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Inertial Navigation System

- INTRODUCTION

QUIET REVOLUTION has taken place dur-
ing the past few years in the science of navi-

gation.

Since the earliest times man has steered a course
by periodically orienting himself to one or more
“landmarks”——terrestrial or celestial; natural or arti-
ficial—whose position was known. He observed
these points of reference directly, or in more recent
times by means of antennas, to fix his position. Then
through computation he could set a course.

Aircraft navigation inherited this traditional phil-
osophy and all the tenets of "dead reckoning” from
maritime navigation. Many implements for aerial
dead reckoning have been devised, and many are
retained to this day for cross-check purposes. How-
ever, most effort has been directed to providing a
network of radio landmarks and to perfecting air-
borne electronic “observers” for radio navigation,
all of which greatly reduce the chance of human
error by providing directly usable information. The
speed with which he can acquire and apply accu-



rate information is vital to the aerial navigator, for
the high speed and limited endurance of his craft
allows very little tolerance for error and the lag
of computation.

In respect to speed and accuracy, radio offers a
nearly ideal facility for long-range aerial navigation,
and the data from radio navigating equipment of
today is highly reliable as well. But such systems
are utterly dependent on the continuous success of
both transmission and reception. When either i1s
interfered with, the radio gear becomes ballast.

Radio navigation’s vulnerablity with respect to
reception has been demonstrated by the electronic
havoc wrought by “magnetic storms,” often lasting
for days, that seriously jeopardized long range com-
munication and aerial navigation in general. Of
course, magnetic storms are only part of the prob-
lems that apply to military aircraft, for they must
be prepared for a total radio black-out, and must
carry out missions when there are no “fix” points
to observe, either electronically or visually. Ideally,
the military air mission should be guided totally
without the prime essential of traditional navigation,
i.e. reference to external landmarks.

The only alternative approach is to equip the
aircraft to continuously “plot” its own track over
the earth’s surface from a known location.
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This approach was first implemented by Doppler
radar, which transmits beams at a depressed angle
so that they reflect off the earth’s surface. It the
beam is transmitted aft, the frequency of the reflec-
ted beam “lags” (it is lower than the transmitted
frequency). The converse is true in the case of a
beam transmitted forward, that is, it is received as
an accelerated frequency. The degree of lag or lead
is directly proportional to ground velocity. Subse-
quent electronic computation involving this ground
velocity and aircraft heading provides a continuous
plot of the aircraft track over the earth’s surface.

Doppler radar liberated the aircraft from reli-
ance upon landmarks, providing the self-sufficient
navigational system that was needed. Systems of this
type were provided for many military aircraft, in-
cluding the later-model P-2 Neptune, but Doppler
navigation too has some inherent limitations. It
depends upon terrain irregularities to reflect a us-
able signal back to the craft, and too-smooth sur-
faces, especially quiet water, tend to act as a mirrof,
off which the transmission glances away from the
antenna where it cannot be detected. Also, if the
reflecting surface has ground speed as in the case of
water currents the Doppler return will be in error
due to its effect.

The Doppler system proved the advantages of
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continuous-plot navigation, but it does not entirely
escape the handicaps of its predecessors. It depends
upon reception ot electronic signals, and for con-
tinuous earth-reference it too requires a sort of land-
mark. A true north reference signal must be pro-

vided and, in lieu of a more accurate source, the
north reference can only be derived from the tradi-
tional, inconstant sources: a compass signal of the
earth magnetic field (which in some regions is vague,
changeable and subject to disruption) corrected, at
intervals for variation. Further, Doppler radiations
violate to some extent the principles of transmission
security in this day of electronic counter measures.

The continuous-plot facility proved to be espe-
cially advantageous to the airborne sub-hunter mis-
sion. As usual, the next advance in the art was imple-
mented by the underwater opposition (the loyal
opposition, happily), and proven spectacularly by
the “Nautilus” on a 4-day, 1800-mile cruise, sub-
merged under the Arctic ice-cap—a completely un-
precedented feat of navigation.

The heart of the “Nautilus” navigation system
was a uniquely stable platform with super-sensitive
accelerometers which gauge the changes in inertial
force that accompany every change of direction and
velocity. This voyage dramatically demonstrated
that the technology existed to complete the revolu-
tion from systems dependent upon landmarks to a
completely self-contained, self-sufficient system.

BuWeps and Lockheed, occupied in formulating
the Orion ASW weapons system, decided to provide
the new airplane with this latest and most promising
tacility.

Originally, it had been planned to provide two
improved and identical Doppler radar systems for the
Orion, each incorporating a low-drift stable gyro
and a computer. Now it was decided to retain one

Doppler Navigator in order to capitalize on its
proven virtues for aerial guidance, and to incorporate
the new Inertial Navigator (in such a way that it
could be used independently or in conjunction with
the Doppler radar) as the “prime” system. There
was, at the time, comparatively little experience with
airborne inertial systems, but a basically sound de-
sign was available at Litton Systems Inc. Although
it was foreseen that experience would inevitably dic-
tate modifications to realize the full potential of a
new concept on a new aircraft, the designers would
have been remiss if they had failed to provide the
capability of operating in complete isolation and
without the handicap of radio and/or radar emis-
sion. Subsequent developments have substantiated
this decision.

The inertial system is based upon natural pheno-
mena—as expressed in Newton's laws of motion—
which do not vary with local condition, latitude, or
aircrafe attitude, and system performance will be as
precise as the techniques used to fabricate, install,
adjust, and operate the equipment. Lockheed’s F-104
utilizes a variant application of the Litton Naviga-
tion System, and many new and proposed super-sonic
aircraft feature inertial systems, for no other type of
self-contained navigation system provides precise and
continuous position information under such varied
conditions.

The inertial navigator is practically essential for
extremely high-speed, short-term flight and ideally
suited to vehicles utilizing automated flight plans.
However, accuracy in the “continuous plot” type of
navigation is inversely proportional to elapsed time.
Tracking a patrol mission which is slow, tortuous,
and of many hours duration is actually a sore test of
precision. A guidance error which would have a triv-
ial effect on the short-term flight of a ballistic missile
and be of little note to an interceptor may produce
a substantially large deviation at the end of a long
patrol mission.

Thus, the inertial guidance facility is ideal for the
ASW mission, but the ASW mission is not always
ideal for the facility; a situation that warrants the
utmost care in both maintenance and operation, and
is the reason for this Digest issue.

Any article dealing with a comprehensive subject
such as the Inertial Navigator must necessarily be
somewhat limited in detailed description. Qur intent
is to present the basic theory of components and the
concepts common to all inertial systems, to discuss
the P-3 system and its relation to the aircraft, and to
offer operating and maintenance suggestions not pre-
sented elsewhere.



PART ONE
EARTH REFERENCED
AIR NAVIGATION SYSTEMS

The basic purpose of an air navigation system is
to determine the geographical position of the aircraft
in transit and to provide additional information to
guide the aircraft to a predetermined point on the
earth, Inertial navigation systems vary in design and
complexity to meet specific needs but they all accom-
plish their purpose by incorporating acceleration
sensors (accelerometers), gyroscopes, a computer,
and a variety of electro-mechanical devices into their
design.

Briefly stated, the inertial system functions in this
manner: Each time an aircraft changes velocity or
direction of flight, it is said to experience acceleration
of some magnitude in some direction. The acceler-
ometers sense and measure these accelerations, and
produce an acceleration signal for use by the com-
puter where the various values of accelerations are
integrated with time to produce a continually cor-
rected velocity signal. A second computer function
processes (integrates) the velocity signal to obtain
current earth-reference information — distance tra-
veled and position (latitude-longitude) data. In the
following discussion, we have reviewed the basic
principles of the inertial system components and
explained how their characteristics are combined to
meet exacting requirements.

ACCELEROMETERS  Accelerometer operation is based
on Newton's first law of motion, which states that a
mass will remain at rest or in uniform linear motion
‘unless acted upon by a force. This force causes the
mass to accelerate (change velocity), according to
Newton’s second law which states that: Acceleration
equals Force divided by Mass. An accelerometer
measures the force acting on a known mass, thus
effectively measuring the acceleration of that mass
and hence of the craft that carries it.

The operating principles of one type of simple
accelerometer are depicted in Figures la through 1d.
In Figure la the accelerometer is level—its sensitive
axis is at right angles to gravity—and no other accel-
erating force is present.

In Figure 1b, acceleration has caused the weighted
end of the sensitive element to lag the unweighted
end, and the indicator reflects a true measure of the
accelerating force. However, in order for the accel-
erometers to supply accurate information with respect
to the earth’s surface, they must #/ways be maintained
in a known attitude to that surface even though both
the earth and the aircratt are in constant relative
motion.

In contrast to Figure la and 1b, Figure 1c and 1d
depict the accelerometer tilted. Note that in Figure
lc the indicator is reading a gravity force while at
rest and in Figure 1d the gravity force and accelera-

tion force counteract and result in a zero indicator

reading. From this it becomes apparent that an accel-
erometer of this type must be maintained level with
respect to graviry if it is to be used to measure move-
ment in a horizontal plane with any degree of accu-
racy.

Due to other factors involved, the simple unit just
discussed is not suitable for use in an inertial system.
A spring’s reaction to load will change with age and
temperature, and even if this were ignored, the bear-
ing friction disqualifies such a unit from meeting the
following stringent requirements for a satisfactory
accelerometer:

1. Low threshold sensitivity — the ability to
sense an extremely small acceleration from
rest.

2. High resolution property—the ability to de-
tect extremely small changes of acceleration.

3. Linearity over a wide range of acceleration
—if the output is 1 volt for a one-half g
acceleration it must be 4 volts for a two-g
acceleration.

Note that even the “true” reading, obtained when
the crude accelerometer shown in Figure 1b was per-
fectly oriented to gravity, was not actually a true
reading in respect to the requirement for linearity.
If the force being applied in Figure 1b were doubled,
it can be seen that the indicator deflection would
not double because the weighted end has swung
away from the true south, and the east-accelerating
force is no longer as effective as before.

Figures le and 1f reflect the simple accelerometer,
modified to more closely meet exacting system re-
quirements, and indicates in simplified form the ac-
celerometers used in the P-3 system. To minimize
bearing friction, the sensitive element is floated in
fluid, and a pickoff device, a high gain amplifier,
and a torquer essentially replace the springs shown
in Figure la.

It should be noted that the most significant differ-
ence between the simple and the more elaborate units
shown in Figure 1 lies in the incorporation of a sen-
sitive element that is continuously driven (torqued)
by the amplifier towards its zero-signal “at rest” post-
tion while an acceleration force is in effect. Operated
in this manner, the accelerometer detects only veloc-
ity changes along its assigned axis (it ignores accel-
eration perpendicular to its axis) and does not rotate
away to some less-sensitive angular position. Since




Figure 1 Operating Principles of a Simple Accelerometer |

the amplifier output 1s just sufficient to restrain the

sensing element, the amplitude of the output signal __
1s at all times directly proportional to the sensed ac- :
celeration and may logically be used by the computer

as the electrical equivalent of velocity change.

- The accelerometer just discussed has but one sensi-
tive axis. Obviously, two such units at right angles

to one another are needed to measure movement of
an aircraft over a flat plane. Actually, of course, the

carth surface is not a flat plane but has a double cur-

vature and it is not stationary insofar as inertial space

is concerned. Since Newton'’s laws govern linear tra-

vel rather than radial travel, it is necessary to com-
pensate the accelerometer signals to meet the needs

‘of a terrestrial navigation tacility. The reason for this
- compensation, and the manner in which corrections
are introduced, are explained later in this article.

- GYROSCOPES As shown in Figure 1, the accelerom-

cters are totally uscless unless they are kept in a

known orientation relative to gravity, and to accom-

~ plish this while in motion over a rotating sphere (the
- carth) requires that the accelerometers be mounted
~on a plattorm which is stabilized by gyroscopes.

Basically, a gyro is nothing more than a flywheel

- except that it is used differently. The momentum of
a flywheel is used directly to “store” torsional en-
ergy, but when it is set in motion, it gains a second

- property—the unique property of tending to remain

~stable in space. By mounting a high-speed flywheel
in a special pivotal frame (a gimbal mounting) so

that it is free-floating in respect to the vehicle, it pro-

vides a stable orientation reference for that vehicle
while it is in motion. There are many and diverse

- applications for gyros, and they are not always com-
- pletely at liberty to move in their mounts. The two
~ P-3 inertial navigator gyros are free-floating, that is,
- each gyro spin axis is free to pivot a small amount
10 two directions within its case and is known as a
- two-degrees-of-freedom” gyro. As explained in de-
tail later, the platform gimbals extend this unre- o
strained feature to permit the gyro to remain stable -

during yaw, pitch, and roll maneuvers of the aircrafr.
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Figure 2a Apparent Gyro Precession due to Earth Rotaticn

The tendency of the gyro to remain stable in space
(gyroscopic inertia) is not an unmixed blessing when
it is applied in a global navigation system. Considet
a gyro mounted in a frictionless gimbal and oriented
in a horizontal plane at the equator with the spin
axis pointed E-W as shown in Figure 2a. As indicated,
although its spin axis remains fixed in space directly
above the Greenwich meridian, to the observer on
the ground it will appear to rotate in a vertical plane
a full 360° in 24 hours as the earth makes one revo-
lution.

It is also true that a gyro with its spin axis oriented
north-south at the equator (see Figure 2b) would
appear to turn 90° if it were moved from Point A
on the equator to Point C at the pole.

When the direction of a gyro’s spin-axis is changed,
it is said to have precessed. In both of the above in-
stances the spin axis direction in respect to space did
not change. It appeared to change simply because the
observer’s orientation with respect to space changed.
Such false motion is accurately termed “apparent pre-
cession.” Obviously, if the gyro shown in Figure 2a
were allowed to follow its natural tendencies, it
would make a good 24-hr. clock, but as a com-
pass it would be accurate only once a day. How-
ever, it can be seen that the rate of its apparent pre-
cession is always exactly that of the earth’s rotation,
and all that is required to keep the axis horizontal
is to apply a steady counter-acting force to offset the
apparent precession. When the proper force is ap-
plied to offset the apparent precession of the Figure

C
AT TIME 1200

reaction to an upsetting force. When su

Figure 2b Apparent Gyro Precession When Moved From the
Equator to the North Pole

2a gyro, the spin-axis will appear to remain perfectly
aligned but actually a true precession is taking place
at the rate of 360° per day.

One of the characteristics of the gyro is its unique
ficient force
is applied to overcome the gyro’s tendency to remain
stable in space (gyroscopic inertia), the resulting pre-
cession will be at right-angles to the applied force,
and the direction of the precession will be determined
by the direction of the gyroscope’s spin. Figure 3
depicts a gyro with an applied vertical force (1) and
the direction of horizontal movement (Precession 1),
as well as a second force (2) applied on a horizontal
plane and the vertical precession (Precession 2) that
results. If both forces are applied simultaneously,
precession about both axes takes place at the same
time.

Applying this to the circumstances portrayed in
Figure 2a and b, it can be seen that if a true preces-
sion is to be induced to offset the gyroscope’s appa-
rent vertical precession, horizontal rather than verti-
cal forces must be applied to both gyros. In the case
of the gyro depicted in Figure 2a (spinning from N
to S) force at the E end must be from the N; or force
at the W end must be from the S to offset the appa-
rent precession due to earth rotation. To prevent the
apparent tipping of the N-§ oriented gyro (Figure
2b) as it is carried towards the pole, precessing force
on the N axle extension must be from W; force on
the S extension must be from E.




Further consideration of Figure 2b, Position D,
indicates that the gyro spin axis will #o# continue to
point true north-south when it is moved in a north-
easterly direction as shown by the dotted arrow. To
induce the necessary precession about the horizonial
plane a vertical depressing force must be applied to
the north axle extension or a vertical elevating force
away from the center of the earth must be applied to
the south axle extension to effect a heading correc-
tion.

Note that the amount of precessing force on the
Figure 2a gyro is constant and predictable only if the
gyro remains stationary on the earth. If this gyo
were in a vehicle traveling east fast enough to circle
the globe in one day, the apparent precession rate
would double, and twice as much torque would be
required to prevent the gyro from tilting. Conversely,
circumnavigating the earth west-bound in a day
would have the effect of cancelling the apparent pre-
cession automatically, and no torqueing force would

be needed.

As explained later, in the inertial navigator the
torqueing force is provided by means of an electrical
signal. The exact amplitude of the signal is a func-
tion of earth rotation rate and aircraft velocity, and
is supplied automatically to the gyros.

COORDINATE SYSTEM A position or location on the
surface of the earth is commonly defined in terms of
the latitude-longitude earth coordinate system. In
this arrangement, the “parallels” of latitude run east-
west and measure north or south position up to 90
degrees from the equator. The lines (meridians) of
longitude run true north-south and measure east or

west position up to 180° from the Greenwich, Eng-
land (0°) meridian.

The two axes of the coordinate system correspond
to the two horizontal axes of the stable platform. The
platform axes are designated as X for the east-west
direction and Y for the north-south direction. The
third axis is identified as the Z or local vertical axis
and its direction is always coincident with gravity,
In some systems a third accelerometer is installed
to measure vertical acceleration but it is #oz included
in the P-3 installation.

Figure 4 depicts a cut-away view of the earth and
its geographic coordinates. Note that the angle of
both latitude and longitude are measured with ref-

FORCE OR
TORQUE 1

T
SR e,
i A
T

s
i
ettt
s
B .
L

ST

FORCE OR
TORQUE 2

.......

PRECESSION 2

Figure 3 Gyro Precession Occurs in a Plane at Right Angles to
the Applied Force
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Figure 4 Cut away View of Earth and Its Coordinates Showing
Angular Measurement of Latitude — Longitude and the
X, Y, and Z Axes of Stable Platform

erence to angular changes about the earth. The X
accelerometer, however, measures linear, rather than
radial, east-west acceleration and the Y accelerometer
measures north-south linear acceleration. The output
of both must be converted to a measure of angular
change or motion to be indicative of latitude and
longitude changes.



STABLE PLATFORM  As previously stated, the accel-
erometers cannot sense a true value ot acceleration
unless they are properly oriented with respect to the
surface over which they are to operate. To make this
possible, the accelerometers—and the gyros—are ar-
ranged on a stable platform as shown in simplified
form on Figure 5. Note the colored arrows which
indicate that the gyros sense motion, and are torqued,
at right angles to their spin axis.

The platform support permits it to rotate in any
direction, as though it were suspended at a single
point. The gyroscope whose spin axis lies athwart
the E-W (X) axis senses, and serves to counteract,
any tendency of the platform to rotate about the X
axis. Accordingly, it is identified as the X gyro and,
by the same logic the other gyro is designated as the
Y gyro.

The platform is supported by motor-powered gim-
bals which respond instantly to the pitch, roll, and
heading changes sensed by the gyros, and drive in a
direction opposite to aircraft motion just sufficient
to keep the platform from being disturbed. In effect,
the aircraft appears to rotate freely about the stable
platform without affecting its orientation in space.
Figures 6a, b, ¢, and d depict gimbal positions for
four of the many aircratt attitudes commonly experi-
enced during flight.

If the aircraft were operating over a flat non-rotat-
ing plane, the stabilization described above would be

il

VERTICAL X GYRO PLANME OF CONTROL, Computed
AXIS
i

precession sigrel bolds spin axis level during
N—E- Ir::'-.r:_':_. .'_:-iﬂ'!-.'.'|5 F:’ljlrn = G}-'r'-:_':- cinterost
any tendency of qassembly fo Hit rorth or
scuth [retate sbour the B Axis).

"N ACCELERCIMETER
DETECTS MORTH - 30UTH
ACCELERATIOMN

R ACCELTROMETER
QDETECT: EAST - WEST
ACCELERATION

Y GYRO AZIMUTH COMTROL. Computed
precession signal holds spin axis aligred fo
; cootdinete system, E;Qrﬁuis from % {:-}rrc.'-
' counteract any fendency of assembly to Furn
i out of slignment with true north (refate
@ about 2 axis).

Y OGYRO PLAME OF CORTHROL, Computed
precession sigral holds spin axiz level,
cancelllng combinad effect of eastward earth
rofotion and E<W reowel E:;_:lru-.':!: From %
Crvre counteract any !-'.-'l«;i-.-n;.:} aof fl-'hf-L:.'-'ri;?l:r' ra
tily wast or west [rotate ahout 7 Axis).

Figure 5 Accelerometer and Gyro Arrangement on Stable Platform.
Colored arrows depict motion sensed by gyros and
direction in which they are torgued.
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adequate. However, the platform must remain prop-
erly leveled and oriented in heading while it 1s mov-
ing over a curved, rotating earth. As noted in the
gyroscope discussion, the forces required to level the
two gyros are not the same. The spin axis of the X
gyro (the upper gyro shown on Figure 5) must be
tilted at a rate equivalent to the aircraft angular vel-
ocity in a north-south direction, but the Y gyro level-
ing rate is the sum of east-west aircraft velocity and
the earth turning rate as well.

Since the gyros are also stable in respect to azi-
muth, they must be precessed about the vertical or Z
axis of the platform—to preserve north-south/east-
west orientation. When the gyros are precessed in the
horizontal plane—or when the aircrafc turns—the
sensing elements of both gyros detect a slight disturb-
ance at their spin axes, and the signal from either
gyro could be used to position the platform. How-
ever, only the Y (lower) gyro signal is used in the
P-3 inertial system, and its outpur drives the plat-
form about the vertical axis a precise amount to
maintain its heading.

The computer takes the earth rotational rate into
account, together with the aircraft rotational rate as
it moves over the earth curvature, and supplies a dc
signal to the appropriate gyro torquer to force the
gyros to precess and the platform to rotate about its
X, Y, and Z axes. It should be noted that the aircraft
angular rotation part of the X, Y, and Z torque sig-
nals is developed by the computer from the accel-
erometer-sensed inputs. This arrangement involves
a complete loop in which the output of each accel-
erometer is modified by the computer and returned
by way of the gyro torquers and platform gimbals to
control the ultimate accelerometer position. This
rather extensive circular path is known as the “vehi-
cle torqueing loop.” As explained later, the compo-
nents of this loop produce an oscillatory type of
control for the platform known as “Schuler tuning,”
which s indispensable to the pertormance of the
inertial navigator.

Exact initial alignment of the platform is essential
if mission starting errors are to be avoided, that s,
the stable platform must be precisely leveled and
oriented in heading prior to moving the aircraft.
Alignment consists of leveling the platform and
accurately “pointing”’ its axes—the sensitive axes—
in the proper directions. Typically, the plattorm will
go through a period of rough alignment with refer-
ence to its own mechanical structure and an approxi-



Figure 6 Gimbal Positions During
Typical Flight Maneuvers

mate true north position before being accurately
fine-aligned to its frame of reference, the global
coordinates.

Precise leveling during fine alignment is sensed
by the accelerometers. With the aircraft at rest, the
output from both should be at zero when alignment
is complete. However, the platform will not be level
when alignment begins, and a component of gravity
will be sensed. During the fine align period, the accel-
erometer outputs are ultilized to force the gyros to
precess and, as the gyros move, they signal the gim-
bal servos to drive until the accelerometers are level.

The final accurate alignment of the platform to

its true north-south and east-west axes is known as
gyrocompassing,” and is accomplished after leveling
ts essentially complete, but the leveling process con-
tinues during gyrocompassing in this way: as noted
previously, the Y gyro is made to precess 360° per
day (15° per hour) to offset the apparent precession
due to the earth’s rotation. This calculated force is
also applied during the alignment operation. If the
Y gyro spin axis is not aligned petfectly with the
equator, the induced precession will zoz be perfectly
offset by the earth rotation, and instead of holding the
platform level the precessing force will actually tilt
the platform causing both accelerometers to again
sense an increment of gravity. During gyro-compass-
ing, both accelerometer outputs are utilized to re-
erect the platform (as before), and the Y accelerom-
eter signal 1s also used to torque the gyros and posi-
tion the platform about the vertical (Z) axis. When
the accelerometers cease generating cyclic correction
signals, the platform will be perfectly level and the
earth rate precession will be exactly counteracted by
the induced precession, a state that is only achieved
when the Y gyro spin axis is perfectly parallel with
the equator and the X gyro spin axis is aligned true
N-S.
COMPUTERS  Since accelerometer information in its
‘raw” form is not directly usable, either for naviga-
tion display or controlling the gyro-stabilized plat-
form, an analog* computer is utilized to convert this
data into the form required for each individual func-
tion.

*Since the ASN-42 system was designed, advances in the art
of mintaturizarion have made the digital computer more
aaaptable to aircraft use. The digital concept offers improved
accuracy, and the analog computers discussed here will
probably be replaced by digital components if a major
improvement modification of the system is implemented in
the future.
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An analog computer establishes an electrical quan-
tity to represent a variable physical input, then sam-
ples this electrical quantity to determine increments
of change in the physical force signal. For example,
the analog computer used in the P-3 system utilizes
a two-volt signal from the accelerometers that repre-

sents one g (32 feet per second/per second) accelera-
tion.

The P-3 analog computer consists of three basic
sections: input, computing, and output. The input
section is composed primarily of resistors that scale
the accelerometer outputs and the correction voltages

to the precise values required by the computing sec-
tion.

The computing section includes both passive and
active elements. The passive elements (resistors and
capacitors) serve to scale the input and output values
of each computer active element. The active elements
(operational amplifiers) pertorm the multaplication,
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summation, and integration functions of the compu-
ter. An operational amplifier is a very high gain dc
amplifier with its gain controlled or regulated by an
input feedback network. This type of amplifier will
perform a variety of computer functions, for its out-

put is determined by the nature of the feedback net-
work employed.

If a capacitor is substituted for the usual resistive
feedback network, the operational amplifier becomes
an integrator. Stated simply, an integrator repeatedly
samples the instantaneous value of its input, multi-
plies each sample by small increments of time, and
then collects all of these preducts into a signal that
accurately reflects the progress of action. If the input
to an integrator is acceleration, the output will be
velocity. If the input is velocity the output will be
either distance traveled or position information as

determined by the type of device to which it is
connected.
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The computer output section incorporates fixed
resistors, variable resistors, transformers, and synchto
transmitters. Each 1s selected to convert the computed
data to a voltage or current signal that can be util-
ized within the system or by associated electronic
equipment.

Other portions of the computer generate and scale
the special correction voltages such as Coriolis, centri-
petal, elliptical, and earth rate values—self correc-
tive signals described in subsequent chapters.

SCHULER PENDULUM  As stated in the foregoing dis-
cussions, the problem of stabilizing the accelerometer
platform in respect to vehicular motion (roll, pitch,
and yaw) is satisfactorily resolved by the use of gyro-
scopes. The problem of compensating for the angular
velocity of the aircraft around the earth is theoretic-
ally resolved by utilizing velocity data to compute
the rate and direction of precession; precession which
must be induced to overcome the gyroscopes’ natural
tendency to remain oriented to space rather than to
the earth. Note that the induced precession is com-
puted automatically within the system from data ob-
tained from the accelerometer signals, and the accu-
racy of induced precession is, therefore, predicated
on 100% perfection in the accelerometer signals.

Although a very high degree of precision can be
attained, absolute perfection is a practical impossibil-
ity. Inevitably, in any inertial guidance system, a
small error will occur in the accelerometer-generated
signal for some reason or for some combination of
reasons. As noted in the computer discussion, the
acceleration signal is integrated once to produce a
velocity signal, and the new signal is then integrated
to obtain the distance-traveled and position data.
Thus, the original small acceleration error is multi-
plied by time twice and it grows and accumulates
exponentially in proportion to elapsed time.

Generally speaking, any given inertial guidance
system installation will exhibit a fairly constant ten-
dency to err, that is, the platform will be inclined to
tile slightly, and consequently each system has an
inherent tendency to yield position data that drifts
progressively farther from true. The seriousness of
the problem, if it is not corrected, is illustrated in
the following example:

If we assume a 360-knot aircraft is carrying a guid-
ance system with a small natural drift error which
leads it to report a position 2 NM off course after 42
minutes of flight (252 NM traveled), it is evident that
a system error is in effect equivalent to an accelerom-
eter signal error of .00226 NM per minute, per min-
ute. (An error in reported acceleration of .00226 NM

per minute, per minute multiplied by 15 of the
elapsed time gives an average velocity error of
04746 NM per minute. After 42 minutes of flight,
this average velocity error will cause the system to
report a position 2 NM from true.) A 2-NM error
is an appreciable error, but not intolerable in view
of the fact that the aircraft has traveled 252 miles.
However, if the error is allowed to continue to com-
pound at the same rate for an additional 42 minutes
(.00226x42x84) the reported position will be 7.97
NM oft course, and at the end of a 12-hr. flight the
reported position will be 586 NM in error.

Thus it can be seen that if the theories of inertial
guidance are to be made practical, it is absolutely
essential that the system provide a tolerance for error
in the “raw” signals produced by the accelerometers.
Although the accelerometer error may originate in
other ways, a small, nearly undetectable tilt of the
platform due to gyro drift—allowing the accelerom-
eters to sense a small increment of gravity—is gen-
erally the root cause of the natural drift exhibited by
every installation. A mechanical physicist named
Schuler suggested the means by which such a system
could be made self correcting, thereby building into
the system the required tolerance for error.,

Schuler reasoned that the force of gravity is the
only vertical reference that can be utilized by a travel-
ing platform, and a plumb-bob is the most logical
device to sense gravity force. Unfortunately, a plumb-
bob of practical dimensions gives a true indication of
gravity only when it is completely stable in space
over the earth’s center, or in uniform motion about
this center. Every acceleration disturbs the bob-weight,
that is, it becomes a pendulum. Although a pendu-
lum of known arm has a perfectly predictable period
—a set time per cycle—and will return to vertical at
a predictable instant after it is set in motion if no
further accelerations disturb it, the problem involves
a platform with continually varying accelerations in
all directions.

Schuler conceived a sort of “ideal” plumb-bob. He
reasoned that a plumb-bob whose center of mass co-
incided with the earth’s center of gravity would pro-
vide a vertical reference not vulnerable to accelera-
tion of its support. At rest, it would be unaffected by
lateral accelerations of its point of suspension. In
motion it would retain its usefulness as a vertical
reference because its period as a pendulum would be
exactly predictable, that is, it would infallibly return
to true vertical at predictable intervals regardless
of any or all accelerations of its pivot point during
the cycle. The period of such a pendulum would be

almost exactly 84 minutes, meaning that it would
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return to true vertical at 42 minute intervals, regard—
less of where the point of suspension moved during
this time. Figure 7a shows the behavior of the Schuler
pendulum applied to a vehicle following an arc
about the earth center at random velocity, as is the
case in an earth-navigational system. As shown, the
varying accelerations of its pivot has no affect on the
Schuler pendulum’s inherent tendency to remain at
the earth’s center or, if it were set in motion as shown
in Figure 7b, to re-align itself to its original “null”
point at 42 minute intervals as indicated in Figure
/c.

Of course, it is impossible to construct and utilize
a 4000-mile arm pendulum to provide a reference

for an earth-navigational system, but it is possible to
duplicate the effect of the pendulum by literally in-
ducing this exact angular oscillation of the platform
—g Swinging motion of 84 minutes-per-cycle. Any
system, so controlled is said to be “Schuler-tuned.”
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The way in which this is implemented on the P-3
navigational system is as follows:

As the platform is aligned, a true vertical is estab-
lished as indicated by Position 1 in Figure 7d. There-
after, when the system is placed in operation some
slight system discrepancy will invariably introduce
an error which tilts the platform. The direction of the
tilt always results in a gravity-induced acceleration
signal and an attendant velocity change. This change
exerts an influence on the precession rate which
tends to oppose platform movement and the growth
of this induced precessing force is carefully con-
trolled* so it will arrest the tilt 21 minutes after it
becomes evident,

*This control feature is the essence of “Schuler tuming”
Tuning is a design function obtained by incorporating spec-
ific component values into the control loops of both the
N-§ and E-W axes (block diagram of E-W axis shown in
Figure 7e) which will sustain the 84-minute oscillatory
period.



Then since velocity and precession force will con-
tinue to change until the tilt is eliminated, the plat-
form is motivated towards level for the ensuing 21-
minute period, and swings at a maximum rate back
through the level position (depicted at Position 3.
Figure 7d) and into the opposite excursion. Thus,
once the initial tilt occurs, a continuous cyclic chain
of events takes place: the platform tilt induces an
acceleration signal which feeds a velocity signal which
swings the platform at the exact radial rate that a
Schuler Pendulum would produce.

The end result of the Schuler cycling can be illus-
trated Dy noting its influence on the previous example
in which the uncorrected acceleration error resulted
in a position error of 2 NM after 42 minutes and
almost 8 NM after 84 minutes of flight. This system
exhibited an accelerometer error of .00226-miles per
minute, per minute. The cycling also induces accele-
ration errors. We will assume that the mean effect
of the induced cyclic error is half the magnitude of
the constant natural error and we will assume, fur-
ther, the worst possible coincidence in which the first
Schuler-induced error after takeoff actually augments
the natural error instead of detracting from it.

This will cause the reported position to be half-
again as far off-course, 3 NM instead of 2, after 42
minutes of operation. During the second half-cycle,
the mean effect of the Schuler-induced error elimi-
nates half of the natural drift error (.00226 divided
by 2 equals .00113), and the net error accumulated
during this leg of the flight is the equivalent of
00113x21x42, or .988 miles. This, added to the
accumulated error in the first leg would place the
Schuler-tuned aircraft exactly 3.988 NM off-course

after 84 minutes of flight instead of 7.97 NM, and
at this point 509% of the drift error inherent to this
system has been eliminated. After 168 minutes of
flight the error will be 8 NM with Schuler-tuning,
31.9 NM without it—the error has been reduced by
73%. It can be seen that the cycling becomes pro-
gressively more beneficial on subsequent cycles, and
in fact Schuler-tuning on long flights represents the
difference between practical accuracy and intolerable
errors 1n the application of inertial guidance theory.

The Schuler oscillations do entail an undesirable
feature in that they induce small oscillating accelera-
tion errors in both the N-S and the E-W axes which
are supetimposed on the drift errors. This leads the
system to report a position slightly in error (latitude
and longitude) first in one direction, then in the other.
Although the average of the reported positions is
nearly true, the aircraft tends to weave in shallow

excursions about the desired course, and some lost
motion is involved. In the P-3 installation, the Dop-
pler radar velocity signal, which is not subject to
periodic excursions, is utilized to “damp” the plat-
torm oscillations, holding the amplitude of the swing
to a minimum value without greatly disturbing its
trequency.

ACCELEROMETER OUTPUT CORRECTIONS The arrange-
ment of the accelerometers with their sensitive axes
horizontal and perpendicular to one another is per-
tectly suited to navigating over a stationary flat plane
or over flat terrain moving at uniform speed in a
straight line. The earth, however, is a rotating sphere
and insofar as the platform is concerned only points
along the equator can be considered to possess uni-
form linear motion. Here, and only here, the accel-
erometer signals can be translated directly into posi-
tion information. Since very few flights are carried
out exactly along the equator, it is necessary to pro-
vide an automatic device which will alter the accel-
erometer signals in order for the system to report
information that is meaningful to the map coordinate
system. The corrective device is purely electrical. All
or part of the circuitry is active whenever velocity
signal voltage is present anywhere north or south of
the equator. These circuits utilize the velocity signals,
modified according to the latitude of the aircraft posi-
tion, to “graft” artificial acceleration signals in the
accelerometer output circuits.

There is a division in logic between the circuits—
part being devoted to centripetal affect, part to Cori-
olis affect—but it should be noted that the corrections
are complementary and the division of function is
vague,

Although it is convenient to assign a separate pur-
pose to the circuits as we have in the following dis-
cussions, the functions overlap and it is not entirely
accurate to consider them as separate entities.

Centripetal Correction This function is distinct from
that of the Coriolis correction in that it has no rela-
tionship to earth dynamics. If the earth were station-
ary, it would nonetheless be necessary to graft centri-

petal correction voltages on the accelerometer signals
to obtain an accurate plot of any course that does not
exactly coincide with one of the earth coordinate
great circle routes, i.e., an exact polar orbit or an
exact equatorial orbit. Every linear acceleration initi-
ates motion on a great circle route, a route that ulti-
mately circles the earth center, but unless the route
is due north-south or directly along the equator the
system is incapable of plotting it accurately from the
‘raw’ accelerometer signals.
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Figure 8a Centrrpetal Borrectmn During Lat!tudrnal Flight. Using the known factors (a:rcraft velocity east and latitude) computer
supplies artificial south acceleration signal exactly cancelling sensed north acceleration signal, no N-S velocity is reported.

The orbit resulting from linear acceleration, and
the logic of applying centripetal corrections to obtain
an accurate plot of track can be visualized by imagin-
ing any stmple circumstance involving a single accel-
eration and the inertial reaction. For example, if a
perfect bowling lane were built completely around
the earth at the equator, a bowler could theoretically
stand behind the pins, roll the ball in the opposite
direction, and (after a few years’ time) get a perfect
strike on the head pin. But if the lane were built on
Latitude 10 N, the ball would invariably veer south,
and after a few thousand yards it would fall into the
right-hand gutter if it were rolled east, into the left-
hand gutter if thrown west—the south gutter in both
cases. The reason for this phenomena is revealed by
considering such a lane built on a latitude in the
Arctic only a few yards from the pole. Here the curve
of the lane is obvious, and it is readily apparent that
if the ball is accelerated due east it will in fact follow
a straight course in inertial space that intersects the
outside gutter. If the ball is to roll at uniform speed
and remain on the alley, a uniform north-accelerating
force must be exerted on the ball in transit. Note
that, in this case the north acceleration is a corrective
force and does not produce north velocity with re-
spect to the alley.
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As depicted in Figure 8a, the N-S accelerometer
aboard an aircraft circling the pole finds the same
phenomenon. In a steep-banked turn, the centrifugal
force tends to deflect the N-S accelerometer, it blind-
ly reports a steady north acceleration and a growing
north velocity will be recorded when in fact only
east velocity exists.

The fault does not lie in the accelerometers but in
the non-linear pattern of the accepted geographic
coordinate system to which the platform is slaved.
The coincidence of earth axis and pole seems to 1m-
plicate earth dynamics in the phenomenon, but actu-
ally this is not a factor, If the coordinate system were
shifted to place the pole at New York and New York
was used as the focal point of one accelerometer axis
of an inertial navigator circling the city, the accel-
erometer sensitive to this axis would report accelera-
tion towards it.

With a spherical coordinate system, any lineat
vehicle acceleration that initially affects both accel-
erometers will never result in the vehicle reaching
the pole. The vehicle will follow a great circle track
that first approaches one of the poles, flies due E or W
for a brief period and then departs the pole as shown
in Figure 8b.




The velocity resulting from any given acceleration
is initially computed correctly with respect to space,
but the direction of the speed is in need of constant
alteration if the navigational system is to accurately
report a great circle course that crosses both latitude
and longitude. On such a course, the aircraft does not
turn as it does following a line of latitude, and con-
sequently does not generate uniformly false north
acceleration signals. The centripetal correction cit-

cuit does, however, continue to “plant” signals of

acceleration towards the equator. This has the affect
of altering the reported speed (the resultant of veloc-
ity along both axes), and since no actual acceleration
has taken place to cause a speed change, it is apparent
that the centripetal correction circuit must simul-
taneously plant a positive acceleration in one axis if
it plants a negative acceleration in the other. There-
fore when a portion of the north or south velocity

is canceled, the system must necessarily add a suffi-
cient increment of E or W acceleration to allow the
reported total speed to be unchanged while the re-
ported direction of flight is “bent” towards the equa-
tor. As shown vectorially in Figure 8b, after a single
N-E acceleration has occurred the north vector grows
progressively shorter. Note that the resultant speed
vector is always of the same magnitude.

In summation, it can be said that an east or west
acceleration in either hemisphere contains a “hidden”
element of acceleration towards the equator, and the
centripetal correction simply acts to reveal this ele-

ment. If the aircraft velocity is any but due north or
south, in the northern hemisphere the centripetal
correction “manufactures” a south component of vel-
ocity. In the southern hemisphere it manufactures a
north velocity.

Figure 8b Platform Orientation Along a Great Circle Route Resulting from a N-E Acceleration. Insets show changes in velocity
vectors produced by continually recomputed correction signals.
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it is obvious that the train’s eastward velocity must
be constantly reduced as it progresses north. This is
tantamount to saying an acceleration is occuring.

Since the train is constrained by the track, a force
from the east will be exerted on the wheel flanges.
This force is sensed by the E-W accelerometer as
acceleration to the west and a growing west velocity
is computed. As indicated by Figure 8c, an aircraft
flying north directly along a moving longitude mer-
idian will subject the E-W accelerometer to this same
force as its course in space is altered to the left to
compensate for the decreasing eastward speed of the
earth surface.

If we assume that either vehicle travels north and
stops at a latitude where the earth rate is 200 knots
less than the earth rate at the point of its initial align-
ment, the velocity computer will continue to report
that the vehicle is traveling west at 200 knots even
though it is perfectly static.

The Coriolis correction prevents this ludicrous
crcumstance from occurring by manufacturing exact-
ly enough east acceleration signal to offset the con-
tinual west acceleration signal generated by the E-W/
accelerometer as it travels north. The east and west
accelerations cancel, and no change in longitude is
reported. Of course, if the aircraft makes the return
trip, the platform begins the trip under the delusion

- i
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e Dy CORRECTION 54

L CORIPLIS CIRCUIT———4

e

that 600 knots east is zero velocity, and as it travels
south the increasing earth rate leads it to constantly
report east acceleration. In this case, the Coriolis cor-
rection also reverses, that is, it manufactures a west
acceleration that exactly voids the east acceleration.

Note that, in both of the above cases, the Coriolis
corvection has supplied an artificial signal of accelera-
tion to the right side of the actual track. This is the
nature of the Coriolis corrvection, regardless of the
direction of travel in the northern hemisphere. When
the track is due east along a parallel of latitude as
tllustrated in Figure 8d, the centripetal correction
oftsets the increment of north acceleration generated
by the aircraft speed over the earth; the Coriolis cor-
rection accounts for the additional force generated
by earth rotation. For example, if the earth rate at
Latitude “L” is assumed to be 700 knots and aircraft
speed 18 350 knots, it is obvious that the total speed
is 1050 knots. Centripetal correction offsets the accel-
eration due to centrifugal force of a 350-knot turn
of this radius; Coriolis correction offsets the force
of a 700-knot turn. The two corrections are additive
in this case.

Reversing the course and flying west, the correc-
tions become opposite in polarity—the centripetal
signal is still south but Coriolis is north (to the right
of the track)—and therefore only a part of the larger
correction is effective,
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Figure 8d Combined Coriolis and Centripetal Corrections in East Flight. Earth rotation coincident with

vehicle track causes Y accelerometer to sense additional increment of false north acceleration:
Coriolis correction complements centripetal correction, eliminates total north acceleration error.
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The inertial system components reviewed in the
foregoing discussion are typical of those presently
used in high speed aircraft. The accelerometers are
the primary source of information for the system; the
remaining components are in existence primarily to
establish and maintain a frame of reference for the
accelerometers. The attitude and heading information
are usually obtained from the system as by-products.
From the information supplied by the accelerometers,
distance-traveled and position information are calcu-
lated in the computer for readout and feedback. Thus,
the carrying vehicle is able to instantaneously com-
pute and display its location, velocity, heading, and
attitude.
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PART TWO
EDITOR'S NOTE

Detailed information as to the theory of operation,
alignment, and maintenance of all ASN-42 equipments
is given in NAVWEPS 01-75PAA-2-7.3, NAVWEPS
05-35KAA-24 and NAVWEPS 05-35KAA-25 manuals,
but it is hoped that the short resume of the more im-
portant aspects given in the following pages will provide
a better general knowledge of the system, especially for
those who are not electricians or navigators.

INERTIAL SYSTEM DESCRIPTION

In its usual application, an inertial system is used
only to report the progress of ground track. The P-3
inertial system, however, falls into a somewhat
broader category in that its interconnection with other
navigational facilities enhances its capabilities.

The precise engineering and careful adjustment
that maintains stable platform alignment provides a
bonus on the P-3 installation, for the platform pro-
vides an accurate reference from which attitude
(pitch and roll) and true heading can be measured;
signals needed to orient other components not direct-
ly concerned with long-range navigation.

All inertial system units are accessible within the
P-3 cabin or flight station areas (see Figure 9). Only
one control unit, the Inertial Navigator Control, is
located in the flight station (near the aft right-hand
side of the Pilots Control Pedestal); all other indi-
cators and controls, including the Position Indicator,
the Alignment Control, and an auxiliary unit, the
Doppler Decoupler control, are situated on the vert-
cal instrument panel at the Navigator’s station. The
other five system units and one auxiliary assembly,
the AU 0400 Converter-Decoupler (Power Supply
and Relay Box), are housed in the aft left-hand elec-
tronic rack—one of the closed electronic cabinets
ventilated by the cabin air exhaust to hold the en-
vironmental temperature below 130° F.




CONVERTER-DECOUPLER A173 DOPPLER DECOUPLER FLECTROMNIC COMNTROL AMPLIFIER
Al G400 {INSTALLED OMN AIRCRAFT AM=-3113/A5MN-42

: BUNG 152141, 152144 AND
SUBSEQUENT,

SIGMNAL DATA CONYERTER
CW=1227 /ASN-42

GYROSCOPE ASSEMBLY
CN-793 /ASN=-42

REMOTE COMPASS TRANSMITTER
ML= [FLUX VALVE)

MAVIGATIONAL
COMPUTER
CP-432/A5K -42

POWER SUPPLY
PP-3100/A5M=42

POSITION INDICATOR ALIGNMENT CONTROL INERTIAL NAVIGATION COMNTROL
C-3832/A5N-42 C-3833/A5M—42 C-4061,/A5N-42

Figure 9 Inertial System Unit Location in Aircraft
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The capacities of the Orion’s ASN-42 Inertial
Navigation System are utilized in two basic operating
modes by selecting either NAV/I-D (Inertial-Dop-
pler) or PILOT/FAST ERECT*-SLAVE-FREE-
COMPASS at the Co-pilot’s Inertial Navigator Con-
trol mode selector switch (see Figure 9). This article
is chiefly concerned with the Inertial-Doppler capa-
bilities, and while the three subdivisions of the
PILOT mode are important added navigational serv-
ices, we will touch on these only briefly.

The three PILOT modes produce essentially the
same type of information provided by conventional
attitude heading reference systems, such as the MF-1
used in the P-2 Neptune, and the supplementary
ASN-37 or ASN-50 Attitude Heading Reference
System (AHRS) used in the P-3 Orion.

The SLAVE mode is primarily intended to supply atti-
tude, magnetic heading, and true heading informa-
tion for use by the Pilot on local flights or on those
cross-country flights where radio navigation aids are
available, and a navigator is not aboard. In this mode,
magnetic heading is derived from the remote com-
pass transmitter, but the erratic oscillations native to
the flux valve signal are not evident, due to an inter-
connection with the gyro-stabilized inertial platform.
True heading is derived by combining magnetic
heading with manually-inserted variation.

The FREE mode also provides attitude and heading
information but heading is “free” of the magnetic
influence of the flux valve. Heading need not be
measured in relation to the north pole, for the source
is purely gyroscopic and is related to the stable plat-
form’s heading orientation in space. Any desired
datum for heading can be selected—by the SLEW
control—and a course established with reference to
that datum. FREE mode will normally be used when
employing Grid Navigation techniques at latitudes
above 70° (polar regions) or in certain other areas
where the earth’s magnetic field is too unreliable to

use the SLAVE mode.

The COMPASS position of the IN Control switch 1s
an emergency mode to be selected when the inertial
system is inoperative in its more accurate modes. The
single, undamped output — unstabilized magnetic
heading—reflects the oscillations of the pendulum-
mounted flux valve which are induced by aircraft

mancuvers.

*FAST ERECT position of this mode switch is not actually
an operating mode. It is used for Pilo? mode alignment
purposes only, and provides no useful operanng information.
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Operation with the mode switch in the NAV I-D
position exploits the maximum capabilities of the
system to produce continuous indications of latitude
and longitude on the Position Indicator—thus pet-
forming its prime function as an #id for the Naviga-
tor in directing the aircraft from point to point by
the shortest possible route.

As explained in Part 1 of this article, the inertial
platform is a uniquely stable device that is perpetu-
ally aligned to the local vertical and oriented in azi-
muth to the frame of reference—the earth coordinate
system of latitude and longitude. Then, since all
longitude meridians converge at the true north pole,
synchro transmitters attached to the stable platform
can electrically measure—and convey to display in-
struments—the angle between true north and what-
ever heading the aircraft may take. In a similar man-
ner, transmitters placed between the stable platform
supporting structure (gimbals) and the leveled plat-
form measure the aircraft attitude with relation to
the plane of the earth’s surface. Figure 12 depicts the
relative location of these transmitters on the Gyro-
scope Assembly, and Figure 10 indicates the basic
signal flow and illustrates the instruments and avion-
ics to which the inertial system is interconnected.

The inertial system is directly or indirectly inter-
related to most of the P-3 avionics systems. To better
understand its function and operation, it is helpful to
be generally familiar with the nature of the infor-
mation produced and the form in which it is used
or presented.

As indicated by Figure 10, 115-V ac power for the
Inertial Navigator system is provided by two mula-
ple-circuit breakers, labeled HEATER and RUN,
located on the aft left-hand electronic rack circuit
breaker panel. T'wo additional flight station breakers
supply 28-V dc power to the AU 0400 Converter-
Decoupler*. One dc breaker is labeled INERTIAL
NAV PWR and is located on the Flight Essential
DC Bus panel; the second breaker—entitled INER-
TIAL NAV PWR RELAY—is located on the Exten-
sion Main DC Bus.

The items enclosed in the colored area on Figure 10
are the inertial system and its three auxiliary units,
and all others are the indicators and systems from

* At the time of this writing, all production aircraft (BUNO
152141, BUNO 152164 and subsequent) are equipped with
@ Lockheed fabricated unit (A173 DOPPLER DECOUP-
LER) to replace the AU 0400 Converter-Decoupler. Addz-
tional details comcerning this umit and the relocation of
inertial system circuit breakers are presented near the end
of this publication.



which the inertial system receives, or to which it
supplies, information. For the sake of simplicity, air-
craft signal-distribution relays and switching are
omitted. The distribution illustrated in Figure 10 oc-
curs when the manually operated control switches
are as shown: the Pilot’s and Co-pilot’s HSI HDG
switches are set to INERTIAL position, the Co-pilot’s
Attitude switch is set to NORMAL INERTIAL and
the Navigator’'s NAV SYS mode switch—Ilocated on
the Doppler/Air Mass Position Indicator—is set to
I-D. The NAV SYS mode switch selects the source
of attitude, true heading, and distance-traveled infor-
mation to all tactical equipment.

True heading is measured electrically by two syn-
chro transmitters mounted on the azimuth gimbal
within the Gyroscope Assembly. One true heading
transmitter normally provides a signal to drive the
Doppler-Air-Mass true heading shaft; the second per-

forms the same function in the inertial system Signal
Data Converter (SDC). The SDC true heading servo
motor drives two repeater transmitters, for the extra
capacity is needed to supply the rather heavy demands
of the many aircraft avionics systems and instru-
ments. The true heading loads of one repeater trans-
mitter include the compass dials of the individual
Bearing-Distance-Heading-Indicators (BDHI, at the
Pilot, Co-pilot, Navigator, and Tactical Coordinator
stations), the radar station heading indicator, the
search radar heading control, the error voltage moni-
tor, and, on later aircraft (BUNO 152140 and sub-
sequent), the Electronic Counter Measures (ECM)
indicator. The second repeater transmitter supplies
true heading to two units: the heading indicator on
the Navigator Ground Track Plotter and the rotat-
able, illuminated heading arrow mounted on the trac-
ing crab of the Flight Station Plotter.
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Figure 11 | .

View of Gyroscope Assembly
with Shroud and Cover Removed

As shown on Figure 12 attitude signals are taken
trom four synchro transmitters (two pitch and two
roll, one at each of the gimbal pivot points) through
aircraft switching directly to aircraft instruments and
avionics,

The output ot one pitch and one roll synchro
transmitter is channeled through ships wiring to the
search Radar antenna control circuits. When the air-
craft maneuvers, these signals can pitch and roll the
radar antenna as much as 30 in a direction opposite
the aircratt motion to maintain the selected horizon-
tal scanning attitude, thus preventing targets on the
radar video indicator from shifting erratically or be-
ing lost altogether.
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The second pair of pitch-and-roll synchros control
the Co-pilot’'s MM-4 attitude indicator, presenting a
constant display of aircraft flight attitude. The same
pitch and roll signals stabilize the Doppler radar
antenna beams with respect to the earth’s surface
and are also routed to the Error Voltage Monitor at
the Radar-MAD Operator’s station where either the
pitch or the roll signal can be selected for recording,

From the standpoint of an inertial system, the two
most important outputs from the Gyroscope Assem-
bly are the acceleration north-south and acceleration
cast-west voltages. The Computer processes (inte-
grates) these two inputs to produce N-S and E-W
velocities which in turn are the basic signals for deriv-

ing &/l ot the computer outputs shown on Figure 10
and described here.

The X, Y, and Z* gyro torqueing voltages, indi-
cated on Figure 10 as a single output, represent three
separate signals. They are developed by the Computer
from the above mentioned velocities—modified by
necessary corrections—and utilized in the Gyroscope
Assembly to maintain proper orientation of the stable
platform with respect to gravity and true north.

Two separate circuits within the Computer inte-
grate north-south and east-west velocities to produce
north-south and east-west distance traveled voltages.

*X, Y, and Z gyro torqueing voltages are applied to the gyros
to cause them to move about thar particular axis, te., X
torgue produces rotation of the upper gyro (and the stable
platform) around tie East-West (X) axis of the system, etc.



~ Distance traveled outputs are interconnected to four

P-3 avionics systems: first to the ASA-16 Integrated
Display Group at the Tactical Coordinator’s station
—where manually inserted corrections can be added -
~—and then to the flight station Ground Track Plot-
- ter, the Navigator’s Ground Track Plotter, and the o

Radar Statxon Position Indicator.

‘Each of the two plotters provides a graphical trace
showing the distance and direction the aircraft has

traveled over the earth’s surface (ground track). The

total distance traveled in any direction that can be
recorded without resetting the stylus is somewhat
- limited—a fact that generally restricts the use of the (. ") o lerometer outputs and also with the com-
- plotters to tactical mancuvers rather than long range

- point-to-point navigation.

“The radar operator’s Position Ind1cat0r does not

actually yield a direct indication of geographic posi-
tion in terms of latitude-longitude. Its front panel

counters display the N-S and E-W nautical miles
traveled from any geographic.point the operator de-

sires, ranging up to 150 NM from a central datum.

The counters have manual controls which are used

to make the initial setting, but otherwise the data

displayed on the counters have little practical impor-
~ tance. The primary purpose of the Position Indicator

- dc voltages that ground stabilize the search radar
display to a specific section of terrain. Since the maxi-

tlcal mtuatl{}ns

~ Latitude and longitude are presented on motor-

driven counters on the inertial system Position Indi-
cator. The computer processes N-S and E-W velocity
through separate integrators and incorporates the
power amplifiers and most of the associated circuitry
needed to drive the two indicator motors, The two -
~ controls located on the Position Indicator front panel
~ allow the operator to set in the proper initial latitude
- and longitude, or to revise the indications if more.
| accurate information becomes available.

~ All of the computer outputs described to this point

in our discussion are produced from the dc velocity

signals. The computer also generates ac signals rep-
resentative of N-S and E-W velocities which are
routed through aircraft relays to the ASA-16 Inte-
grated Display Group, and on later aircraft (BUNO

150528 and subsequent), to the Ground Speed and

Tactical Bearing Computer. The Ground Speed and =
Tactical Bearing system resolves ac velocities into

two additional signals: one signal of aircraft true

- course can be displayed on the REF BRG counter =~
" located on the face of the Tactical Bearing Computer
~and is also utilized by the Computer to determine tac-

- tical bearings. The second signal is aircraft grownd
- speed for use by the armament store Intervalometer.

- Figure 10 indicates that a part of the Computer’s
- function involves the use of “damping” signals from
the Signal Data Converter. Damping signals are de-

rived from the Doppler Radar System Heading and
- Drift velocities and are shown as incoming 51gnals
] the Signal Data Converrer :

~ The “damping” vgltages arc mmed (summed)

~ puted velocity values to decrease the amplitude of
Schuler oscillations to a more satisfactory level. To
- guard against dampening of the inertial system with
- erroneous Doppler velocities, the Doppler Decoupler
~ automatically disconnects any widely divergent
~ “damping” signals and thereby prevents serious deg-
radation of the inertial system . indications. |

~ Although the P-3 inercial system is independent

| Uf any magnetic heading reference in the navigate
- mode, a remote compass transmitter (flux valve) is
- incorporated into the circuit to provide magnetic
- _ : atOt heading data and thereby broaden its function. A
- unit is to convert the distance traveled ac signals into o o S portion of the P-3’s operation involves
“the use of radio navigation aids, such as TACAN and

: . " VOR stations, that transmit magnetically oriented
mum range of each counter is 300 NM in each axis,

~information. To provide the flight station instruments
the Position Indicator is m}rmally used only for tac-

- with directly comparable data the inertial system pro-
- duces magnetic heading OULpULS m I-D mode as well
- as in the Pilot modes. |

" During the first minute or so ) of the ahgnment 7

“cycle, the electrical signal of magnetic heading from
~ the flux valve is combined in the Signal Data Con-
verter with a signal of variation (inserted manually
on the Alignment Control) and the corrected signal
‘is used to “rough align” the platform to an approxi-
- mate true north. During operation, the Signal Data
~ Converter blends this magnetic heading signal with

a true heading signal supplied from the stabilized

platform to compute magnetic variation and three
- stabilized magnetic heading outputs. |

- The three stabilized magnetic heading outputs
‘originate on a single servo driven shaft and include

~ one to the autopilot for holding the aircraft ona

 selected heading. A second stabilized magnetic head-

ing signal positions the compass cards on the Pilot's

~and Co-pilot’s Horizontal Situation Indicators (HSI)

and is routed to the TACAN radio navigation sys-

27



Figure 12 Electro-mechanical Schematic of Gyroscope Assembly and Electronic Gontrol Amplifier

tem* to generate a magnetic-bearing-to-TACAN-

station output for display on both HSI bearing
pointers.

A third transmitter output is combined with both

*On BUNO 152140 and subsequent atrcraft, the TACAN
source of stabilized magnetic heading has been removed
from this transmitter and is connected to the iransmitter
supplying the two VOR systems.
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Visual Omni-range (VOR 1 and VOR 2) signals to
indicate magnetic-bearing-to-VOR station; either of
which can be selected as alternates for TACAN bear-
ing. As indicated on Figure 10, the third transmitter
output is also an alternate source tor positioning the
Search Radar antennas and video display with refer-
ence to magnetic north.

The magnetic variation signal is the difference
between true and magnetic heading expressed in de-
grees. Variation is computed in the Signal Data Con-




Figure 12 Electro-mechanical Schematic of Gyroscope Assembly and Electronic Gontrol Amplifier

tem* to generate a magnetic-bearing-to-TACAN-

station output for display on both HSI bearing
pointers.

A third transmitter output is combined with both

*On BUNO 152140 and subsequent atrcraft, the TACAN
source of stabilized magnetic heading has been removed
from this transmitter and is connected to the iransmitter
supplying the two VOR systems.
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Visual Omni-range (VOR 1 and VOR 2) signals to
indicate magnetic-bearing-to-VOR station; either of
which can be selected as alternates for TACAN bear-
ing. As indicated on Figure 10, the third transmitter
output is also an alternate source tor positioning the
Search Radar antennas and video display with refer-
ence to magnetic north.

The magnetic variation signal is the difference
between true and magnetic heading expressed in de-
grees. Variation is computed in the Signal Data Con-




verter, and the derived signal is amplified to drive
the variation motor in the Alignment Control, While
operating in the I-D NAV mode this computation
is automatic, and a constantly up-dated variation sig-
nal is supplied to the Doppler/Air Mass (D/AM)
computer® and indicated on the inertial system
Variation counter. If one of the PILOT modes are in
use, the correct value of variation is obtained from
navigation charts and must be inserted manually. In
the event the inertial system is de-energized, manu-
ally inserted variation is still available to the D/AM

computer simply by pressing and rotating the SET
MAG VAR knob on the Alignment Control to ob-
tain the desired counter reading. In addition to varia-
tion, the Alignment Control displays alignment indi-
cation (ready meter), failure indications (platform,
computer), and provides partial switching for I-D
mode alignment.

INERTIAL SYSTEM COMPONENTS

The Inertial Navigator (I-N} Control is used to energize
(CAGE) the equipment and to select and control
the mode of operation. The CAGE position of the
MODE switch is a spring loaded momentary posi-
tion (selected by raising and rotating the knob) that
energizes the Power Supply and starts the automatic-
ally controlled timing circuits in the Electronic Con-
trol Amplifier and the Computer for system align-
ment 1n either I-D or one of the PILOT modes.**
Other switches and indicators on the I-N Control
are used only in the PILOT modes and are similar
in function to corresponding controls on attitude-
heading-reference systems.

The inertial system Power Supply converts 115-V ,3-
phase, ac power into a total of thirteen ac and dc
voltages to supply power to the various operating
assemblies (amplifiers, motors, and synchro-trans-
mitters) throughout the system. The power supply
includes self-monitoring features to prevent momen-
tary power surges at the aircraft busses from de-
energizing the system. In addition, as means of pro-
tection for the remainder of the system, all dc volt-

*The D/AM Computer combines variation with magnetic
heading from the Attitude Heading Reference System to
compute an alternate true heading signal. This true head-

g source can be selected for aircraft distribution by plac-
ing the NAV MODE switch on the D/AM Indicator to
AM/AHRS position.

**An wmertial system inverter energized in CAGE is installed
as part of a modification program now in progress.

ages developed within the Power Supply are moni-
tored by a special logic circuit to insure that the
entire system will be shut down if any one of the
6 dc output voltages is missing or out of tolerance.

Gyroscope Assembly and Electronic Control Amplifier
The Gyroscope Assembly is secured by a special
mount (shown attached to the unit in Figure 9) that
allows it to be precisely aligned to the aircraft axes.
It 1s housed in the forward compartment of the Aft
Lett-Hand electronic rack just above floor level. A
cooling fan draws air through openings in the unit’s
fiber glass shroud when the internally sensed tem-
perature exceeds 138°F. The shroud is lined with a
mu-metal shield to exclude stray magnetic fields from
sensitive internal circuits.

The Gyroscope Assembly outer case is purged,
then filled with dry nitrogen and sealed to prevent
contamination and moisture formation. When power
is applied to the system HEATER bus, thermostatic-
ally controlled internal heaters maintain the nitrogen
gas temperature in the 134° to 138°F range.

The Gyroscope Assembly and Electronic Control
Amplifier (ECA) are closely associated in operation
and will be considered as an operating unit, This
unit 1s shown in Figure 12. The illustration is pur-
posely simplified to eliminate the case, cover, heaters,
and mechanical details of gimbal structure not essen-
tial to a basic operational discussion and is drawn to
represent all four gimbals as they would appear when
the Gyroscope Assembly is operating in a level atti-
tude and traveling true north.

Some components of the stable platform are illus-
trated in their normal position and are also shown
removed in order to show more clearly the electrical
circuitry to these components,

Excepting the X and Y pickoff amplifiers, all the
amplifiers shown on Figure 12 are located in the
Electronic Control Amplifier. The outer roll gimbal
is driven (slaved) to the same roll position as the
inner roll gimbal* by a signal from a transmitter at
the inner roll gimbal pivot point. Only one drive
motor per gimbal is indicated on Figure 12, but two
are actually used to minimize the motor size and re-
duce gear backlash, as well as to distribute torsional
loads on the gimbals.

¥T'he inner roll gimbal is redundant except for an extreme
pitch manenver which would result in the outer roll gimbal
axis becoming cotncident with the Azimuth (vertical) axis.
This would essentially eliminate one degree of freedom
(produce gimbal lock) and the platform would no longer be
free floating in respect to the airframe.
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anical stops. Contact with the stops would prevent
further motion about the axis, i.e., the gyro would
lose one degree of freedom. The pickoff coils which
detect vertical displacement forestall this condition
by sensing a very small movement of the float. The
sersed signal is amplified and used to drive motors
which reposition the proper gimbal (pitch, roll, or
both). As the motor drives the gimbal, the gyro outer
case also moves and the excitation coils fixed on the
outer case are recentered about the pickoff coil at the
zero-signal position.

The X or Y pickoff coils also produce a signal
when the aircraft maneuvers about its pitch or roll
axis. For example, if the aircraft pitches nose up
while flying true north, the upper (X) gyro, shown
on Figure 12, with its spin axis lying along this line
of flight, will remain in the original attitude (fixed
in space) and the gyro case tends to pitch with the
aircraft. The vertically oriented pickoff coils, how-
ever, sense the pitch movement immediately and
generate a signal which drives the pitch gimbal in a
direction (in this case, forward end down) to prevent
the pickoft coil ever moving more than a fraction of
a degree from its center (null) position.

In the above example, if the aircraft rolls, the
lower (Y) gyro pickoffs generate a signal which
drives the inner roll gimbal in a direction opposite
to that of the roll to keep the pickoff nulled. Of
course, when the direction of flight is true east or
west the role of the gyros is reversed—the upper (X)
gyro 1s perpendicular to flight, senses aircraft roll,
and has full control of the roll gimbal, while the
lower (Y) gyro is parallel to flight and senses pitch.
For any combination of north-south and east-west
travel both gyros are affected by either maneuver,
and the two pickoff signals are mixed (resolved) by
the Azimuth resolver (see Figure 12) into separate
pitch and roll correction signals to overcome the
eftect of any given aircraft maneuver.

The second (vertically oriented) pair of torqueing
coils on each gyro float force the float to precess hori-
zontally about the (Z) azimuth axis. The computer
Z. axis torque voltage is applied only to coils on the
lower (Y) gyro. This results in a2 Y gyro Z pick-
off voltage which is divided to drive two amplifiers—
the upper gyro caging amplifier (to torque the upper
gyro in azimuth), and the Azimuth gimbal amplifier
(to reposition the entire Azimuth gimbal thereby
renulling the Z pickoffs on both gyros).

We should point out that the upper gyro caging
amplifier also has a second input——the upper gyro
Z axis pickoff—that effectively “cages” or renulls

its own pickoft by precessing the upper gyro during
aircraft turn maneuvers. An aircraft heading change
is sensed by the Z axis pickoffs of both gyros but the
upper gyro signal is used to prevent the gyro from
bottoming on its own stops while the signal from
the lower gyro is used to turn the platform in azi-
muth at whatever rate is required to maintain the
accurate north-south east-west azimuth gimbal posi-
tion.

The preceding discussion has been presented on a
step-by-step basis but it should be realized that any
or all of the functions can occur simultaneously.
For example, if an aircraft flying northeast started
a climbing turn, the combination of forces would
result in: both gyros sensing vertical as well as hori-
zontal displacement (turn), both accelerometers sens-
ing acceleration, computer generating X, Y, and Z
torqueing voltages and all gimbal motors driving
simultaneously in response to the applied gyro torque
as well as to the maneuver-generated pickoff signals.
This combination of events must occur smoothly and
without delay to avoid the introduction of transient
errors into the accelerometers.

In effect, the gyros provide the stability and sens-
ing necessary to maintain the stable platform prop-
erly positioned in attitude and azimuth and to iso-
late the stable platform from aircraft maneuvers. In
so doing, the accelerometers are properly oriented to
sense accelerations within the proper frame of refer-
ence—Jlatitude and longitude.

The linear accelerometers provide the basic informa-
tion used in computation of latitude, longitude, and
distance traveled. They are located on the stable
platform structure between the two gyros.
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The accelerometers are identical in construction
(see Figure 14) and consist of a floated oblong mass
or sensitive element pivoted on two jeweled bearings
(top and bottom) affixed to an outer case. The torque-
ing and pickoff coils are mounted on the sensitive
element. The area between the sensitive element and
the outer case is filled with the same special fluid
(Auorolube) as that used in the gyros and is utilized
for the same purpose; to support the weight of the
sensing element thereby reducing bearing friction.
The entire assembly is maintained at proper operat-
ing temperature by heaters atrached to the accelerom-
eter case.

The floated sensing element is concentric about its
pivotal axis except for a small weight fixed on one

end that provides the necessary pendulous action
when acted on by a force. The total movement of
the sensing element is restricted by mechanical stops
to less than half of a degree but, to insure that accel-
erations are sensed parallel (rather than at an angle)
to the coordinate lines during operation, the float is
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not allowed to move even this small amount. When
a force is applied to the sensitive axis (aircraft accel-
erates or decelerates), the sensing element moves the
pickoff coil within the excitation coils and develops
a signal which in turn causes the accelerometer-
restoring amplifier to produce a dc torqueing volt-
age. This voltage is applied to the accelerometer
torqueing coils, and they react with the case mounted
permanent magnets and restrict the sensitive element
displacement. The voltage required to limit this dis-
placement is directly proportional to the force being
sensed, i.e., the acceleration of the aircratt moving
over the rotating earth.

The restoring voltage for each accelerometer is
measured through a special scaling resistor (scaled
to 2 volts per g acceleration) and applied to the com-
puter as either N-S or E-W acceleration input.

It should be noted that velocity in the E-W direc-
tion would result in unleveling about the Y axis and
platform heading errors abowut the Z axis. Therefore,
as indicated in Figure 12, the Computer makes use



of the E-W velocity signal to develop the gyro torque
required for precession a@bout these axes. It is also
apparent that N-S velocity would result in an unlevel
condition aboxut the E-W (X) axis and that the Y
velocity signal must be utilized in developing the
necessary torqueing voltage.

The process of precise alignment (leveling and
gyrocompassing) has been discussed in Part 1, but it
1s well to point out that during this initial stage the
accelerometer outputs are not integrated to obtain
velocity. Instead the outputs are amplified by the
Computer and applied directly to the gyro torquers
to “erect” the platform as quickly as possible.

The Computer and Position Indicator operate together to
receive and modify information that originates in
the accelerometers.

As described in Part 1 (and shown in Figure 15),
the accelerometer signals, modified by Coriolis and
centripetal corrections, are the basis for all Computer
operations.

r

In addition to the above major corrections, a
damping voltage is added to the accelerometer out-
puts to reduce the small cyclic errors sensed by the
accelerometers as the stable element oscillates about

both north-south and east-west axes (simulated Schu-
ler pendulum).

The Computer is divided operationally into two
channels (see Figure 15), east-west (X) and north-
south (Y). Each channel receives an acceleration sig-
nal (plus corrections) at the integrator input sum-
ming point. The output of each integrator is velocity
information represented by two voltages recovered
from two motor-driven potentiometers in each chan-
nel. A third potentiometer, driven by the same motor
and excited by a specially computed signal, develops
one of the correction voltages (centripetal) that is
applied to the acceleration summing point of the
opposite channel. The dc velocity potentiometers
supply voltages that are negative (—) for aircraft
north and east headings and positive (+) for south
and west direction of flight.
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Figure 15 Functional Schematic of Computer and Position Indicator
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The ac velocity potentiometers supply a signal
that is either in phase or 180° out of phase with the
reference signal (aircraft 115-V ac Phase A) to dis-
tinguish between one cardinal heading and its recip-
rocal.

When the aircraft attains a constant velocity, the
accelerometer outputs drop to zero. Assuming no
correction signals are present at the Computer input
summing points, the integrator-driven potentiometer
motors will stop quickly. The voltage at the pickoff
arms of the potentiometers now represents velocity
along that particular flight axis. Normally, however,
correction signals will be applied to the input sum-
ming points. The motors will continue to reposition

the velocity potentiometers as necessary to indicate

the actual velocity along each axis.

The dc wvelocities are the basic signals for all
remaining Computer functions. No velocity correc-
tions are added to the north-south and east-west
velocity-to-distance-traveled integrators. Each inte-
grator output is amplified to drive a motor that turns
a synchro transmitter. The number of revolutions of
this transmitter determines the distance traveled out-
put (one revolution of the transmitter is equal to two
nautical miles) supplied to the Ground Track plot-
ting units,

Before using the dc velocity signals for computing
gyro torqueing and latitude-longitude, two additional
corrections are added to the velocity summing points
of both channels—those necessary to compensate for
the elliptical (flattened at the poles) shape of the
earth and those for damping the movement of the
gyros to diminish latitude-longitude cyclic errors that
result from Schuler oscillations. The earth’s ellipti-
cal shape is such that the polar radius is approxi-
mately 70,000 feet shorter than the radius at the
equator. If no allowance is made, this variation re-
sults in an error of approximately 11 minutes (11
NM) of latitude indication when the flight path
crosses the 45th parallel. Damping voltages will be
discussed in more detail in connection with the Sig-
nal Data Converter unit where they originate,

The input signal for the latitude integrator is the
corrected north-south velocity voltage divided by R;,
a constant value representing the earth’s polar radius,
thereby changing linear velocity to angular velocity
for computing the angle of latitude. The integrator
output is amplified to drive the latitude motor in
the Position Indicator. The motor positions the lati-
tude counter and moves the arms of specially de-
signed potentiometers (variable resistors). These po-
tentiometers generate the sine, cosine, and tangent
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functions of the angle of latitude which are subse-
quently incorporated as Coriolis, centripetal, ellip-
tical, and earth rate corrections in the Computer. The
center position of the potentiometers represents 0
degrees (equator) latitude.

The corrected east-west velocity is divided by a
constant R, voltage representing the earth’s equator-
ial radius to produce the angular east-west velocity,
and this value is integrated and amplified by sep-
arate circuits to position the longitude motor and
indicator. No correction potentiometers are required
in this channel.

The corrected angular velocity voltages also be-
come a part of X, Y, and Z torque signals for the
two gyros. Earth rate corrections are added to air-
craft velocities at Y and Z torque summing points
to obtain the rotal leveling and the fotal azimuth
torque drive required to fix the stable platform to
earth rather than space orientation. Since no earth
rate movement takes place azboxut the east-west axis
(the north-south plane), earth rate correction is not
applied to the X torque summing point.

Despite all precautions taken in design and con-
struction of the gyros, mechanical unbalance and
bearing friction cause them to drift from their start-
ing position. The constant or predictable portion of
this drift is measured during initial adjustment of
the system and “biased” out by application of a dc
voltage at the torque summing points (see Figure
15) to exactly cancel the drift. The gyro bias poten-
tiometers® are accessible on the computer front
panel by removal of a small cover plate. However,
no attempt should be made to correct their settings

except as noted in Maintenance Instruction Manual,
NAVWEPS 01-75PAA-2-7.3.

Signal Data Converter, Converter-Decoupler, and Align
Control Two major and several minor functions
take place within the Signal Data Converter (SDC).

As previously stated, one of the SDC functions is
to detect differences between reported inertial vel-

*Some confusion exists concerning the labels on X and Y
GYRO BIAS potentiometers on the Computer front panel,
Y GYRO BIAS is the designation on the control which
corvects for drift indicated by an output from the Y (North-
Sowth) accelerometer. However, this output indicates a ver-
tical movement (drift) of the wpper X gyro which causes
the Y accelerometer to be umlevel and to sense a gravity
force. The Y GYRO BIAS might be more realistically
labeled Y AXIS BIAS.”

The same reasoning is applicable to the X GYRO BIAS
designation. This is bias applied to the lower “Y” gyro to
counteract drift (vertical movement) of the system X axis.
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Figure 16 chu:t Depm’flng Malur Functions of Slgnai Data Converter, Converter-Decoupler, and Ahgnment Control

ocities and Dmppler velocities to be utilized by the
Computer in creating Schuler damping signals.
Since the Doppler outputs are ac voltages (30 milli-
volts per knot) separated to represent speed forward
and drift (speed sideways) without regard to global
coordinates, they cannot be compared directly with
the inertial systems dc voltages (approx. 16 milli-
volts per knot) representing velocities north-south
and east-west. The ac Doppler signals are first con-
verted into N-§ and E-W ac voltages by the Doppler
velocity resolver which is driven by the true heading
shaft. The new ac signals are then changed to repre-
sentative dc values by the servo driven potentio-
meters, and finally scaled to 16 millivolts-per-knot
by a summing amplifier (not shown on Figure 16).

The Doppler N-S and E-W dc velocities are then
compared (summed) with N-S and E-W inertial dc
velocities supplied by the Computer. If the cor-

responding velocities are equal, they will appear at
the summing points with an opposite polarity and
cancel out. When they differ, the difference value
will be supplied to the computer as a damping sig-

nal for that particular channel. In the event the
Doppler signals become unreliable or when the
Doppler system is in TEST, MEMORY, or OFF,
damping signals are automatically disconnected from
the computer by relays in the Signal Data Converter.

The Computer damping voltages are monitored
by the Doppler decoupler portion of the AU 0400
Cc}nverter—DecoupIer when the system is operating
in I-D mode. If the value of N-S, E-W, or both
inputs exceeds approximately 150 m1111v01t5* (equi-
valent to 9 knots) for a period of 10 seconds, all
damping is removed by the decouple signal and the
DOPP DAMP OFF indicator is illuminated. Damp-
ing 1s restored to the Computer when the ievel of
both monitored signals is reduced to, and remains
at, 150 millivolts or less, for 10 seconds. Suggestions
for use of the Doppler dampmg NORMAL-
OVERRIDE switch are presented in the General
Operating Information section of this article.

*This value is changed to 225 millivolts (equivalent to
13.5 knots) on ;:m'cmfﬁ equipped with the A 173 Doppler
Decoupler in place of the AU 0400 Converter-Decoupler.
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The second major function of the Signal Data
Converter 1s computation and distribution of head-
ing information—both true and magnetic. One true
heading output from the Gyroscope Assembly is
shared within the system by two loads: the true
heading servo input synchro, and the Alignment
Control variation differential synchro. The true head-
ing input synchro provides the input signal for the
true heading repeater servo system*  amplifier
which in turn drives a motor, the input synchro,
two true heading repeater transmitters, and the
Doppler velocity resolver on a common shaft. Since
the signal distribution from the two repeater trans-
mitters was covered earlier in this article, they will
not be discussed here. Note that the Doppler velo-
city resolver is the device mentioned previously
that converts Doppler heading and drift velocity
inputs into N-S and E-W velocity terms.

True heading is altered — magnetic variation
added or subtracted — by the wvariation synchro
shaft position and the modified signal is indicated on
Figure 16 as stabilized magnetic heading. Since
this signal is not adequate to supply aircraft mag-
netic heading requirements, the signal is utilized to
position the Stabilized Magnetic servo which drives
three repeaters.

Stabilized magnetic heading distribution to air-
craft avionics and instruments was discussed previ-
ously, but some additional description is due the
autopilot heading transmitter which is a special type
not permanently coupled to the driving shaft. The
shaft incorporates a clutch that is engaged and dis-
engaged by control signals from the autopilot. When
the autopilot is engaged, the clutch is also engaged
and the synchro output is routed to the autopilot
aileron channel to hold the aircraft on a selected
heading. During an autopilot-controlled turn, the
clutch is disengaged, the spring loaded transmitter
returns to a zero signal position, and is reclutched
to the shaft after the aircraft is stabilized at a new
heading.

The flux valve 800-cps magnetic heading signal
is converted to a 400-cps signal by a preamplifier and

¥The True Heading servo is representative of a basic servo
system and comsists, im this case, of an imput synchro
(comtrol transformer), an amplifier, and a motor. When
signals ave applied to the input synchro, its output causes
the amplifier to drive the motor. As the motor turns it re-
positions the tnput synchro rotor until its output decreases
to a minimum. The amplifier input and output is reduced
to zero and the motor stops. The new position of the motor
shaft (and that of transmitters geared to it) represents an
angular mechanical change equal to the electrical signal

input,
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used to position a magnetic heading servo. Magnetic
heading data is taken from a transmitter attached to
the shaft, and is corrected by a deviation network
to cancel out the effects of aircraft structure on the
earth’s magnetic lines of force (compass rose com-
pensation).

Variation is automatically computed by comparing
true heading, taken from the inertial platform, with
the magnetic heading sensed by the flux valve. The
two phases of computation are virtually simultan-
eous but are best explained separately. First, as dis-
cussed previously, stabilized magnetic heading is
computed from true heading and magnetic varia-
tion which is directly dependent on the second
phase for its accuracy. The second phase involves
the two interconnected synchros shown on Figure 16
which compare computed magnetic heading and
flux-valve magnetic heading. When the intercon-
nected synchros detect a divergence between these
signals, a corrective signal appears at the variation
servo input. As the variation servo drives, it in turn
brings stabilized magnetic heading into agreement
with magnetic heading to complete the sequence.
Since the variation shaft turns very slowly due to a
_gear reduction, it will not reflect the rather erratic
output of the flux valve and the stabilized magnetic
heading repeaters will present stable information to
aircraft instruments.

With the exception of the servo amplifier, the
entire variation servo system is contained in the
Alignment Control. The variation shaft clutch in-
dicated in Figure 16 is engaged in I-D mode., When
engaged, the counter presents computed variation
to the nearest tenth of a degree and also drives the
output transmitter connected to the variation servo
in the Doppler/Air-Mass Computer. The clutch is
disengaged in all PILOT modes to permit manual
insertion of variation.
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ADJUSTMENT AND ALIGNMENT

The inertial system is designed to minimize neces-
sary adjustments after aircraft installation is made.
With two exceptions, deviation compensation during
compass rose operations and final gyro biasing, all
adjustments are normally made in the shop. The
technique of “swinging” the inertial system on a
compass rose is very similar, if not identical, to that
commonly used for attitude heading reference sys-
tems and might well be the topic of an entire article.
We mention it here only to point out that for maxi-
mum magnetic heading accuracy the inertial system
Signal Data Converter deviation potentiometers
should be recalibrated, using an MC-2 Calibrator or
a compass rose, when the Signal Data Converter is
replaced or the flux valve is either replaced or re-
moved and re-installed.

Gyro biasing is, however, the most critical ad-
justment required on an installed system. Improper
system biasing is the cause of more out-of-tolerance
notations on flight “yellow sheets” than any other
inertial system discrepancy.

Past experience proves that gyro-biasing problems
are the cause of much unnecessary work and many
costly delays. The records of a group of aircraft

which experienced inertial system discrepancies on
38 flights show that:

1) In eight instances the discrepancies were
rectified by gyro bias adjustment without
removing components from the aircraft.

2) Twelve systems were removed to the shop,
where it was proven that ten of these were
removed unnecessarily, for they required
only gyro-bias adjustment to one or more
controls.

Thus, the gyro-bias adjustment was responsible
for almost exactly 50% of the troubles experienced
Dy these aircraft, a situation that warrants a heavy
emphasis on this aspect of maintenance.

It 1s difhcule to set in proper gyro bias after in-
stallation without the use of a Gyro Bias Test Set
(Gyroscope Test Set TS-1987/ASN-42). The theo-
dolite-north-line procedure works well under shop
conditions but Gyroscope Assembly location in the
aircraft makes it impractical after installation.

Although very careful gyro-biasing in the shop
will often provide a system that is sufficiently accu-
rate, field experience shows that it is advisable to
make a simple check of the gyro-bias adjustment
after installation to obviate flight discrepancies due

to this cause. Carrying out at least 1 hour of the
2-hour test procedure set forth below will generally
reveal the fact if a bias adjustment 45 necessary but,
of course, a test flight must be made to determine
whether the system is acceptable in all respects. Note
that this is a test of accuracy only. It does not supply
sufficient data to guide the biasing adjustment, and
any attempt to make the bias adjustment without the
gyro-bias test set will probably worsen the situation

instead of improving it.

1. Connect angle indicator (AN/USM-165)
to Signal Data Converter test plug 3]8; S1
lead to pin 3]J8-K, S2 lead to 3]8-q, and
53 lead to 3]8-].

2. Energize the system in I-D mode, set in local
latitude and longitude on the Position Indi-
cator, record the setting and align the sys-
tem.

5. When alignment is complete, record true
heading indicated by the USM-165 indicator.

NOTE

The actual reading of the true heading in-
dicator will be determined by the aircraft
heading and is not important to this test
since only the drift from the initial reading
is desired.

4, Switch to OPERATE and record time, lati-
tude, longitude, and true heading at 10-
minute intervals for 120 minutes or longer
if time permits.

NOTE

The data recorded will be used to determine
whether the equipment is performing sat-

isfactorily during the ground drift test. The
maximum allowable errors are:

1. Latitude—2 minutes of latitude drift per
hour.

2. Longitude -— determined by computation
(2 divided by the Cosine local latitude).
Example: Cosine 40 latitude is .766.

2 divided by .766 = 2.6 minutes of longi-
tude drift per hour allowed at 40° latitude.

3. True heading drift not to exceed value com-
puted for longitude.

It the above maximums are exceeded during the
drift test, the test should be discontinued and the
system rebiased with the Bias Test Set.
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Of course, proper gyro biasing as well as overall
operational readiness of the entire inertial system
can best be determined in flight over a pre-planned
course where heading, latitude, longitude, and dis-

tance between check points (VOR station, TACAN
station or visual landmark) are known.

Checks of this nature, whether incorporated as
part of local training flights or in connection with
other mandatory aircraft check flights outlined by
BuWeps INST. 4700.2, provide a practical opera-
tional check prior to actual missions. Such flights
should be conducted as indicated in the “intertial
system accuracy tests  included as part of the Perio-
dic Maintenance Requirement Manual, NAVWEPS
01-75SPAA-6. For the information of readers who do
not have access to this publication, the pre-planned
course over which the flight tests are to be conducted
should meet the following minimum requirements:

a. Include at least eight check points. The same
check points may be used more than once
but at least two different points are needed.

b. Provide approximately 15 minutes flying
time between check points. Flight speed
and/or course length should permit at least
2 hours for tests, longer if possible.

c. Course should contain components of all
cardinal directions. Ideal course would be
box or L shaped, oriented to true cardinal
headings with each leg as long in time as
possible.

d. If VOR or TACAN stations are to be used

for “on top” position checks, flight altitude
should not be more than 15,000 feet.

Figure 17 is a replica of a typical graph (included
in NAVWEPS 01-75PAA-6) on which latitude and
longitude check point differences (errors) are plotted.
The maximum limits—above and below the zero
reference—are based upon a tolerance of 4 nautical-
miles-per-hour (ANM/HR) for the first forty min-
utes of operating time and 3NM/HR thereafter.

The latitude limit (black) lines on the graph apply
for tests performed at any latitude, because 1 min-
ute of latitude is always equal to 1 NM. Note, how-
ever, that longitude limits (colored lines) are greater
—1 minute of longitude is equal to 1 NM only at the
equator—and must be computed for the particular
test area. Variations from the known values at check
points are then read in minutes of latitude and longi-
tude error on the Position Indicator and plotted
directly as nautical miles on the graph.
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Fi 17 Graph showing a Longitude Out-of-tolerance Error Traced

to Incorrect X Gyro Bias Setting. Incorrect Z gyro bias
was not apparent in latitude indication before Z hours.

Specific details for graph layout are given in con-
nection with the typical graph depicted in NAV-

WEPS 01-75PAA-6, but briefly, longitude Ilimits
are computed by these two formulas:

1. First 40 minutes, limit lines diverge from
true at the rate of 4 NM/HR divided by
Cosine local latitude.

2. Beyond 40 minutes, limit lines diverge from
true at the rate of 3 NM/HR divided by
Cosine local latitude.

Figure 17 depicts the graph used at Lockheed’s
Burbank facilities (34° 11.8” latitude, 118° 21.2”
longitude) and is a plot of the latitude and longitude
errors that were traced to incorrect "X and “Z” gyro
bias settings.

Experience gained from production flying of the
inertial system indicates reliable repeatability from
flight to flight. For example, if a system has a 2
NM /hour latitude drift rate on its first flight, the
direction and the rate of drift will normally be the
same on subsequent flights. Although this drift rate
is within the specified tolerance, it is apparent that
the exact performance data is essential to the Nav-
gator if he is to derive maximum benefit from the
Inertial System capabilities. Flights conducted over
a known course as just described will not only pro-
vide this information but will indicate the tunctional
accuracy of the other navigation systems as well.



This insight is vital to the Navigator and/or the
Tactical Coordinator when making a decision con-
cerning the proper operating mode for use in a
tactical situation.

The data plotted on the graph can also be useful
in trouble analysis. For example, gross errors are
seldom due to misadjusted gyro bias, and an error
in excess of 5 NM/HR in either latitude or longi-
tude for the first hour in OPERATE position usually
indicates a fault other than incorrect bias adjustment.

The Figure 17 graph is typical of gyro bias
trouble, and the specific nature of the trouble may be
analyzed as follows:

Longitude lapsed out-of-tolerance between the 30
minute and one hour marks. Longitude is directly

related to the X axis, and re-adjustment of the X
GYRO BIAS control is indicated.

Latitude appeared to be quite accurate for 2 hours,
thus exonerating the Y Gyro-Bias setting, but there-
after a precipitous error appeared. Such a pattern
is generally due to a gradually developed azimuth
error, and a re-adjustment of the Z GYRO BIAS is
indicated.

GENERAL OPERATING INFORMATION

Incomplete ground alignment can also be the
direct cause of system errors. Although the system
is basically automatic in operation during this phase,
one area depends directly upon the patience and
judgement of operating personnel. A premature
selection of “Operate” position can start the mission
with an error that will become progressively worse
as the flight continues. To avoid this, care should be
taken to allow the “ready meter” needle to come to
rest in the center green area and remain there for
a minimum of 30 seconds. “Ready meter” needle
action is highly damped and it cannot be deemed to
positively indicate that gyrocompassing is well stabil-
ized unless it remains in the green meter area for the
specified time.,

Figure 18 indicates the pattern of latitude and
longitude errors which generally result from inaccu-
rate “gyrocompassing” of the system. As shown,
when the errors are plotted as specified in NAV-
WEPS 01-75PAA-G, they increase in opposite direc-
tions on the graph. Of course, the latitude and longi-
tude plots will be interchanged in some instances.

Ground power units improperly maintained or
of the wrong type often cause difficulty in ground
alignment. The extremely small signals involved,

particularly during the “gyrocompassing” phase are
indistinguishable to the high gain amplifiers from
noise or voltage variations in the power supply. Per-
sistent  alignment difficulty, even with a system
known to be in good operating condition, is reason
to suspect the ground power unit. The NC-12 and
INC-12A provisioned for the P-3 are more than ade-
quate when properly maintained. In most cases sub-
stitution of other lower-powered, wider-tolerance
ground power units will result in extended time of

alignment, inaccurate alignment, or both, and their
use should be avoided.

The amber AU 0400 NO-GO light located on the
Converter-Decoupler front panel should be inspected
periodically during flight* and if the light is illum-
inated measures should be taken to re-activate this
auxiliary power supply. The AU 0400 provides ex-
ceptionally stable power to critical Computer cit-
cuits. When it is unable to function properly, possi-
bly due to a single abnormally long delay in a bus-
transter operation, the NO-GO light illuminates and
the circuits normally carried by the AU 0400 are di-
verted to the Inertial System Power Supply. Over an
extended period of operation the small transients
which normally occur in the bus power will be re-

*Modification of the AU 0400 Converter-Decoupler (or re-
placement with the A 173 DOPPLER DECOUPLER unit)
as part of the inverter imstallation will eliminate this
troublesome chore.
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flected in accumulated errors, especially in the lat-
itude-longitude indications. If the light is checked
periodically, and a special check is made when there
is reason to believe bus power has been interrupted
briefly, the flight crew can protect the fidelity of
their inertial navigator, avoid writing unnecessary
flight discrepancies, and facilitate maintenance work
if that is, in fact, necessary.

The Doppler damping OVERRIDE switch on the navi-
gator's panel incorporates a guard which maintains
the switch in NORMAL position. When the guard
is lifted, the OVERRIDE position can be selected.
The question is: When and why should this switch
be placed in OVERRIDE position? It is a practical
impossibility to cover every situation that might
occur, but the following discussion, based on a care-
tul study of the circuitry involved, outlines some of
the considerations that will enter into the Navigator’s
decision.

In the I-D navigate mode, velocity signals from
the Doppler system are continually used to “damp”

40

the false velocity signals induced by the Schuler oscil-
lations provided that Doppler and inertial velocities
do not differ by more than 9 knots (13.5 knots when
the new A 173 Doppler Decoupler is installed).
However, the Decoupler may disconnect these cor-
rections at a time when they are needed most; during
the Schuler period when the inertial velocities are
approaching their maximum cyclic error point.

Activating the OVERRIDE switch at this time will
reduce the amplitude of this cyclic error, but cauntion
must be exercised as the decouple function is by-
passed and damping is continuous. In other words,
the decouple function may have occurred as a result
of some malfunction of the inertial system Doppler
input circuitry, or of the Doppler system itself, and
may not be the result of a large cyclic error. Under
these conditions the Navigator should monitor iner-
tial and Doppler ground speeds to determine which
appears to be most nearly correct, and thereby be cer-
tain he is damping rather than inducing large errors
into the Computer.

To determine which system, Doppler or inertial,
is in error can prove somewhat difficult, especially
while flying over water in an area where no visible
landmarks, LORAN, or ground based radio naviga-
tion stations can be relied upon for a “fix”. In this
case, a comparative check of ground speed can be
made on the TD-441/A Intervalometer Ground
Speed Indicator by switching from inertial to Dop-
pler mnput to this unit. When damping is removed
(DOPP DAMP OFF lamp illuminated), and ground
speed differential is small (within the predetermined
limit monitored by the decoupler), the Doppler De-
coupler unit or the Doppler input circuitry to the
Signal Data Converter is generally at fault, In this
case the OVERRIDE feature should #ot be used as
the defective circuits can introduce large errors. How-
ever, should the ground speed differential prove to
be somewhat larger (14 to 18 knots), and the Dop-
pler ground speed indication compares favorably
with that plotted from true air speed and wind, the
inertial system is probably in error—Ilarger than nor-
mal Schuler oscillation—and its accuracy will be
increased by placing the Doppler Decoupler switch
to OVERRIDE.

In short, a cautious check should be made before
overriding the decoupler. If the Navigator overrides
a decoupler that was triggered by any discrepancy
other than an abnormally large Schuler oscillation,
there is every chance that the inertial system perfor-
mance will be seriously degraded.



MAINTENANCE

Maintenance time for the inertial system can be
considerably reduced if flight crews recognize and
report system discrepancies and/or unusual electrical
power conditions that occur prior to and at the time
of failure. In many cases the report of such discrep-
ancles, especially the chronological order of events,
will aid maintenance personnel in locating the trou-
ble. In a relatively large number of cases, a seemingly
unrelated item such as a power transfer relay may
be at fault rather than the system. Removal of a
part or all of a system to the shop is time consuming
and may very well introduce troubles where none
existed.

Were the “out of tolerance” errors generated early
or late in flight? Were the “discrepancy” indications
gradually built up or did they occur rapidly after
three or more hours of flight? The answers to these
and other questions, regularly tabulated, indicate
such faults as improper bias, small offsets in dc am-
plifiers, or complete failure of some component in
a specific area.

For example, an incorrect value of earth rate volt-
age from the Position Indicator will cause a rapid
rotation of the longitude indicator before it becomes
noticeable as an obviously incorrect true heading out-
put. Both areas will be affected, but the time differ-
ence indicates a common error source, the earth rate
potentiometer in the Position Indicator.

Another instance is that of a flight discrepancy
report of rapid change in longitude while flying east
and normal change while flying west—indicating a
partially defective A-24 summing amplifier in the
Computer.

Numerous other examples could be cited, but the
above two serve to illustrate the value of noting the
sequence and specific nature of the discrepancy to aid
maintenance personnel in diagnosis.

Identifying the most likely cause of a reported
symptom is a technique acquired from experience,
A brief record of repair histories should be main-
tained in the form of a log which states the original
discrepancy and the steps taken to correct it. A file
of this type of information is useful even to experi-
enced personnel, and will be an invaluable training
aid for new personnel coming into the shop.

The information presented below was compiled
from records maintained by Lockheed Flight Opera-
tions and Lockheed Quality Control, and may be help-
ful as a guide for establishing similar tabulations at
AMD facilities.
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Figure 20

Inertial Navigator

Inverter Control Relays —
Main Load Center

Figure 19

Inertial System Inverter Power Circuitry
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SYSTEM MODIFICATION
AND RELATED CHANGES

Past experience has proven that the implements
that introduce a new concept in any field must under-
go modifications and improvements to produce the
desired results. The P-3 inertial navigation system
1S NO exception.

Included as part of a current up-dating and modi-
fication program is the installation of a rotating type
inverter to supply the inertial system 115-V ac RUN
bus. The results of concurrent flight testing of the
inverter (and related changes) by the Navy and Lock-
heed Flight Test give reason to believe that two pre-
viously discussed trouble areas are virtually elimi-
nated by this change. Specifically, poor regulation of
ground power units will no longer seriously impair
or delay inertial system ground alignment, nor will
aircraft ac and dc power transfers and transients
introduce velocity errors into the Computer during
ground or flight operations.

The simplified electrical circuit depicted by Figure
19, indicates that 28-V dc power to run the inverter
is to be supplied directly from the Flight Essential

DC Bus by way of a circuit breaker (ASN-42 NORM.
PWR, shown also on Figure 21). The aircraft bat-
tery effectively filters any transients that might othet-
wise appear on this bus.

The inverter control relays on Figure 19 are shown
in Figure 20 as they appear installed on a panel
above the top forward shelf of the main electrical
load center. The shock mounted inverter is secured

to the floor at the forward end of the Main Load
Center proper.

Figure 23 directs attention to the new location of
the inertial system circuit breakers at the Main Load
Center panel (relocated from Aft L.H. Electronic

panel).

CAGE position of the Inertial Navigator Control
energizes the inverter power relay (supplies a ground)
via a PP3100 Power Supply relay and a time delay
relay. The time delay relay energizes when the Power
supply “start” ground is applied but will not de-
energize for 10 seconds after 28 V Main DC Bus
power is lost or removed.

Figure 21

. FLIGHT ESSENTIAL B
—ACBUS W%

| FUGHT EssENTIAL
. Tacaus
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B

Inverter and Doppler Decoupler 28V DC Circu

at FLIGHT ESSENTIAL DC BUS — Forward Load Center
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Inertial System Circuit Breakers — MAIN AC BUS
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In the event the inverter output drops to approxi-
mately 100 volts or to 375 cps, the inverter under-
voltage /undet-frequency sensitive relay transfers the
system RUN bus to aircraft 115-V, 3 phase, ac power.
The same relay also completes the ground circuit for
the Navigator’'s INVERTER OFF warning light lo-
cated on the modified DOPPLER DECOUPLER
CONTROL unit.
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Figure 22

B CXTENSION MAIN
& DC BUS — Forward Load Center
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All critical circuits within three inertial system
units are rewired to the 115-V ac RUN bus input.
The aftected units are the Computer, the Electronic
Control Amplifier, and the System Power Supply.
Since the need for the auxiliary dc power supply fea-
ture of the AU 0400 Converter-Decoupler is elimi-
nated by the inverter modification, this unit is modi-
fied to retain only the decoupler function and the unit
is reidentified and reinstalled.

On aircraft BUNO 152141, and on BUNO
152164 and subsequent the inverter and associated
changes are incorporated on a production basis. The
AU 0400 unit is replaced by a Lockheed manufac-
tured A 173 Doppler Decoupler unit incorporating
the external test points and self test features in evi-
dence on circuit diagram Figure 24. In addition, the
input signal level is adjustable (150 to 300 millivolts)
and 1s set to decouple at approximately 225 milli-
volts (equivalent to 13.5 knots). All aircraft wiring
to the Doppler Decoupler, including the power cir-
cuits shown on Figure 19, is unchanged and the A
173 Doppler Decoupler circuit is designed to be
directly interchangeable with the modified AU 0400
Converter-Decoupler. One circuit breaker nameplate
at the Flight Essential DC Bus panel is changed from
INERTIAL NAV POWER to ASN-42 DECQU-
PLER.

Any change in aircraft equipment invariably
brings up the question of interchangeability. In the
interim period while the inverter modification is in
process, unmodified inertial systems can safely be
used in modified aircraft. Conversely, modified sys-
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Figure 24 A 173 Doppler Decoupler Schematic
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tems can be used in unmodified aircraft provided the
unmodified AU 0400 Converter-Decoupler is re-
tained. However, except for the AU 0400 just noted,
modified and unmodified units should #zot be oper-

ated as a part of the same system.

Included as a part of the current updating pro-

gram 1s the High Aircraft Motion (HAM) modifi-
cation. This revision involves wiring changes in the

inertial system Computer to materially reduce the
effect of aircraft motion—caused by wind and/or
personnel movement within the aircraft—during the
“fine” alignment (leveling and gyrocompassing)
phase. Basically, the change alters the Computer relay
logic to include the existing “In-Flight Align”* re-

*The facilsty for system alignment while airborne was never
developed to the operational stage. The relays originally
provided for this will now be used in Ground Alignment;
selector position IN-FLIGHT ALIGN remains inoperative.
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lays as a part of the “Ground Align” circuit. These
relays modify the feedback path of the Operational
Amplifiers used for leveling and gyrocompassing,
thereby changing the gain of the amplifiers as well as
altering their response time to the motion-induced
transients sensed by the accelerometers.

Some operating experience with modified aircraft
has been accumulated. One squadron, operating up-
dated P-3’s in Arctic regions under the handicap of
extreme high wind and low temperature conditions,
reports a decided increase in mean-time-between fail-
ures as well as a distinct improvement in enroute
accuracy with terminal errors reduced nearly to zero.
The improved systems, coupled with an aggressive
and optimistic approach to all phases of utilization
and maintenance, resulted in this squadron reporting
“no problem area” insofar as the inertial system
is concerned.




ALTERNATE DATA SOURCES

In line with the practice of providing an alternate
or secondary source of vital information for the
Orton, it 1s well to mention here that the same phil-
osophy is followed in providing latitude and longi-
tude position indications. The alternate P-3 naviga-
tion source involves more than one avionic system,
each of which would require considerable explana-

tion. Therefore, we will say only that both sources

are provided simultaneously, and that a second Posi-
tion Indicator (ID-888) presents latitude and longi-
tude computed by the Doppler/Air Mass (D/AM)

computer. The D/AM computer, in turn, receives

ground velocity information from one or the other
of two sources: Doppler Radar velocity heading and
velocity drift, or True Air Speed (TAS) system head-
ing velocity and a manually set N-S and/or E-W
wind speed value inserted on the D/AM Position
Indicator. The D/AM computer, however, requires
true heading for its computation which is normally
supplied by the inertial system. In the event the inet-
tial system cannot provide true heading, the D/AM
computer combines magnetic heading with manually
inserted variation to produce its own source of true
heading, a process somewhat less accurate than that
used by the inertial system. The accuracy of latitude-

- longitude indication will be affected accordingly. & A
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