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Preface

IN GENERAL, a navigational or guidance system will include instru-
ments for sensing or measuring some physical variable or variables;
the means for computing, from such measurements, the direction of
travel, speed and position of the vehicle; and auxiliary equipment
(power supplies, environmental controls, ete.) for ensuring proper
functioning of the measuring and computing means.

In the inertial method of navigation or guidance, the essential
sensors or measuring means take the form of an orthogonal set of
accelerometers, stabilized by gyros so as to sense components of
vehicle acceleration in a frame of reference having a definite spatial
orientation. The accelerometer signals are integrated and processed
in a computer to yield components of vehicle velocity and position
in a selected coordinate system. In many cases optical trackers are
provided to supplement or correct the gyro directional information.

Inertial and inertial-optical methods are based on measurements
made with respect to an earth-independent frame of reference (so-
called inertial space, defined in the Introduction), rather than with
respect to earth-fixed objects or fields. By reason of this fact they
are remarkably versatile—more so than any other kind of method.
Basically similar assemblages of sensors, computers, and auxiliary
equipment are used for navigation of ships and aircraft, guidance of
ballistic vehicles, and for certain phases of extraterrestrial naviga-
tion. Moreover, the measurements are made in accordance with
physical laws of extreme exactness—the Newtonian laws of motion
and of gravitation. This fact implies an accuracy potential superior
to that which is expected for methods based on such empirical rela-
tionships as are involved in air speed measurement and magnetic
compass indications, for example. The features of versatility of ap-
plication, independence of need for radiating energy to or from the
earth, and virtually unlimited potential accuracy, have made inertial
methods of the highest military importance. In fact, development

[
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v PREFACE

and applications so far have been almost exclusively for military
purposes. However, the features mentioned are attractive in any
kind of navigation, military or civilian. The subject of inertial
guidance must not be thought of merely as a branch of military en-
gineering, but rather as a branch of navigational engineering.

Inertial guidance theory and practice has been the subject of ex-
tensive treatment in the U.S. and Soviet literature, with emphasis
‘generally on dynamics, kinematics, error propagation, alignment
and similar topics of primary interest to the designer and analyzer
of systems.

The present work is restricted to the sensing instruments; the
gyros, accelerometers and optical trackers. It may be thought of as
a supplement to general treatises on inertial guidance. Only so much
of inertial guidance theory is outlined (in the Introduction) as to
give meaning to the requirements and specifications to be met by
the sensing instruments. The body of the text is confined, so far as
possible, to discussion of the instruments as such. _

Furthermore, the approach emphasizes aspects of the subject
other than mere dynamic analysis. In dealing with the sensors,
there have been kept in mind the needs not only of those who in-
vent and design the instruments but also of those who use them, in
the broad sense of the word, that is, incorporate them into systems.
The objective of the work is to describe the principles of operation
of the instruments, to explain how the various kinds work, and to
indicate the factors which determine their accuracy and other im-
portant properties.

As already stated, the laws on which inertial guidance is based are
simple and accurate. The instruments for mechanizing the laws are
basically simple, but they are not basically accurate. The latter
quality is not a law of nature but something which must be built in.
The problems and difficulties encountered in providing satisfactory
inertial guidance equipment are not due to any shortcomings in
theory. Instead, they are a consequence of the extremely high ac-
curacy which is required of the sensing instruments in order to
achieve even marginal system accuracy. This apparent paradox will
be explained in the Introduction. For the present it is sufficient to
point out that the provision of satisfactory inertial guidance sensors
has taxed, and continues to tax, the instrumentation art to the abso-
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PREFACE v

lute limit, and has forced the introduction of methods and means
which were unheard of even a few years ago.

In the early postwar years, the technology of inertial guidance
sensors was essentially a branch of machine design, handled by clas-
sical mechanical, electrical and optical engineering methods. The
instruments were mechanisms built up of wheels, pendulums, gears
and other such familiar elements. At present the technology of the
sensing instruments for inertial and optical navigation is in a state
of flux or transition analogous to the invasion of the traditional elec-
tronics field by “molecular electronics.” The instrumentation engi-
neer relies increasingly on discoveries and applications in the fields
of solid-state physics and molecular engineering.

One aspect of such dependence is to seek solutions for problems
in precision mechanism design which were largely ignored in classi-
cal engineering, such as achieving microstability of materials of con-
struction or meeting critical surface-condition requirements for one
purpose or another,

Another aspect of the transition is the development of instru-
ments, exemplified by the free-rotor type of gyro, the electrostat-
ically supported type of accelerometer, and the computed-scan type
of optical tracker, in which extreme mechanical simplification is
achieved by relying completely upon electronic circuits to perform
functions previously performed by mechanical elements.

A third aspect is the conception of radically new kinds of instru-
ments in which the sensing functions are to be performed by taking
advantage of the inertial properties of atomic nuclei or other sub-
atomic systems or particles, with the intention of entirely circum-
venting the problems associated with instruments based on the iner-
tial properties of bulk material. (It must be emphasized that the
subject of instrumentation of the Newtonian laws at the subatomic
level is in such an early stage of thought that even potential practi-
cability has not yet been established. The subject is in the province
of the research physicist, rather than the instrumentation engineer,
and will receive only brief notice in the present text.)

The state of flux of the inertial guidance sensor art necessarily
makes impossible the presentation of a definitive treatise. Neverthe-
less, by examining the whole field of inertial guidance sensors, as is
done in the present text, it is possible to reveal common principles
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vl PREFACE

and to show a unity which is not readily discernible by unconnected
studies of isolated instruments. Such background will be of aid in
understanding existing instruments and their limitations, in relating
proposals for novel instruments to the existing state of the art, and
in choosing the most practical lines of attack in research and devel-
opment,

The book was written during the author’s association with Auto-
netics, a Division of North American Aviation, Ine. Many of his
colleagues made contributions in one form or another. The extensive
and invaluable aid of D. E. Wilcox requires specific acknowledg-
ment.

J. M. SLATER
March, 196/
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Introduction

NAVIGATION oR GUIDANCE of a vehicle on the earth always presup-
poses measurements made with respect to frames of reference, inde-
pendent of the vehicle, with respect to which the vehicle moves.
This is most readily visualized in celestial navigation. The starry
sky constitutes a frame of reference which is independent of the
ship and, for that matter, also independent of the earth. It presents
a sort of natural map containing a large number of known points.
By observing the ocean horizon and applying corrections for dip, the
navigator finds the direction of the line to the center of the earth
(earth oblateness being ignored for the present). Then, in effect, he
projects this line to the sky map and, taking time into account, de-
termines position in latitude and longitude. He must take time into
account because the celestial frame of reference is angularly fixed
whereas the earth is rotating.

The vehicle-independent frames of reference are perfectly tangi-
ble in the foregoing example. The observer actually sees the stars
and the horizon. Other examples of navigational methods utilizing
tangible frames of reference are radio methods based on receipt of
signals from shore stations of known position, and position-finding
with the aid of an odometer and a magnetic compass. In these
cases the earth itself provides the vehicle-independent frames of
reference. -

Inertial guidance or navigation is basically akin to these more
familiar methods but differs in that the frames of reference are in-
tangible and the methods of measurement are of a self-contained
nature in the sense that receipt of energy or determination of diree-
tion of fields outside the vehicle is not required.

Inertial guidance or navigation is the process of directing the
movements of a rocket, ship, aircraft or other vehicle, from one
point to another, which is based on sensing components of accelera-
tion of the vehicle in known spatial directions, by instruments which

1
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72 GYROS

Electrical Components

The prineipal electrical components are the gyro drive motor, the
transducers® (pick-offs and torquers) and the electrical connections
for energizing these devices. Magnetic shielding is also taken up,
since it is in some cases a necessary adjunct to the electrical com-
ponents.

Gyro Drive Motors. Gyro motors are critical from a structural
point of view, because of their substantial mass. The principal re-
quirement is mechaniecal rigidity and stability, under conditions of
vibration and also of thermal changes. Monolithic ferrite (as dis-
tinguished from laminated iron armatures) and ceramic insulation
and “potting” are coming into use to achieve those conditions. The
motors ordinarily are of the polyphase hysteresis synchronous type,
run from a controlled-frequency power supply. Constancy of speed
is desirable because some sources of disturbing torque are speed-
dependent; it is needed te insure a constant angular momentum so
that a given applied control torque will produce a predetermined
angular velocity of precession. Short-period speed variations, as in
the “hunting” of a synchronous motor for example, ordinarily are
of no importance. The nonconstant nature of the power input,
characteristic of the hysteresis type of motor, can have some
troublesome side effects, but the simplicity of this type makes it
prevail over others with which constancy could be assured.

Pick-offs. The pick-offs for output-axis gimbals or floats have the
requirements of high angular sensitivity (typically one second of
arc or better), a correspondingly low value for drift or shift of null,
and essentially zero coercion. Since the pick-off is used in a null-
seeking system, constancy of scale factor is of subordinate impor-
tance, though symmetry of the scale factor function about null is
important. Design for adequate mechanical rigidity to avoid null
shift under acceleration, as well as mass-shift torques, must not be
overlooked. Typical pick-offs are as follows.

Capacitor pick-off systems typically include as the sensing ele-
ment a differential-type capacitor of variable effective area or (and
more usually) variable gap. The capacitor may be used in a bridge

* A broad and useful survey of pick-offs and torquers, for various kinds of
instruments, is presented by Lion.10
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GIMBALED RIGID ROTORS—DESIGN 78

cireuit or in a resonant circuit to control either the frequency or the
impedance of the circuit. The carrier voltage excitation for the
pick-off may be either in the audio- or radio-frequency range.
Figure 3.6 shows two representative capacitor pick-off circuits. In

CAPACITATIVE
COUPLING TO
MOVABLE

MEMBER
\ PIVOT

L%u =

o — /F,—_Lzé

{a)

L Ll i

T
. I

Figure 3.6. Capacitor pick-off cireuits,

form (a) the movable electrode is excited, via capacitative cou-
pling; this is the system shown for the gas-film supported free-rotor
gyro described in a later section. Form (b), with the movable elec-
trodes electrically floating, is employed when for any reason it is
not desired to apply excitation to the movable member. The gyro
of Figure 3.1 is provided with this form of pick-off; only the mov-
able electrodes are shown, for the sake of clarity.

The high impedance characteristic of the capacitor type of pick-
off generally requires the use of a step-down impedance-matching
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74 GYROS

transformer or the use of closely-adjacent preamplifiers. Advanta-
geous features are mechanical simplicity and ruggedness, elimina-
tion of need for a lead-in wire to the moving element, noneritical
material requirements, high sensitivity, high signal-to-noise ratio,
and low coercion.

“Microsyn”-type pick-offs (Figure 3.7) have found extensive use.
The primary is energized with audio-frequency alternating cur-

PRIMARY T SECONDARY

LAMINATED

POLE STRUCTURE ARMATURE

Figure 3.7. “Microsyn” pick-off or torquer structure.

rent. Departure of the armature from null (the position shown)
results in a voltage across the secondary due to a change in the
reluctance of the magnetic circuit of phase depending on the direc-
tion or rotation and amplitude proportional to angle over a limited
range. Close control of geometry and of magnetic properties of the
materials is required to bring the coercive torque to a tolerable
level.

The moving-coil type of electromagnetic pick-off (not illustrated)
makes use of a signal coil (iron-free) usually of discoidal shape
mounted at a radius on the gimbal which is adjacent to a fixed two-
pole iron armature energized with alternating current at audio fre-
quency. Displacement of the coil from null results in a phase- and
amplitude-sensitive voltage signal. Sensitivities equaling that of
the capacitor type are readily obtained. The moving-coil type is
relatively noneritical with regard to configuration. The chief prac-
tical limitations are in the requirement for flexible leads to the
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GIMBALED RIGID ROTORS—DESIGN 75

moving element and in the need for selecting coil-potting materials
which are inert with respect to the flotation liquid if such is used.
This type of pick-off is falling into disuse for gyros and accelerom-
eters. However, it remains a very useful device for laboratory in-
strumentation, its low-impedance characteristic making for simpler
circuitry than for the capacitor type.

Torquers. Gyro torquers, sometimes called torque motors or
torque generators, have only moderate requirements as regards
linearity and constancy of scale factor if used merely for trimming,
i.e., compensation of a small fixed bias torque. Torquers of variable-
electromagnet type are adequate for such purposes. One such type
takes the form essentially of the “Microsyn” pick-off structure al-
ready described, but with the primary winding energized from a
constant a-c or d-c supply, the signal (alternating or direct current,
respectively) being applied to the secondary. The torque output is
a funection of the in-phase product of the currents in the two wind-
ings.

Torquer requirements are very severe when the torquer is re-
quired to produce high, variable precession velocities in inertial
space, such as a component of earth rate Q, variable with latitude.
Types which have found practical use are based on the force associ-
ated with a d-c-carrying conductor disposed within a permanent-
magnet field. The torquer may have a configuration essentially like
that of a d’Arsonval galvanometer movement, as indicated in
Figure 3.1, the coil being mounted on the gyro gimbal and the mag-
net structure on the gyro case. Alternatively it may take the form
of a coil mounted on a lever arm on the gimbal, and a permanent-
magnet structure on the case, as in the form shown in Figure 2.7
or as illustrated and described in the section on electromagnetic
accelerometers. A third alternative makes use of a conductive drag
cup on the gimbal, concentric with the output axis, and a rotating
magnet on the case.™ In all forms, accuracy is determined ulti-
mately by the stability and constancy of the magnetic field. The
problems involved in establishing accurate permanent-magnet fields
are discussed in the section on Permanent Magnets as Precision
Instrument Components in Chapter 10.

Lead-ins. Lead-in wires or ribbons are required to bring current
to the gyro motor and to the pick-offs and torquers when moving-
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