For 2BAD
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6 IF (KBP.EQ.0.) Go to 3
READ P(ARG) Table
v (KBg) P (ARG)
v(KB) = 1.-v(KB)

3 CONTINUE

Initialize:

2 BAD
KB
KBg
ARG

v(l)
v(2)
vi(3)
v{4)
v 5
JB

TEN

(==l N
L

S Ry
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APPENDIX J
PROBABILITY OF EFFECTIVELY SIMULTANEOUS FAILURE OF
TWO GYROS AND IMPACT ON FAILURE ISOLATION AND

SYSTEM FAILURE
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Probability of Effectively Simultaneous Failure of Two Gyros and

Impact on Failure Isolation and System Failure

On missions where two gyros failed during a half hour
period, the probability the failures occurred within 60 seconds
of each other is PSF - 60/1800 = 0.033. Since testing involves
a smoothing time, two failures within 60 seconds can involve
testing in the presence of effectively simultaneous failures.

To see the impact of simultaneous failures on testing substitute
(6c) of Appendix I for say gyro No. 1 and No. 2 failed into (é6a),
(6b) to obtain an algebraic reduction the test functions Fr of

the sophisticated procedure:

2 4
F, =D = 2D_ D C. _2.0C. _2no
1 Fl 3 Fl F2 61 30 82 30
F. = D2 -4 D, D, C C
- ) - o - ° - . .
2 F2 3 Fl F2 81 30 82 30 DFr failure drifts
F3 - % DF DF Se Se Gr = angle of drift
1 72 "1 72
F, = 4 D, D_ C C
Y o [
4 3 Fl F2 el+3o 82+30
Say D > Dp.> D where D is the minimum rate for failure.
Fi FMIN > FMIN

Note that testing Fl > €7 where ¢ = Dg IN/2 for detection of gyro

No. 1 failure is unsuccessful if DF2 satisfies

D D 2
T2 13 _ 3 [ Fmin N
D, 7"~ 16| ™o,
1 1
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3
> += usually when D <D < D
4A FMIn Fi or 2 Fmax
where
* * 8* 6 o )
A = Cel . Cez p By =6 - 30° , 6, = 82 - 30

*

*
The probability given 6., 6, that the drift rate satisfies

3 . 1" 72
ZZ DFl < DF2< DFl 1S:
3 ) 2 2
1 - 2=\b 2 _*°\p
. ( 4A) F, ~_% (3 ° %, ) Fy
D D - D - D D
( Fuax FMIN) ( Fmax FMIN)

2 2
* *
where Ol + 02 < 2/3, assuming a flat distribution of failure

drift rates. It is believed that the actual distribution of
failure rates is a combination of two flat distributions of 0.5
area each in the ranges 1.°/hr to 20.°/hr and 20°/hr - 100°/sec
(360,000°/hr), in which case failures of near equal magnitude
practically always occur in the range 1.°/hr to 20.°/hr with half
the probability for a single flat distribution.

The probability that gyro No. 1 will not be isolated by F

1
test is

win

ae-
_ 2 1
F.PASS 27

|
(WITN)

@|
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where

Integrating,

2
3

P =

F,PASS _\/2 27
3

5 3/2
_ 4a (a-o*) 10
3ﬂ2 3
0
~ Ba
27Tr2
D
. .Fl
90(D - D )
( Fmax Fuin
averaging with respect to DF
‘ 1
P :_1_
FlPASS 180
for Dg >> Dp . The fraction of flights where two failures

occurrgéxin whiggNnon—isolation of the larger failure rate

resulted from simultaneous failures is
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-4 . Lo

P.=P + P = 1.8 x 10 Non-detection probability
G SF FIPASS of greater failure

The probability that the gyro which failed with a lesser drift

rate is not detected may be shown to be

3
Fynx 2 Py
p. ~ Non-detection probability
L 2(bgp - DPp of lesser failure
MAX MIN
On average, for = D > D > D
3 FMAX FZ FMIN
? Oty
D - =D
p = ( Fuax 2 Fumin/ . 1
L 4 4

for DFMAX >> DFMIN' Thus about 25% of the cases of dual failures
the lesser failure is not detected by its Fr test.

‘Tests Fr with dual failure not involving r can fail. The
average value of F3, F4 for positive cases, which occur 50% of

the time is
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Comparing with a test level

it is clear that almost half the time (when sign of F3 positive)
it will fail the test.

Consider the probability that no test fails, Fr < €
(r =1, 2, 3, 4), in the dual failure case. The probability

2

r = 1 passes is 1/180, that r = 2 passes 1s near 1, in this

case, while the probabilities of r = 3 pass or r = 4 pass are
near equal as
: Pp :
= of 1 = . MIN -
Prpass = (1 rad) where §) = D, r= 3.4
AVERAGE
DF 2
T 9 MIN
DF
MAX
1.3 x 10°°  for Dp = 40 D
MAX MIN

Then the probability of system failure because no test fails is

- (L)(l.o)(ls X 10'3)2 = 1078

Psys FAILURE 180

ALL PASS
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In the extremely likely case one or more Fr tests fail, it is
proposed that dual failures be handled as follows. For four
gyros, if a test Fr* failed, make the three gyro test not using
gyro r* and if any test fails conclude that dual failure has
occurred.

In the event of deciding that dual failure has occurred,
revert to the simple test procedure
| <

|T
rs

I1f only one test passes, Tr*s* < g, it is concluded gyro r* and
gyro s* are good and that the remaining gyros are bad, a certain
conclusion. If two tests pass, T , . and Tq*r*' having a gyro

in common then conclude certainly that r* is good and the fourth
gyro p* is bad (since either s* gyro or g* gyro is good and it is
known two gyros are bad), thus reducing the situation to the
ambiguous case of three gyros, r*, s*, g* where p* is known bad,

r* is known good but s* gyro or g* gyro is bad with calculable

probability based on the magnitude of |Tr*s*‘ and |Tr*q* . The
probability of a test passing given that two GF, failures
%* %
occurred is :
D D Pass
o . _TMIN Fuax 1 | dDp Probability:
PASS,1 BAD m DF DF - DF if either
DF MAX MIN gyro r or
MIN gyro s
failed
*
D = 20. D . for a range 1.°/hr - 20.°/hr, but half the time
max min
GF3 failure occurs so we may usually take Dm = 40 D . _and get

ax min
Lcorrect results. '
U51ng notation defined in 5.3.3 on attitude rate failure.
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missions
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FAILUR
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FMAX
in
DF DF
z MIN | MIN
Ll D
FMAX
D
D F .
. FMIN MAX 1 ' dDF 1frgo§hor
BAD 27 D D =D, A
DF MAX MIN ?Ziled
MIN
D
1 FMAX
D D
- _FMIN | Furn
27 D
FMAX
case where a test with both gyros bad has lTrS{ <t
system failure directly associated with simultaneity of
of two gyros, having probability within the subclass of
in which two gyro failures occurred:
= PSF . PPASS,Z BAD Probabll}ty of system ﬁallure
E due to simultaneous failure of

2 gyros. Given: 2 gyros
failed during mission

D

FMAX
1n|—MAX
DF DF
MIN MIN
= 0.33 - MV
m DF
MAX
X 0.8 x 1073 using D, = 20 D,
MAX MIN
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