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PART 1

INTRODUCTION
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CHAPTER 1
DESIGN PROJECT PRNPOSAL

SCOPE OF PROPOSAL

The following proposal was submitted to the Space Research

Instityte in October, 1966 and its centents initiated the study

which resulted in the body of this thesis.

1.2

CONTENTS OF PROPOSAL

PART SECTION  TITLE
1 INTRODUCTION
2 DETAILED DISCUSSION
1 Considerations of the
Design Study Programme
2 Work Statement and Programme
Schedule
3 Costs of the Design Programme
GRAPHS AND TABLES
FIGURE  TITLE
1 Graph of Prdposed Work Schedule
2 Table of Estimated Costs

LIST OF REFERENCES

PAGE
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1.3 PART ONE

PROPOSAL INTRODUCTION

The High Altitude Research Programme initiated by McGill
University has offered a logical alternative to the conventional
sounding rocket for probes into the upper atmosphere. Experiments
have shown the gun-fired probe vehicle to be economically superior

to present sounding rockets for certain experiments.

In view of the proven feasibility of such a system, and the
areas of study in Meteorology, Re-entry and Meteor Physics still
untouched, it would seem advantageous to develop a gun-launched
research vehicle capable of self control and high altitude

manoeuvers such as would be required for the above experiments.

The Department of Mechanical Engineering of McMaster
University therefore proposes to the Space Research Institute of
McGill University an engineering design study in which known methods
of directibn references will Be examined and their suitability to
withstand acceleration rates of the order of 10,000 g will be
assessed. The performance of each reference system will be
rated on its capacity to provide for vehicles a direction reference
after gun launch. The above programme will terminate approximately
one year from the date of submission of this proposal. At that time
a report will be submitted which will list all direction reference

systems considered, a synopsis of the state of the art of each type,

o
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and evaluation of feasible types with respect to gun-launch

accelerations, and a recommendation for further development of

selected reference systems.

1.4 PART TWO

DETAILED DISCUSSION
SECTION ONE

CONSIDERATIONS OF THE DESIGN STUDY PROGRAMME

The system performance requirements of the Martlet II

directional and altitude control system will be in accordance with

limits outlined by the Space Research Institute. While it is

known that a guidance system is presently in development, it is

realized that certain limitations are inherent in the components

and thus in the utility of the vehicle. Therefore the ideal

guidance system would be required to fulfill the following conditions:

(1)

(2)
(3)
(4)
(5)

ability to function independently of varying meteoro-
logical and solar conditions.

adaptability to a wide range of trajectories.
capacity for abrupt change of trajectory while in flight.
capacity to stabilize finless projectiles while in flight.

ability to withstand 10,000 g acceleration forces.

The above requirements are in some cases logical extensions

of existing vehicle systems and it is not impractical to expect that

such a system could be constructed.

As the proposed system will ultimately be required to conform



to the gun-launched vehicle in terms of geometry, weight, and
operating characteristics, relevant performance parameters will
have to be supplied by the Space Research Institute. The
subsequent report will then outline the requirements and modes of
operation of the direction reference systém so that further
develbpment of system companents and auxiliary equipment can take

place.

1.5 SECTION TWO

WORK STATEMENT AND PROGRAMME SCHEDULE

The programme outlined will be carried out from the time
of acceptance of this proposal to October 1st, 1967. The main
steps are listed below and their appro*imate performance schedule
islindicated with the bar graph shown in Figure 1. This work
programme is geared to the development of a design concept and its

analytical characteristics.
The steps in the work programme are:

1. Literature search to determine known methods of direction
reference. Radio inertial, full inertial, celestial
reference inertial and homing type guidance systems and
components will be covered. New developments applicable
to attitude reference systems will be noted. The operating

characteristics and present applications will be summarized



in a "state of the art" report for each method.

2s Classification according to type (electronic, mechanical),
function (external, internal, open or closed loop) and any
other operational category necessary will be made.
Preliminary elimination of unsuitable approaches will then
take place.

3. The most suitable systems will Be critically examined for
their resistance to high rates of acceleration (10,000 g's).
Their structural integrity and reference accuracy will be
carefully noted and compared with requirements for gun-launched
vehicles. This step will be carried out analytically
and experimentally.

4, Based on the above investigations, a direction reference

.sysfem concept will be proposed, along with the expected

operating characteristics. These should coincide with

the Space Research Institute's requirements.

1.6  SECTION THREE
COSTS OF THE DESIGN PROGRAMME

To keep this project in line with the Space Research
Institute's requirements and to assure that sufficient and accurate
information is obtained from suppliers and other research centres,
personal visits to places of interest by the research worker will
be necessary. Estimated travelling expenses are shown in Table 1.
A stipend for the research worker during the months of May to October

should bring the total cost to approximately $3,000.00.


http:3,000.00

1ad

COST_TABLE

TABLE NO. 1

ESTIMATED COSTS OF PROGRAMME
PERIOD OF NOV. 1/66 TO NOV. 1/67

ITEM DESCRIPTION

TRANSPORTATION 1. Montreal

(approx. 12 trips)

2. U.S. Research Centres
(approx. 4 trips of
5 days each)

SUPPLIES Equipment, Books, Reprints,

Report

STIPEND May 1/67 to October 15/67

Note:

TOTAL . . .

Trip estimates based on:

COST
$ 840.00.

912.00

125.00

1,200.00
$ 3,077.00

(1) Cconomy return flight fares from Toronto to points of

interest. (prices quoted October 20th, 1966).

(2) Daily expense allowance of $18.00.
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FIGURE NO. 1
GRAPH SHOWING SCHEDULE OF PROPOSED HORK PROGRA'TE

8"l
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Step No. 1 Literature Search |
Step No. 2 Classification of System Types:
State of Art Report on each Type
Step No. 3 Evaluation of Selected Systems
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Preparation of Resulting System Proposal
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1.10 COMMENTS ON PROPOSAL

During the course of the programme the Space Research
Institute experienced grave financial difficulties. The support
requested for this programme was not availahle, thus the scope
of this project was limited. Security restrictions by both
government and industry also prevented detailed studies in certain

areas.

That the project be brought to a close in one year was
still accepted as a fundamental criterion however. The report
that follows is thus a product of the aims stated in the proposal

tempered by the developments ever the period of investigation.

The system proposed at the end of this report as a solution
to the problems outlined in the proposal is considered by the author
to be the best choice based on the unclassified information available
to him at the time of the investigation. The proposed system satisfies

all of the original criteria stated in Part Two, Section One of the

Proposal.

It must be realized that other sensors may become more attractive
than the ones chosen when more information becomes available. The
most likely candidates are thus indicated and sufficient information
is included in the report so that it may be used as basic reference

material for more advanced work.
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CHAPTER 2
DEVELOPMENT OF PROGRAMME FORMAT

Zs] INTRODUCTION

The initial step inAany design programme is the determination
of system constraints and design criteria. These are subsequently
combined with the data on various devices capable of performing
the required function. An engineering solution is then sought.
Thus, the body of this thesis begins with a statement of the mission
characteristics and vehicle behaviour. General design and
performance criteria are then developed for attitude sensors. A
listing of various modes of approach to attitude sensing is made

as the closing section of this chapter.

2.2 THE MISSION

The vehicle, in which the proposed sensors must operate,
is a small spinning rocket of the type illustrated in Figure (2.1).
This rocket is the second stage of a ballistic vehicle which is
fired from a large bore naval cannon. The control system, of
which the sensors are a part, must successfully steer the second
stage into a predetermined earth orbit. The payload to bé
orbited would be a small instrument package used for upper atmosphere

research. The mission profile is outlined in Figure (2.2).

2,3 THE LAUNCH ENVIRONMENT

The ballistic two stage vehicle is fired from a 16.4 inch

bore cannon having a 100 foot long barrel. The launch acceleration
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would be of the order of 7000 gq's and acceleration time would
be around 30 milliseconds.  The Taunch shock would be semi-
sinusoidal. |

" After the vehicle leaves the barrel it would cxneripnce.and

acce]erat1on near 2000 g's in the d1rect1on opnosite to the d1rect1on

net Syt

of travel This 1atter accelerat1on 19 due to the relaxation

of strains imposed upon vehicle stnucture <during launch.

HWhen the secondisf;gé-enaine is fired the system experiénces
an additional acceleration of 30 g's. The time of flight for this
second stage is 10 minuﬁesf“ “vThis is also the operation time for
the control system. :fﬁu§“fﬁé‘sensors need not be operating

during the actual qun-firing period.

The temperatures to be experienced by the sensors and
associated electronics has been taken as 25°C ¥ 15°C.  Altitudes

would range from sea level to, 350 nautical miles.

At this stage of development, one would be content with
the best accuracy obtainable.  ~ As a cutoff point, however, the
previous‘specification of ¥ 1° at ne pitch‘(injection) aiven by
Space Research Institufev;g AViafiﬁﬁ E1e¢tri§ Ltd. (August 1965)

will be used.

2.4 THE CONTROL SYSTEM

The large pitch anale precession that is required for orbit
injection combined with the short operatina time of the system

precludes the use of small natural forces associated with natural
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phenomena 4s actuation mechanisms. = ' Such natural phenomena are

the earth's aravitational and maqnetic fields, and the sun's radiation
figld. Aerodynamic pressures are also insignificant at the
altitudes near 200,000 feet, where the system would be operating.

A reaction control system is thus required.

The mathematicaf‘sfudyVéf‘ébﬁfrd1 systems for sninning
bodies usually emp]oyslfhé‘ﬁef1~k66WHLEﬁler‘§wéduatidns‘descrihinq
the rotational motion of a body subjected to body torques. Culer's
general ‘equations can be anproximated for -snin-axis symmetrical

bodies by the two equations s 3. avsp o

&g ¥ . =
ety &5 ey Ay e S i S % . "y [

‘\\ab|-ﬁ- (S: ‘E} \JJ LA) \4\\ (1)

Al R s Me O

where C is the moment of inertia about the axis of symmetry and A
is the moment of inertia about the ‘cross-bodv axes. - Figure (2.3)

illustrates the orientation. . 5a .

Fiqure (2.3) also shiows o Euldr angles © ahd‘]ﬁ'required
to determine an attitude for tHé“QeHicfé.""Ry'desithnd’a'réaction
CdnfroT system within the rocket, whose servo-null conditions are
satisfied only when it has achieved the attitude representina the
desired rotations, the essential elements for attitude control are

provided:


http:a~pr'o�itnart'.ed
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The spinning body control system mechanization requires that
torques, given as M] and H2 above, be applied to the body with such
time and spatial phasing as to cause the rocket to proceed through
the desired rotations to the required attitude. The spinning
vehicle behaves according to the gyroscopic law when the torques

are applied about its centre of gravity.

Cold gas reaction control systems for spinning vehicles
have been developed by Aviation Electric Limited, Montreal, and the
Whittaker Corporation, California. The AEL system employs four
nozzles mounted at the rear of the vehicle and is used for both
spin speed control and orientation. The Whittaker system employs
one nozzle and can be used only for attitude control. Fiqure (2.4)
is a detailed block diagram of the Whittaker system and is included
to illustrate the components required for a typical system. Such
systems as Whittaker's have proven themselves feasible for vehicle
control in "low g" vehicles and there is no fundamental reason why
they would not work in "high g" vehicles provided sensors can be

found which will survive the gun Taunch conditions.

It should be noted that for spinning vehicles two Euler
rotations can achieve any desired pointing in space. Thus only
two attitude sensors are needed, one for pitch and one for yaw.

Finally, only two channels of.computational electronics are needed.



15

Lad SYSTEMS IN WHICH THE SENSORS ARE USED ..

Care must be taken to distingyish between control .techniaues
and sensing techniques and the mannen'in.which.these numerous
methods may be combined to. achieve .ap. overall vehicle quidance
systenm. Some space is thus devoted here to describing the

general desian ph1]osonh1es of 1n]ect1on qu1dance

Qrbit injection guidqnceﬁcan‘pqngggpmpljshgd.usjnq one of
three fundamental system concepts: ; programmed attitude, radio or
inertial. o b B et s .

Programmed-attitude systems cause the vehicle to nrecess
itself through predetermined angles as a function of time rathor
than as a function of its envinonment. The sensina of anaular

W, +~ (C~ Ay L, W N
movement is necessary to ‘generdte cutoffj§1qna1s io the nrecession

rockets. In cg{wér}gio_rlal (\red\?)j:% Eu\s ags&be:en Mcfmnﬁshed by
state-of-the-art rate qvros. The control system is onen loop.
Ho ﬂecision‘procésses a}e:Cif?iédwdbtfo%"bdékas | | N
Rad1o contro] systems are‘og %uo‘hé{n t;ﬁes, those which

sense the vehicle or1entat1on with radar methods and those which
use on-board sensors and relay fﬁéfﬁ'bi%kgffwsiqﬁgls‘to:the ground.
In both cases actualtféfefé%cé'iﬁfbﬁﬁa%ibn aﬁd:caﬁbufationa1
facilities are located on fhésquuﬁdiﬂ' Actuation siqﬁais are
relayed back to the vehicle. PP REAARARE ¥

. PR S I DDA PR i g
Inertial systems afe usua11y compietely self‘contained.

An inertial platform provides a coordinate system which is stahle
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in space. Additional inertial sensors, mounted on this platform
detect rotations and accelerations in this co-ordinate syvstem.

An on-board computer obtains position and velocity by numerical
integration of fhe acceleration indicated by the inertial platform's
sensors. Only the initial conditions and constants loaded into
storage nrior to launch are recuired from a aqround-based computer
after the airborne computer has been programmed. Advantages of
this quidance system lie in its areat flexibility in trajectory
selection and its closed loop design. It is not necessary to predict
beforehand the disturbina  forces that might act on the vehicle.

A great disadvantage is the large number of inertial sensors

required to stabilize the platform and detect vehicle motion.

A new development in inertial systems has been the elimination
of the stable plétform arrangement. Recent advances in the speed
and capacity of airborne computers has made it feasible to maintain
the inertial refererce in the computer and mount the sensors directly
to the frame of the vehicle. Such systems are termed "stranped-

down" and will be discussed further later.

The control system described in Section (2.4) could be
adopted to any of the programmed-attitude radio or inertial concepts.
From a hardware point-of-view, the programmed-attitude systems have
the least number of components, the lowest range costs and the
Towest accuracy requirements for sensors and computers. They

also, as a consequence, have the Towest accuracy for orbit injection.
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Programmed attitude systems have an adantibilitvy to varied
trajectories which is eaual to the adaptihility of inertial
systems. While these considerations are not in the same
cateqory as design criteria, thev are imnortant factors to bhe

noted for future consideration.

2.6 ATTITUDE REFERENCE SYSTEM ALIGNMENT

The initial alignment of the attitude reference co-ordinate
system is an important desian consideration. For self contained
and radio-aided inertial systems alianment is accomnlished hefore
launch and the attitude sensors are in oneration throughout the

1ift-off period.

For qun-launched vehicles it is not likely that the sensors

can be exnected to operate during the period of aun launch. This
approach may result in a situation in which the sensors heain to
operate after a large vehicle misalignment has already occurred.

If body rate sensing methods were used, the sensor could not detect
this inital misalignment. The same is true for displacement
gyroscopes. References to fixed points in space (stars,planets’)
may be made instead. However, their ohservation may be nrevented

by cloud conditions or by movement from the sensor's field of view.

It is therefore aprarent that tradeoffs will be made hetween

system concepts and allowahle accuracy in the final selection.



19

2.7 DESIGN CONSTRAINTS

From the foreaoing discussions one can determine aeneral
quidelines to aid in subsequent sensor evaluation. The most

important characteristics are listed helow.

LIST OF DESIRED SENSNR CHARACTERISTICS

1. Sensor must withstand aqun launch (7000 q) without loss of
sensitivity.

2. Support enuipment (electronics) must be capahle of survivina
gun launch in workina order,
3. Sensors and related equirment must be comnact and Tiaght in

weight to increase navlnad (i.e. less than 17 lhs, and 290
cu. in.).

4. Ncceleration sensitive drifts should be small as device
operates durina boost phase.

5. Operation time need not exceed 15 minutes.
6.  The device must function in a spinnina vehicle.

7. Initial system alianment should he simnle and easy to accomplish
(especially durina flight).

8. The system'must be able to function at any hour of the dav or
night.

9. Weather conditions (un to the canabilities of the vehicle
itself)should not affect the attitude sensor's oneration.

10. The device chosen should have a nroven feasibility and use
proven comnonents and proven desian techniques as much as
possible. Desian and development of new highly specialized
component items should be kept to a minimum.

NOTE: As the primary concern of Space Research was to ohtain a

system capable of just surviving the launch environment while

fulfillina the above ten conditions and since no real criteria exist
to judge whether or not a qun-launched system is aood or bad,
considerations of accuracy and nower will be left to a further

analysis, bevond the scone of this initial survev.
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CHAPTER 3
A SURVEY OF ATTITUDE SENSORS

3.1 INTRODUCTION

This chapter investigates the manner in which attitude may
be sensed. The various sensing methods applicable to the problem
of orbit injection are listed. A preliminary examination of fhese
approaches is made and a selection of those methods most worthy

of closer inspection is presented.

3.2 DETERMINATION OF ATTITUDE

Vehicle attitude can be established by direct observation or
by ‘the on-board determination of any two non-colinear lines in space.
Because of the multiple ground stations that would be required for

"adequate coverage of a variety of trajectories, line of sight systems
such as radar tracking and radio control must be eliminated due to

high range costs.

Various physical phenomena can be sensed and used to define
a reference line in space against which the vehicles orientation can
be referred. These various sensing modes are listed below.

METHODS AVAILABLE FOR ORIENTATION DETERMINATION

1. Determination of Earth Line by Infared Horizon Sensing.
2. - Planet Tracking

3. Star Tracking

4, Determination of Earth Line by Gravity Field Determination
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5. Earth's Magnetic Field Sensing.
6 Sun Line Sensing.
7. Orbital Plane Determination by Inertial Methods (e.g. Body

Rate Sensing).

Many of the methods listed above are not included in
discussions of state-of-the-art rocket control systems for orbit
injection. In fact, except for inertial sensors, the above
methods are generally considered for satellite or space vehicle
orientation systems. This limitation is shown to be quite

arbitrary however, when the fundamentals of operation are considered.

3.3 SENSOR CATEGORIES

Because of similarities in operation or in system design many
of the methods listed in Section 3.2 may be grouped together for

easier discussion. These groupings will be as follows.

Celestial sensing methods will include planet and star sensors

Sun detection schemes will be described in detail.

Ambient Field Sensing Techniques will describe current methods

of detecting gravity field and magnetic field of the earth.

Horizon sensing methods are treated separately because their
development has been greatest among the scanning methods. The
literature on infared scanning techniques is extensive. Their

application to spinning vehicles is comparatively easy.
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The final grouping covers the various types of inertial
sensors presently considered to be the most worthwhile for

development. Details of their operation and design are included.



PART 2

HORIZON SENSING METHODS
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CHAPTER 4
HORIZON SENSING FOR ATTITUDE DETERMINATION

4.1  INTRODUCTION

Horizon sensing is a procedure which can be employed in attitude
reference systems for determining the vehicles orientation with
respect to a planet-centered local vertical. The basic method
for determining the 1océl vertical involves the detection of the
discontinuity between space and each side (or horizon) of the planet.
Horizon sensors are radiation detectors that sense the sharp increase

in radiation between the earth and deep space at the horizon.

4.2 PHENOMENA TO RE DETECTED

There are several physical phenomena which may be used to
- define the earth's horizon. Singer [1]*, Holler [2], Hanel [3] and
P]éss.[4] discuss the several alternatives. ‘
(1) The albedo of the earth: The horizon is seen as the
gradient between the apparent surface of the earth,
which reflects sunlight, and the blank space beyond,
which does not.
Qo (2) The air glow around the earth: The upper portion of the
earth's atmosphere radiates energy owing to excitation
by the sun. The intensity is low, varies with time

and position and very little data is available.

* Numbers denote the references at the end of this chapter.
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(3) Infared Radiation from the Earth: The earth's
horizon may be defined as the sharp gradient of infared
radiation which exists at the 1imb or border between

it and outer space.

As a first approximation, if one looks at the earth-space
interface from a sufficiently high altitude, the earth appears to
radiate as a black body having a temperature of approximately 270°K, ‘
in contrast with the surrounding space which is at 0°K. Thus ff
a transducer is capable of detecting this difference in radiation,
it will generate a signal proportional to the difference in radiation.
Figure (4.1) is an example of a scan signal from Tiros III shows the
wave form to be expected. Because the earth has.a fairly uniform
temperature, this gradient can be used for navigation during either

day or night conditions.

The actual radiation processes involved in the atmosphere is
beyond the scope of this report. Details are available in
references by Howard [5], Plass [4,6] and Wark [7]. In brief, however,
it will be said that backgfound of natural infared vibration emitted
by the ground and atmosphere is determined by the absorption bands
of the atmsopheric molecules and by the emission characteristics of
emitting surfaces such as the ground, oceans or clouds. The same
absorption bands determine the radiative flux in the atmosphere and

its variation with altitude.
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In the infared rande of spectral emission, the sharpness
of the horizon depends upon the vertical temperature and pressure
profiles and on the distribution of absorbing (and therefore
emitting) matter in the atmosphere. Hanel, Randeen and
Conrath [3] have carried out investigations on the radiance emitted
by the earth in five spectral intervals. Calculations were made
for various latitudinal, seasonal, climatic and meteorological

conditions.

Curves of radiance in the 15 micron CO? band versus distance
about the horizon are shown in Fiqure (4.2).  These curves were
chosen for illustration because they show the most consistency with

respect to radiance and cut-off values. The final results of the

above report [3] are shown in the table in Figure (4.3).

This table points out the advantages of the long wavelength
high absorption regions between 14 and 16 and beyond 21 microns.
Uncertainties in the horizon (E&l) caused by meteorological and
seasonal effects are lower, radiance values are higher and the
contrast across the disk of the Earth is low compared to values
in the shorter wavelength region. Experimental values of radiance

from Tiros 7 show that these calculated values are quite accurate.

Instrument  techniques for wavelengths longer than 30 microns are
not as highly developed as those for the shorter wavelengths. The
15 micron CO2 band, however, is wel] within the convenient operating

range of thermal detectors. These facts, coupled with the relative
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stability of the 15 micron band during meteorological disturbance
make the choice of a 14-16 micron horizon scanner a most logical

one.

4.3 RADIATION SENSORS

The various types of radiation detectors that could be
employed are discussed in detail by Howell [9], Powell [10],
Leybourne [11], Dewaard and Wormser [12]. The main ones are

listed below.

1s Radiation Thermocouples

2. Pneumatic Type Detectors
The incident radiation produces a temperature (and
thus a pressurg) change in a confined gas sample.
The pressure change is sensed.

3. Bolometer Type Detectors
The two main possibilities here are the metal

strip and the thermistor instrument.

Hanel [13], Gedance [14] and Astheimer [15] report that the
most highly developed device and the one which has already been
subjected to the gun Taunch environment is. the thermistor bolometer

[16]. This device will now be discussed.

4.4 THERMISTOR BOLOMETERS

A. Design and Operation

Thermistor bolometers, according to Jones [17] and
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Wormser [18] are fast, sensitive infared detectors with good
responsivity from 1 go 15 microns. The detectors consist of a
thin flake of thermistor material mounted on a thermal sink. The
active element is a thin semiconductor film usually composed of
oxide mixtures of manganese, nickel and cobalt. A thermistor
bolometer cross-section is.shown in Fiqure (4.4). A schematic

bridge circuit. is illustrated in Figure (4.5).

The thermistor detector operates by virtve of a resistance

change produced by incident radiation.

In order to achieve fast response, thermistor films or
"flakes" are attached to good heat conducting thermal sinks. These

may range from quartz or glass backings for the flakes, to miniature

coolers employing the Uou]e-Thompson effect described by Goodenough

[19]. The refrigerant is a gas, bottled at high pressure. Typical

time constants range from 3 to 8 milliseconds.

The minimum signal levels which can be detected by thermistor

8 to 1072 watts. These radiation

6 7

flakes are in the order of 10~
signals cause temperature changes of the order of 107~ to 10~
degrees centigrade in the flake and produce output signals in the

order of one microvolt.

B. Performance Criteria

For infared systems in general the major criterion for good
performance is the minimum signal that can be detected. Since this

is always limited by extraneous signals (noise) that mask the desired



33

signal, the important factor then is the ratio of signal to the

noise, rather than the output response produced by the signal.

Goetze [20] and Jones [21] derive the fe]ationship between
signal to noise ratio and attitude alignment errors in terms of
optical design parameters. The intrinsic errors of the system
are supposed to be paramount in this case and avoidable. Potter [22]
and Jones [23] treat the uncontrollable error inherent in horizon
sensing proper. These are mainly due to variabilities in

atmospheric phenomena over which no control is possible.

The main figures of merit of radiation detectors are

generally considered to be the following:

(1)  Responsivity = Oﬁ;u:t (over linear range)

RMS Voltage of the Noise

(2) Noise Equivalent Power = ResponsTvity

(3) Detegtivity = Reciprocal of the Noise Equivalent Power

Other figures of merit exist which are related to the detectivity
in a reference noise power spectrum condition and divide detectors
into two groups according to their dependence on the dectivity time
constant. Detective quantum efficiency is also an important parameter
in image detection ratings , but such topics are beyond the scope of

this discussion.
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4.5 DETERMINING ROLL AXIS ATTITUDE

A typical system for determining the pitch angle of a moving

vehicle using horizon sensors will be described.

A fundamental requirement for successful operation of infared
sensors is an adequate scanning mechanism. For a spinning vehicle

the sensors may simply be mounted directly to the frame.

As the vehicle spins the sensor scans both the earth, where
the intensity of the infared radiation is almost a constant value,
and space, where the intensity is practically zero. The result of
this periodic scanning of the earth is a train of pulses, similar
to the one shown in Figure 1. A Schmitt Trigger circuit can be

used to square each pulse.

The sensors are mounted on the vehicle inclined to the spin
axis -at an angle & . Figure (4.6) shows this arrangement. Figure
(4.7) shows the geometry of the sensor séan cone and earth sphere

intersection.

Frbm Figure 6, 1«4f is the angle subtended by the front horizon
sensor's sweep on the earth's surface, perpendicular to the roll axis.
The front sensor sweeping time _L-S' can be determined by finding Yl—‘r as

a function of pitch and then
'Es). = ’Y\s,/ 9,
where ‘o is the vehicle spin rate.. Tait [24] has shown that the

sweep times are also a function of vehicle pitch angle, earth radius



and vehicle altitudes because 11& depends on these quantities.

The front and rear earth pulses and the resulting error
pulses are shown in Fiqure (4.8). The widths of the two
error pulses are added to obtain a pu]sé of width t = t] @ t2. A
transfer functioh for the sensor for a particular scan speed, altitude
and sensor alignment is needed to make this information useful.
A typical transfer function graph is shown as Fiqure (4.9). For a
final pitch attitude of © degrees the control system would keep
reducing the sum of the two error pulses t] and t2 to within a
certain limit Bt about t. At depends upon B® which determines

the zone of permissible final pitch dttitudes about the required

value.
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CHAPTER 5
" CELESTIAL SENSING

5.1 DESCRIPTION OF CATEGORIES

This chapter will describe briefly the three main types of
celestial methods for determining attitude of a vehicle in flight.
These methods, planet tracking, star tracking and sun sensing,
are all basically the same method. The intensity and sharpness
of the object sensed affects system accuracy and its variation with
time and pogition in space determines to whét application the object
serves as reference. It is obvious that for interplanetary
navigation certain fixed stars and distant planets are more useful

than the sun for trajectory corrections and proper alignment.

5.2 SYSTEM IMPLEMENTA%ION

‘ There are three main types of star scanning systems that can
be used. The first of these, the simplest, is the type of
device proposed by Aviation Electric to the Space Research Institute

in 1964 [1].

This first device consisted of two silicon photocells mounted
directly to the frame of the moving vehicle and inclined to each
other, as shown in Figure (5.1). The device was to sense the sun.
The angle between the axis of the vehicle and the sun could be
measured by comparing the outputs from the two sensors. Because
of their inclination, their outputs would always be unequal for any

direction of the sun away from the prependicular to the axis. The Ssensor
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is calibrated beforehand and a refereﬁce computer programmed to
relate the sensor outputs to angles. This approach can be

qﬁite useful for detecting yaw angles for rocket and space vehicles.
The angle to the sun from the plane of the trajectory must be
approximately kﬁown as no active scanning device is employed. If
the vehicle is spinning a scanning is accomplished, but only in the

plane normal to the trajectory plane.

A second approach to the use of stellar references is usually
employed for realignment of stable platforms in long range aircraft
and interplanetary space vehicles. The stellar monitor usually

consists of a telescope mounted on a gimbal system.

The telescope has a small aperture and contains an optical lens
system which focuses the starlight beam to a point on a photosensitive
scanning system. Frequently some type of optical filtering is used.
With a very narrow field of view the system can find and track stars

even in the daylight.

The gimbals are usually provided with angular readout devices
which established the platforms (or vehicles) orientation with
respect to a known star at a given time. The platform (or vehicle)

may then have to be realigned to the proper attitude as required.

The elements of a gimballed optical tracker are shown in Figure

(5.2).' The photosensitive device is, typically, a photomultiplier
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tube . Location of the required star is carried out

by searching and tracking operations.

In the search mode the telescope is made to scan a raster
pattern, similar to thaﬁ used in television tubes, in which the
tracker may cover a field of 1 degree in azimuth and 10 minutes
in elevation [2]. When the star is acquired, the computer
controlling the gimbals automatically switches to the tracking
mode. The tracking pattern is usually characterized by circular
symmetry. A typical one is shown in Figure (5.3). The
tracking field may be of the order of 3 minutes of arc in diameter.
An off-center condition is detected %n the computer as a function
of time at which the star signal appears, during the movement through
the predetermined tracking pattern. The computer supplies signals

to the gimbal drives to restore the telescope to the centered condition.

The searching and tracking operations can both be performed
without moving the telescope gimbals. A sensing element may be
used which is essentially a television tube such as the image
orthicon or vidicon. The "flying-spot" type of scanning employed
with such tubes is the equivalent of mechanically moving a restricted

field stop over the area containing the star.

Until recently no star tracking device had the ability to locate
a designated star by merely "glancing" at the sky. Some method

of approximate alignment had to be used to point the device in the
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general direction of the chosen star. Attitude data was stored
on board in relation to the chosen star. This has been eliminated,

however, by the recent development of a new system.

Recent work by Farrell and Lillestrand [3] and Lillestrand,
Carroll and Newcomb [4] has resulted in an all celestial inertial
guidance system with no moving parts such as gyros or gimbals.

The system is designed to recognize stars from their position in
the sky, just as human observers do, and knowing the stars in the
field of view, decide what the orientation of the vehicle is.
Experiments have shown that the approach is feasible but no test
flights have yet taken place. The future is considered bright
for this systeﬁ, however, as the accuracies are extremely good
(pointing errors near 5 seconds of arc are expected) and the number
of components required is small. Only a coffee-cup size computer
and a sensor together only 3 inches in diameter and 10 inches long

will be required [3].

5.3 PROBLEMS WITH CELESTIAL SENSING

While celestial reference methods have proven quite adequate for
interplanetary and human space travel, there are certain drawbacks

when the concept is used close to the earth.
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Celestial references are generally prescribed for use above
100,000 feet of altitude. Below this level, clouds can
seriously affect the utility of the device by obscuring completely
the star to be sensed. The atmOSphere can also affect the
sensors operation in two ways. One is to produce the twinkling
effect of the stars and thus limit the precision of the star's
angular determination. .At night, lights from the earth's
surface can be reflected in the atmosphere. The noise produced

in the scanner may obscure the required star signal.

There is also a possibility that the celestial body to be
sensed may be out of the field of view at the required time of
operation. A parametric study by Tait [5] for the Martlet IV
gun-launched rocket showed that for the launch taking place at
Barbados, the only time that the sun would be in the field of view
to permit its use as a yaw reference would be at 5:30 a.m. during
the months of May to September, and at 5:30 p.m. during the months
of November to February inclusive. This fact rather restricts

the ultility of the vehicle.
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CHAPTER 6
GRAVITY GRADIENT METHODS

6.1 BACKGROUND

One method suggested for determining the vertical from space
vehicles has been the sensing of the éravity field of the earth, or
other heavenly body, as the case may be. The conéepts proposed
to date are based on the gravity grqdient phenomena. Crowley,
Kolodkin and Scheider [1] and Roberson [2] have investigated the
feasibility of sensing the gravity gradient with either a pair or
. a triad of accelerometers mounted inside an orbiting vehicle. An
alternate method proposed by Diesel [3] uses a single rotating

accelerometer.

Up to the present time the gravity gradienf phenomena has
largely been disregarded for actual applications in space vehicles
as the inherent accelerometer errors and extraneous vehicle motion
have prevented a practical system from being developed. Diesel's

approach [3] is designed to circumvent many of these problems.

6.2 A SIMPLE MODEL OF THE GRAVITY GRADIENT

By referring to Figure (6.1) one can become acquainted with a
straight forward model of the gravitational field. If point 0 is
taken as a reference point and test points P are taken on the

circumference of a small reference circle, center 0, then for all
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points P
a = e-&o ' (6.A)
where & = Gravitation at any point P
6, = Gravitation at reference point 0

The tangential component, shown in Figure (6.1C) varies sinusoidally
with position &€ around the circle. The magnitude of this
variation, at normal orbital altitudes is 0.5 x 10'7 g/foot of test
circle radius. From this diagram it can be seen that the vertical
can be determed as one of the directions for which this component

goes to zero.

It should be noted also that the radial component varies sin-
usoidally (with a d.c. component) and reaches its maximum value in

the direction of the vertical.

6.3  SYSTEM CONCEPTS

There are really only two main system types. The first, the
conventionally proposed approach is illustrated in Figure (6.2).
There are two accelerometers paired together a fixed distance apart.
The outputs of the two accelerometers are summed. ~ The output error
signal could be used to rotate the boom through an angle toward the
vertical. The error signal would be nulled at the vertical.

Analysis has shown [3] that for an accelerometer separation of 1 foot,
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an accelerometer bias error of ]O-]] g would cause an error in the
vertical of 10'] milliradians. To obtain an error signal in

the first place the two accelerometers should measure gravity to
exactly the same precision. Such accuracy is beyond the present

state of the art.

The method developed by Diesel [3] is illustrated in Figure

(6.3). A single accelerometer is rotated at a constant angular
rate is used to sense the sinusoidal variation in g . The
vertical is then defined by the phase of this signal. Since the

same accelerometer is used to detect g at all pointé around the
circle, bias errors and scale factor errors will cancel when
determining the phase angle e4 which determines the vertical., /I device
has been developed [3,4] which will destroy the effect of translatory
motions and bias errors. Other devices are under development to

sense the same phenomenon [4] but information is scarce.

6.4  FUNDAMENTAL PROBLEMS

Aside from the problems encountered in getting an acceptable
accelerometer, such as bias errors, instrument compliance, and so on,
there is one fundamental limitation on gravity gradient sensors for
orbit injection control. According to Diesel, the variation of
g (0.5 x 10-7 g/foot of radius) is ordinarily not observable when
the vehicle is within the atmosphere because the effect represents
an extremely 5ma11 part of the gravitational field. Only in orbiting

vehicles will the effect become conspicuous.
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~ CHAPTER 7
MAGNETIC FIELD SENSING

ial MODE OF APPLICATION

Celestial, Gravity Gradient and Horizon Sensing methods
have been shown to have modes of operation which could be called
direct. That is, they present directly information about pitch
error with respect to the local vertical or yaw error with respect
to the line of sight to a particular heavenly body.  The methods
employing magnetometers are not as closely defined. Very recently,
systems for the attitude determination of a spinning rocket have
been developed by two separate groups. These systems, designed
by Conley [1] and Ott [2] have been shown to be feasible and

moderately accurate (¥ 1 deg.).

The above designs use as sensors a single axis, flux gate
magnetometer and a solar sensor to determine vehicle orientation.
These devices are commerically available and quite simple in
construction. One additiona] component of the system not required

by other ambient field sensing methods is a large digital computer.

The system proposed by Conley [1] has been conceived specifically
for low cost sounding rockets. Because it has fewer components
than Ott's system [2] and the available information is more complete
Conley's approach will be reviewed as a typical attitude determination’

system.
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7.2 FUNDAMENTALS OF OPERATION FOR A TYPICAL MAGNETOMETER SYSTEM

A flux gate magnetometer and a solar cell are shown in position
inside a rocket shell in Figure (1.1). The magnetometer is
" orthogonal to the sun sensor. The output of the magnetometer in
volts (E) is proportional to the component of the geomagnetic field

parallel to the sensor axis. That is

€= 40 d| w) (7.

where .%\ = ;ngle between the geomagnetic field vector H and the
sensor positive axis M.

For a rocket with spin frequency much greater than pitch
frequency the transverse aspect magnetometer produces a modulated
sinusoidal output signal, the instantaneous amplitude of which defines
the cone about the geomagnetic field, shown in Figure (7.2). Now, if
a solar cell is used which will generate a pulse whenever it is swept
past the sun, fﬁe’phase of this sun pulse relative to the magnetometer

signal will be a function of the position of the rocket on the cone.

Because it is necessary to obtain a sun pulse during the course
of the rocket's rotation, for phase reference rather than for an
accurate determination of sun angle, a fan shaped acceptance beam

is used for the solar sensor.

7.3 THE COMPUTING PRECEDURE

The attitude of the vehicle is assumed to remain constant

during one revolution, but variable from one revolution to another.
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Pulses from the solar cell define the time interval of one
revolution. In addition to the solar pulses only two observations
from the magnetometer are required to compute a pair of angles that

completely describe the attitude of the missile.

The method of computation consists of a fitting procedure
in which a set of approximatidns for the aspect angles is improved
by successive differential corrections. Mathematically, the
magnetometer output information is reduced to a relation between
the direction cosines of the earth's magnetic field and the magneto-
meter itself. After normalization, the data consitutes measurement
of cos )\; where )\;is the angle between the magnetometer and
magnetic field vectors. The system of equations is thus

Jufu, v mym, + MM = el (7.8)

" ;
The direction cosines of the earth's field are considered known.
From the transformation relations between the inertial reference
co-ordinates and the vehicle co-ordinates it can be shown that the

.magnetometer direction cosines depend on the angles © and 7§ which

determine vehicle pitch and yaw. (Ro11 can be described in terms

of pitch and yaw angles).

The procedure is to approximate the unknown angles © and 94,
use them to find direction cosines and then keep improving the

approximation by a series of differential corrections.
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The procedure devised by Conley has been shown to converge

quickly for a permissible range of pitch and yaw angle valves.

7.4 DESCRIPTION OF APPARATUS

The magnetometer signal is direct coupled into a standard

subcarrier oscillator (10.5 kc) of an FM/FM telemetry system as

shown in Figure (7.3). The common base amplifier used with the
solar cell sets the signal magnitude for solar illumination of

normal incidence above the atmosphere. The sun signal was A.C.
coupled into the same oscillator as the magnetometer. The resulting
output signal was a slowly varying sinusoidal waveform for the
magnetometer output, with sharp pulses superimposed to indicate the

sun-vectors position.

The solar sensors was a commercial unit 5 mm x 5 mm mounted
25 mm behind the longitudinal aperature in the rocket skin. The
length of the slit was 3 inches, yielding an angular coverage of

+66° to -41°.

A brief description of the operation of a typical flux-gate
magnetometer shows that there are no moving parts and that the device

has great potential for ruggedness of design.

A ring-core flux-gate device is shown in Figure (7.4). It is
composed essentially of two half-wave flux gate magnetometer circuits
with a common mixing resistor network and a center tapped power-supply

transformer. The power supply is A.C. and the graphical symhols
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indicate the system operation during the first half cycle (solid
dots on arrow stem) and during the second half cycle (open dots on

arrows).

The principle of operation of this device can be best
understood by referring to Fiqure (7.5). The field to be measured
is §& and the path of the flux lines through the flux gate or

saturable reactor is shown as dotted lines.

The gate windings N1 and N2 are connected with diodes D]
and D2 in such a manner that the d-c flux components E‘and ‘§:,__
produced by the ampere turns I]N] and 12N2 in the respective
semicircular portions of the core have the directions shown by
the solid dots on the arrow stems. _§_‘am\ §1' combined with §'x’
will be additive in one direction and subtractive in the other.
Now because the effective impedance of each of the gate windings
is varied in accordance with the resultant d.c flux component in
the particular semi-circular portion of the core, the measuring
instrument RL indicates the differential effect of currents I]
and 12. Thus, for a given supply voltage the instrument can
be calibrated for output current as a function of external magnetic

field intensity.

When the components are connected as in Fiqure (7.4) the
effects of the external field on the flux gates FG] and FG? are
additive and the sensitivity of the magnetometer system is correspond-

ingly increased.
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7,5 PROBLEMS OF THE MAGNETOMETER SYSTEM

The main problem with magnetometer systems is that the:
elimination of magnetic inteference is tedious. On-board electrical

equipment is the main source of these disturbances.

Another source of magnetic disturbance is the attentuation
and rotations of the geomagnetic field within the payload due to
currents induced by the field in a spinning conducting vehicle

shell.

For satisfactory operation over a wide rangé of trajectories
the magnitude and direction of thg earth's magnetic field must be
known.  While this is often not possible, one of the theoretical
models could be used. Additional computational facilities would

have to be provided, however.
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CHAPTER 8

CONCEPTS IN INERTIAL SENSORS
AND SYSTEMS

8.1 INTRODUCTION

Inertial sensors can be described generally as devices which
detect either displacement (ancular or linear) or rate (angular or
linear). Accelerometers are used for linear movement applications
and gyroscopic sensors are employed for angular motion detection.
As spinning rocket attitude can be specified by two Fuler angles,

gyroscopic devices for monitoring these angles should be reviewed.

8.2 PRESENT DEVELOPMENTS IN GYROS

The basic intelligence of an inertial component is provided
by the inertial properties of mass. A11 gyroscopes operate on
the principle that a moving-mass system, in the abscence of an

external forces, will maintain a fixed attitude in inertial space.

Conventional gyro design has concentrated on developing a
lTow drift instrument employing a spinning metal rotor supported on
ball bearings. Recently, gas bearings have been employed in some

applications.

In recent years the emphasis on increased accuracy at reduced
cost has caused several new avenues to be explored. Lund [1]* and
Langford [2] describe instruments which are based on operating

principles different from those of conventional aqyroscopes. !Many
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of these devices do not require precision of parts and assembly
to meet their performance objectives. The most recent listing

of concepts in gyroscopy is given by Langford [2] and is given below.

LIST OF GYROSCOPY CONCEPTS

Vibratory ~ Motion within Fluid
Solid State Vibratory Electrostatic
A11 Vibratory Type Electromaanetic

Rotary Drive, Vibratory Output Dynamically Tuned

Nuclear Cryoaenic
Nuclear Magnetic Resonance Low Frequency Electromagnetic
Maghetic Induction Wave
. Solid State Nuclear Ball
Laser Spinning Mass
Optical Non Floated Free
Optical Orientation Phase Sensitive Field
Vortex Two DPegree of Freedom
Rotating Fluid Non Floated Modulation
Liquid Filled Rotor Non Floated Precision

New Fluid Rotor Inertial Sensor Multirotor unsupported

The problems of achieving stable performance can be just as
difficult to solve as those of conventional gyros. Therefore, in

addition to conventional gyros, Land and Langford both report that those
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concents generally considered as most suitable for development

ares:

1. Electrically Suspended Gyros
2. Fluid Gyros

3. Vibratory Gyvros

4, Laser Gyros

5 Nuclear Gyros

6. Crvoqgenic Gyros

In actual fact, of the ahove devices the onlv two which
have not reached the practical stage are the Muclear and Crvoaenic
Gyros. The open literature on these devices is limited. Those
naners which are available deal with fundamental probhlems in
physics, not operational nroblems. For these reasons their

treatment in later chanters is not undertaken.

The state of the art of the most prominent new devices

was summarized by Lund [1] and is aiven here as Fiaqure (°2.1).



NOTES:

1000+

100+

>
o
i

DRIFT (DEG./HR)

0.014

0.001-

1) RANDOM

NUCLEAR

VIBRATORY,
LASER

FLUID

O ROTOR

1 3 CRYOGENIC

(BALL
BEARING)

FLOATED

(GAS
BEARING)

3) THRESHOLD

2) SYSTEMATIC 4) RUNAWAY

FLOATED CONV.

10+ 10 1
NUCLEAR
NUCLEAR,
. X CRYOGENIC
10 4 104
o
o &
= E
L CRYOGENIC —
S T
> S
=1 . w107
> | [ Es.c. = | de.so
' LASER, [] FLUID
[]‘VIBRATORY ROTOR
1 VIBRATING
E:l FLUID ROTOR [J LASER
MINIATURE | MINIATURE
104 B3 2V 0ATED 104 & E oATED
TITLE: SUMMARY OF GYROS
5) NULL
.‘: S URCE:
STABILITY | SCALE: NONE 0 REF 1
DRAWN BY: HILL FIGURE NO: 8-1

L8



REFEPENCES

Lund, P. S., "The Chanaina Emphasis and Future Trends in
Navigational Gyros", SAE Trans., Paper Mo. 650586, 1966,

Langford, RP. C., "Unconventional Inertial Sensors",
Astronautica Acta, Vol. No. A, 196A,

Savet, P. H. (ed.) SGyroscopes: Theorv and Desiqn, Mchraw-
Hi1l, New York, 19f€1.

Puckett, A. F. and S. Ramn, Guided Missile Fnaineerina,
Chanter 10, Mchraw-Hill, New York, 10RT,




CHAPTER 9

CONVENTIONAL GYROSCOPES

9.1 INTRODUCTION

Gyroscopes are considered to be conventional in this report
if they have a solid metal rotor supported by hearinas (ball or aas).
One to three degrees of freedom for this device are permitted by
gimbals. In some devices the sensitive element may actually float
in a viscous fluid. Pickoffs may be one of several electromagnetic
or electromechanical devices, the actual device havina no bearina as

to the classification of the avro.

Slater [1] has defined the ranges of accuracy reauired for

different qyro apnlications as follows.

TYPE OF GYRO NRIFT RATE REN'M'TS
DEG, /HR,
Rate Gyro for Fire & Flight Control 10 - 150
Directional Gyro & Gyro Horizon for 1 - 15

Auto Pilots

"Marine Gyro Vertical 1 -5
Polar Direct. Gyro (used at polar reqions) n.1 -1
Gyrocompass (ship-borne) 0.03 - 0.4
Gyroscope - Inertial Haviqator 0.0005 - 0.1

9.2 TWO DEGREE-OF-FREEDOM GYROS (T.D.F. GYPOS)

Two degree-of-freedom qvros are also called "free" qgvros or
amount gyros. It is essentially an orientation measurina device with

inputs and outputs both anqgles. Performance of a tynical off-the-shelf
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unit (Whittaker FF10) is tabulated below.

Example: Miniature Two Degree of Freedom Floated Gyro [2]

Performance: Drift Rate ~ (Vibration, Static) - 0.5°/min.
Run-Up Time - 30 sec. (max.)
Life - 1000 hrs.

Angular Momentum 1.3 x 106 gm—cmz/ sec.

Environmental: Acceleration 30 g's
Shock 250 g's
Vibration 20 g's 10 - 20,000 c.p.s. (sinuscidal)

Temperature Range - 65°F to + 165°F

General ' Length -4.200 in.
Body Diam. -3.540 in.
Weight - 4 1bs.
Motor - A. C. Induction, 200 V, 115 V Or

26 V, 400 c.p.s.

Two axis gyros are employed mainly in aircraft attitude sensing
devices such as vertical and directional gyros. Drift levels are from
20 to 40 degrees per hour. There are more sophisticated two axis
gyros using spherical gas bearings but these have limited freedom about
either axis. Random drift levels of around 0.01 degrees per hour
are acceptable for guidance systems and the better gyros accomplish

this quite easily.
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9.3 THEORY OF OPERATION (? N.F. GYRNS)

The mathematical theory underlyind the operation of the free
gyroscope has been treated in detail by many authors. It is often
included in formal courses on riqid body dynamics. For these
reasons it will not be dealt wifh here. The reader is therefore
referred to the excellent treatment given by Savet [3], Arnold

and Maunder [4] and Thomsen [57.

9.4 GYRO MECHANIZATINM

The two-dearee-of-freedom displacement ayro consists of the
basic qyro rotor and a nair of gimhals or cardans which are
simnly frames which supnort the rotor. These frames nrovide the
two degrees of anqular freedom required to rotate the avros case
into almost any orientation without forcing the snin axis to rotate

away from its oriainal direction or orientation in snace.

The main elements of a two-dearee-of-freedom qyro are shown
in Fiaqure (9.1). This is a schematic drawing to illustrate bhasic
princinles and problems. Mo matter how sophisticated the desian

may he, the fundamental elements shown must be included.

The maiority of two axis avros use ball hearinas for rotor
and aqimbal support although some nas bearina work is heina done on
this device. Axis pickeffs can be notentiometers, synchros,

F-Rars, rotatary differential transformers or optical
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pickoffs. The two axis gyro has not received as much

attention as the single axis gyro, however.

9.5 TWO-DEGREE-OF-FREEDOM GYRO APPLICATION

(1) The Gyrovertical

A single T.D.F. gyro may be used to define
the vertical in a moving vehicle. The spin axis is held

in the "vertical" position by servodriven gimbals.

(1) The Gyrocompass

This device is often called the Nirectional fGyro

or Azimuth Gyro. The spin axis is horizontal and is made

to maintain a given direction in a moving vehicle.

(iii) Gyro Stabilized Platform

Two free gyros can be used to stabilize a platform

that must maintain a fixed attitude with respect to inertial
space. However, in spite of the benefit of only two gyro

units being required, there are certain drawbacks.

Caging of each gyro in two angles is required.

If a gyro passes through gimbal Tock or strikes a mechanical

stop it will tumble and lose reference completely. If reference

is lost due to tumbling, it can't be regained without external

stable balance. Actual gyro balancing and other production

difficulties are approximately four times as great as those for a

single degree of freedom gyro.
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The above devices are dealt with in greater detail by

Thomson [5], Puckett and Ramo [6] and Wrigley and Hollister [7].

9.6 PROBLEMS OF THE TWO GIMBAL GYRO

Two problems which plague the operation of the free gyro are
“gimbal lock" and "gimbal errors". When the spin axis becomes
co-linear with the outer gimbal axis the gyro can no longer be precessed
by applying torques about the gimbal axis. The gyro is effectively
stuck or locked in this position, a situation described as "gimbal

lock".

If the gyro spin axis is displaced about one of the gimbal axes,
this off balance condition can result in a motion about the second

gimbal axis. This uncertainty in alignment is termed "gimbal error”.

In addition to the above, precise balance of the unit is difficult

to achieve about the several axes of permitted movement.

9.7 SINGLE-DEGREE-OF-FREEDOM GYROS (S.D.F.)

The single-degree-of-freedom gyros are the most highly developed
of modern gyro devices. Accuracies are becoming extremely good and
reliable lifetimes have been extended with the advent of gas bearings

used on gyros for space applications.

Due to extensive development work these gyros are now capable

of drift levels of less than 0.003 deg./hour in miniature size units
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which weigh less than one pound. [8l. Volumes can be low as one

cubic inch.

Given below are performance figures for a typical off-the-shelf

rate gyro supplied by the Whittaker Corporation [9]

Example: Rate Gyro

Characteristics Values Units
Performance:
Maximum Rate 6 to 1000 deg./sec.
Threshold 0.02 % full scale
Linearity Limits (to half scale) % full scale
+02
(to full scale) % full scale
+ 0.2
Environmental:

Vibration 25 @ 20 to 2,000 (g's and freq. range,cps)

Shock 100 g's - peak
Acceleration 100 g's
Life (A.C. Motor) 2000 s,
Temperature -65 to 212

9.8 THEORY OF OPERATION (S.D.F. GYROS)

The mathematic theory underlying the operation of the single
axis gyroscope has been treated in detail by many authors. The
references given in Section (9.3) are excellent reference sources. Mo

attempt will be made here to review general free-body dynamics.
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Single axis gyros are usually employed as rate gyros or
rate integrating gyros. Referring to Figure (9.2), if the gyro
were to be subjected to a input rate 1& , the rate of change of
the angular momentum vector Cn is vaﬁgwhich requires a moment equal
to it about the output axiS to balance the developed torque. This
moment may be supplied by a torsional spring of stiffness K as the

output axis tilts by a small angle © . Equating the two moments

we have
C'V\"L// = \(e
!
or e = _C.'_&W : (().’\)
(4

Thus the output angle & 1is proportional to the rate of turn ¥ of

the input axis.

The single axis gyro may also be employed as a rate integrating
gyro. If the torsional spring restraining the output is replaced
by a viscous damper, the instrument becomes an integrating gyro. If

¢y is the damping constant, equating the rate of change of angular

momentum to the viscous damping torque will give

C W\‘é;': cy &
oV B = _C_&L_ %—\{’&k‘ - % Y Q%.B)

Thus the outnut anale is nronartioral to the integral of the input

anaular rate, which is the input anale itself.
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9.9 SINGLE-DEGREE-QF-FREEDOM GYRO MECHANIZATIONS

A single-degree-of-freedom gyro consists of a rotor, a single
gimbal and a restraint device which acts to restrain angular motion
about the gimbalaxis. This contrasts with the two-degree-of-
freedom gyro, which, if it has gimbals at all, must have at least
two, and which, usually, has no interval restraints to gimbal motion.
Figure (9.2) illustrates schematically the construction of a typical

floated rate integrating gyro.

The gimbal element is usually in the shape of a cylinder and is

floated in a viscous fluid. This floation concept permits excellent
threshold and low drift levels. The shock capabilities are also
improved. The Newtonian damping characteristics provide for

both damping of oscillations in the spring restrained rate gyro and

integration of rate inputs in rate-integrating gyros.

The torsion springs on the output axis of the gyro are usually
small diameter torsion bars which provide both the spring effect and
help to locate the inner gimbal within the fluid filled container.
Behyllium-cbpper alloy is often used for the spring rods because of

its Tow internal hysterisis properties [10].

The motion of the output axis is usually sensed in modern units
by a rotary differential transformer. These devices can be made

extremely compact by their pancake design. Excellent resolution and

accuracy is achievable.
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9.10 SINGLE—DEGREE-OF-FREEDOM GYRO APPLICATIONS

The single axis gyro can be used in the same situations as
the two axis gyro. The main difference is that two single
axis gyros are needed where one two axis gyro is used. Three
single axis gyros must be used on stable platforms. In practise,
however, the single axis gyro is preferred for reasons now to be

stated.

9.11 ADVANTAGES OF SINGLE AXIS GYRO OVER TWO AXIS GYRO

Because of its single gimbal design the gyro inherently avoids
the phenomenon of gimbal lock. The gyro is easier to cage (only
one mechanism required) and easier to realign in operation should

the reference be lost [3,6].

An additiona] benefit occurs from the adaptibility of the gyro
to the floatation principle. High accuracy and ruggedness are both

possible in these units.

9.12 PROBLEMS WITH SINGLE-DEGREE-OF-FREEDOM GYROS

These problems are of two types - fundamental, concerned with the

concept itself, and practical, concerned with the mechanical hardware

presently available.
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The single axis gyro is subject to. coupling effects.
The gyro may become sensitive to angular velocity about its spin
reference axis when there is any angular velocity about the input
axis. The primary sensitivity of the device to angular velocity
about the input axis and the coupling sensitivity stated above are
proportional to the sine and cosine respectively.of the angle of
deflection of the gimbal about the output axis. What this means is
that to increase sensitivity and to prevent the coupling of the
spin into the input soutput deflections should be kept as small

as possible.

The gyro spin bearing has long been a factor limiting thé’
performance of conventional gyros. Rotor speeds areater than
24,000 r.p.m. are considered impractical because of the excessive
power required tq overcome windage and friction. Lower speeds
are not favoured beéause angular momentum is lost. According to
Whitcomb [11] in the typical 2 x 106 gram—cmz/sec. gyro of normal
proportions, motion of the rotor of the order of a fraction of a
billionth of an inch per hour produces a torque change about the
input axis large enough to cause the instrument to be rejected.

The best ball bearings made cannot stabilize the rotor's center of

mass to this extent.

The development of the self lubricated gas bearing has solved

many of the mass stability problems and contributed to long 1ife.
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These advantages result directly in improved random and anisoelastic
drift rates and consistent drift repeatability. Domini, Mott

and Squillante [12] report that the Sperry S16-4200 gas bearing gyro
should have a life of five years of continuous operation. It

has withstood 70 g of centrifugal acceleration without touchdown.
Lund [8] reports that a miniature gas bearing gyro (momentum

2 X 103 gm.cmz/sec., rotor mass 3 gms) is capable of withstanding

100 g's.
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CHAPTFR_10

THE_ELFCTRICALLY SUSPENDED GYROSCOPE

10,1 DESIGN AND PERFORMANCE SUMMARY

The actual nerformance of the hest electricallv suspended
qyros is classified. DNimensions and power levels reauired for a
typical unit have been reported, by Knoebel 17 and Lanaford [F1.

These are Tisted below:

TYPICAL SPFCIFICATIONS:

Rotor Niameter 2.0 in., with 0,020 in., wall thickness

Rotor Weiqght - 75 am,
Total Weight - 6-7 hs. (includina suonort electronics)
Nperating Speed “- 200 rps.
Electrode Gap - 0.010 in,
Electrode Area - 1n cm7
Container Vacuum - 1078 . Ha .
Applied Voltaae - 3800 RMS
Readout - by 4 Photomicroscopes
'Run Nown Time-Constant - 15,000 to 150,700 days

Prift - (potential) - N.00NT dea./hr.

Although the above information is sparse, it does illustrate
the inherent compactness of this device, as well as its extremelv
long Tife. The very mechanization of the free rotor nrincinle

that is emploved makes the electrostatic qyko well suited to use in

gR
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a strapped-down system. Much work has heen done recently on
this application by the General Flectric Company and the Minneapolis-

Honeywell Company.

With respect to its physical environment it should be noted
for future reference that considerable effort was exnended to make
the device reliahle under 3N a acceleration loads according to

Knoebel [47,

10.2  PRINCIPLES OF OPFRATION

The theory of operation of the Flectricallv Suspended fyro
(ESG) is hest qiven in the thesis of Raker and Harrill [31. A brief

description of the princinles of oneration will he aiven here.

The ESG is basically a free rotor ayro. The sphere is
supported by the electric forces between the two plates of a capacitor
formed between the hall and the walls of the evacuated ceramic

enclosure.

From basic physics, the force of attraction hetween the two

plates of a capacitor is given by the equation

2
= Aeo (_&\_\ (10-A)
z. d

Area of a plate

where A

Qo

Permittivity of free space
N = Applied voltane

d = Distance hetween the plates
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From this relation it is seen that as the separation of the
plates increases, the force of attraction decreases. This condition
is unstable. To make this device operational one technique that
is used is to annly an AC voltaae to the capacitor through an

RLC series circuit such as the one shown in Fiaqure (10.7).

It can be shown that the voltage VC is given by

‘ - ‘.‘.Y«c )
R (Xex X)) (10-B)

wheve Yo= swbh v Ye= ‘lwe
Now capacitance C can be given as Ag,/&. Upon substituting for C,

XL and Xc’ equation (10-B) can be divided by d to qive

\&,\ _ L
d A d- o LA\ + (wRAeY
From (10-C) one can calculate Q¥1éy?or Vi = 1 and substitute

(10-C)

into (10-A). Thus

F-= Aeo A

2 Sd- wiheN (v e
when a graph of F vs. d is plotted (see Fiqure (10-1) it will be

seen that up to a displacement f the chanae of force with increasing
separation wif] be nositive and the suspension will be "stable".
After leviation is accomplished accurate centerina of the rotor
between electrode pairs is obtained by usina a servo loop to control
the anplied high voltaaes by sensing the pairs of interelectrode

capacitances.

MILLS MEMORIAL LIBRARY

C o aAAATEM LINMIINEDCITV
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The rotor is spun un by means of induction motor action.
A rotating magnetic field is applied using coils A—A‘and P~B\(see Fig. 10.1)
which are excited by a two phase power suonly. Helmholz coils
C-c' are used to remove anv wobble which mavy he imnarted to the

ball during snin up.

Attitude readout is accomplished optically. The exact
approach depends upon the confiauration in which the instrument
is emploved. For units used in aimhalled svstems the spin
axis position is monitored and maintained fixed relative to the
case with servo driven follow up of the gimballing. Spin axis
monitoring is accomplished by havina four photomicroscopes scan

a zig-zaq nattern placed on the rotor. See Figure (1Nn,3),

When both pairs of pickoffs are scannina the center of the
zig-zag pattern the wave form occurs at twice the pattern frequency.
There is no fundamental component. When the rotor is out of
alignment with the case, the pattern will he scanned either ahbove
or below its centerline. Tf the unper half of the pattern is
scanned, Fiaure (10.3) shows that the output siqnal now has two
components; a fundamental and a second harmonic. The magnitude
of the fundamental is nronortional to the disnlacement of the
scanning line from the center of the pattern. Nirection of
displacement is obtained by comnaring the phase of the fundamental
with the phase of the second harmonic.  Yhen the scannina line

is above the pattern center-line, the two signals will he in nhase


http:oattP.rn

and out of nhase when the scannina 1ine is bhelow center.

In the non-gimballed system of the tvpe described hv
Christensen, [?], a qreat circle and a cosine line is nlaced on
the ball. The pickoffs aenerate a direction cosine matrix.
Comparison with reference values from a computer eventually determines
the spin axis inclination. This method is aquite comnlicated
mathematically and requires careful study to annreciate its
eleqance. As the purpose of this renort is the summarizina of
general operatinag princinles, further detail will not he shown.
Peference 121, however, is verv definitelv a reauired paper should

further work be considered in this field.

10.3 DFSCRIPTION OF TEST MNDFL

As the FSG is classified, no detail dfawinqs are availahle.
Fiqure (10.1), however, indicates the essential features of the
device. Data is availahle to describe the lIniversity of I11inois
qyro-. The fiqures aiven below are considered to he tynical

for devices of this type.

The rotor is accuratelv centered within the electrodes hy
servo controlled high voltage. An acceleration of 4 g on a 75
aram rotor is supported by 380N volts PMS with an electrode aan
of 0.N25 cm. This qgives a field intensity of 150,000 volts

per centimeter and a field emission current of N.5 micro-amneres.

For readout two nairs of nhotomicroscones ohserve a zia-zaa

pattern as described in Section (10.2).
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The sphere is made from aluminum. . Wall thickness is
0.020 in. thickened at the equator to N.100 in., to increase the
moment of inertia and define the spin axis of the bhall. The
rotor is hollowed out through 1/? in. holes at the poles. The
holes are then closed with nlugs. Matina surfaces are qold
nlated to create a vacuum tight joint which nrevents leakaqe of aas
tranped in the ball during assembly. Sealina is necessarv as

the time to evacuate the hall would be prohihitive.

10.4  LEVIATION CIRCUITS

A.C.leviation is oreferred to N. C. because it reauires less
complicated circuitry (6 instead of 12 electrodes for 2 axis supnort)
and is not sensitive to DN. . stray charaes tranned on the isolated

rotor,

The leviation circuit shown in Fiqure (10.?) needs no

amnlifiers. It operates at a frequency near 50 V.C.

While the svstem works well in air without dampina, in a
vacuum damping is required to prevent slow huildun of oscillations.
Fiqure (10.4) shows a dampina circuit. The feedback coil modifies

the inductance as a function of the levitation force.

10.5 PERFORMANCE TEST RFESULTS

Performance of the existina Flectrostatic Avros is classified,
The drift potential often quoted for these devices is N.00N1 deqa./hr.

Accuracy requirements are hased on this nredicted drift potential.
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10,6 FRENUENCY DEPENDENCE OF NUTPUT SIGNAL

After spin un the rotor is independent of anv drivina circuits.
It spins freely. Mo anparent drift siqgnal can develon due to

this action.

10.7  TEMPERATURE RESPONSF OF THF GYRO

As test data is not available, no temnerature resnonse can he

auoted. It is true from basic considerations, however, that spin up
qenerates heat in the rotor. Recause of the hard vacuum environment
this heat is not dissipated for about a dav. The resulting

aherattions in the rotors sphericity cause instahilitv of qvro oneration

for about 24 hours.

10,8  HYSTERISIS

This phenomenon does not apnly to the FSG.

10.9 ENVIROMMENTAL TESTS AND RESULTS

Mo data is availahle in the onen literature.

10.10 RELIABILITY

No data is available. However, the reljahility would he

directly related to the reliability of the leviation power sunnly.

10,11 SOURCES OF SPURIOUS TORNUFS

There are only four basic torque effects that can cause drift

in the FSAG. These results from four main causes
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(1) mass unbalance in the rotor

(?) electric torques due to non-symmetrics of the electrode-
rotor confiquration

(3) gas drag torque from the pressures of finite molecules
in the vacuum atmosphere.

(4) magnetic toraues due to stray fields nresent in the

spinning conductive sphere.

Mass unbalance effects result from non-coincidence of the
rotor ageometry with its center of agravity. Fxtreme care in
construction must be exercised as these mass imbalances induce
precession not only in the electric field hut in the prescence of

acceleration fields also.

- Flectric toraues are caused by aberrations in the snhericity
of the ball, and the tendency of the hall to hecome an ellipse at
speed. Nften the bhall is designed with a prolated shape so that

the desired shape is reached at speed.

6 to 10°® mm of mercury there

Fven at the pressure levels of 10~
are still finite molecules present which can cause rundown and

precession torques.

Maanetic fields can effect the rotor which is essentially a
spinning conductive sphere. For most work, however, these affects

can be prevented by proper shieldina and consequentlv neqlected.
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10,12 PRACTICAL PROPLEMS NF THE ELFCTROSTATIC AY2N

The first main nrobhlem is one of precision. For this
typical gvro described in Section (10.1), the rotor must have its
center of mass within 2.6 x 1ﬂ_q inches of the ageometric center to
prevent static electric toraques from causing an unbalance. The
electrode gaps may bhe from N.0N5 to N.N10 inches so that sphericity
and speed deformations must be exactlv known. Centrifuaal deform-
ation may be around 2.5 x 10'4 cm which is large compared to

machinina errors.

Problems of leviation and spin-up also have to he solved.
Once the vacuum is ohtained it must be maintained. ‘'hen pressure
is reduced to 1077 or 107 inches of Ha in the container and the
container sealed, lab tests have shown that the nressure mav rise

-5 . . . . -8
to 10 5 inches of Hg. This nressure drops auickly aocain to 10

in Hg. when an ion-getter pump is permanently attached to the container.
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THE FLUIN SPHFRF GYPNSFNPF

11.1  DESIGM AND PERFNRMANCE SUMMARY

A gyroscope that has a rotor which is a spherical hody of
fluid has been successfully developed. The most noteable model
is the 546-2550 developed hy the Snefry Gyfostone Companv, It is
sensitive to rates about two axes orthogonal to the snin axis of the

fluid. Specifications for this unit are listed below.

Specifications and Performance

~ Size 2 in dia, x 3-1/4" lona
Weiaht under 1 1b.
Sphere , diameter - 1 in.
Environmental - Nrift Fxpected
Shock loadina 1n0 q.
Linear Acceleation (sustained) 40 a. N.N8 deq./hr/q
Sine Vibration Tests o q 0.03 dea./hr/a’

The reliability of such a unit has been shown to be very hiah
when compared to reqular floated solid rotor gyros. The reasons for
this are

(1) Only two fluid avros are needed to do the work of three
floated ayros.

(2) Rearinags are external to the unit. Therefore thev can
be larger and luhrication better maintained. Sneeds are
also lower for the fluid unit.

112
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(3) The motor is external to the case. Mo delicate nower

leads are required.

There are several other advantaaes of the fluid snhere qvro.

These will be noted later.

11.2  PRINCIPLES OF NPERATION

In the fluid sphere qvro a bhodv of fluid is used as the rotor.
The Tiouid is contained in a spherical cavitv and is spun by
rotatina the cavitv. Viscous counlina acts between the bodv of
fluid and the walls of the cavity and therby causes the fluid to snin

un with its container.

Yhen spun in this manner, the bodv of fluid has anaqular
MOmentum and thus tends to maintain a fixed direction in space.
Because of the spherical shape the case can easily rotate ahout the

spinnina fluid in any direction.

The input-output relationship has heen shown by Diamond [1]

to be of the form

€e __ T8 '
€ i~ s+ A (11
where e, - output angle; ey, = innut anale
T = time constant = 228! R
VEEY1E
R = radius of cavity; v = fluid kinematic viscositv:
<2 = cavity snin rate.



Both K and T are functions of rotational speed, properties of
the fluid, and sensor geometry. The device is thus known to
behave as a free qyro at hiah frequencv inputs and as a rate avro

at lTow freouency innuts.

To detect inputs which cause the misalianment hetween snin
axes, use is made of the centrifuaallv induced fluid nressure at
the walls of the container. In a sninnina fluid body the centrifunal

pressure is aqiven hy

T 2.
= CJZ.E. (11-1)
where
(1 = fluid density
-£2. = spin rate
= radius

Thus a change in the radial distance from the fluid spin axis to
a pressure transducer on the outer cavity wall will show a pressure

chanqge.

In Figure (11.1) the two different radial distances ry and
s to the sensor pickoff narts can be seen as aivina rise tn a
pressure difference detected bv diaphraagm A, Simultaneouslv there
mav be a nressure nroduced at diaphragm B due to rotation ahout the
third quadrature axis. As long as a misalinament exists (and
thus as input rate) and the fluid spins at a freouencv £2 ,the

nressure generated will be aiven by

P= T RS stn (art +¢) (T3
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where

]

é

¢'= phase anale and a direct measure of the direction
in space of the axis about which the rotatinn  has
occurred.

anqular deflection in radians

Eauation (11-c) is valid for small values of'& only.

It will be seen that the outnut of the pressure transducers
will go to zero when & qoes to zero. A nair of phase sensitive
demodulators, using as references the outout of a two phase alternator
counled to the spin axis, will produce voltages nronortiona] to
rotations about two orthoqonal axes lvina in the nlane normal tn

the cavitv spin axis.

11-3  DESCRIPTINK NF TEST MODEL

~

The Sperry gvro is ? inches in diameter, 3-1/4 inch lona
and less than 1 1h. in weight, The snin motor stator is
contained within the gyro case. The case end cans have molded
stators for the rotary transformer and support of the sninninn

inner case.

Ports through the cavity wall are at bnints about 45 denrees
removed from the spin axis. NDiaphraams arranged in the

connectina nassage of the ports are aluminum.
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The operating speed is AONO R, P .M,

The qvro can he designed to ensure that vibration is not a
source of false pressure. The transducers, placed in diametrical
opposition around the waisthand of the sphere are eauinned with
aluminum diaphragms 0.001 inches thick that match the density of
the liquid. Recause of this density match the diaphragms are

essentially floated and almost insensitive to vibration.

11.4  FXCITATIOM AND SIGNAL PROCESSING CIRCUITS

The circuitry reouired for signal processing is shown in
Figure (11.2). Magnetic slin rings are used to transfer hiah
frequency excitation to the spinning rotor and take sianals from it.
These slip rings are transformers that have ferrite cores with
cylindrical air gans in which the relative motion required for

rotation occurs.

The carrier excitation from the input transforms excites
four transducers in the pickoff:; these are arranged in two nairs
with diametrically qpposed transducers in each nair. Fach transducer
is excited by one o% the four quadrants of the outnut nhase and the
outputs of all four transducers are added. The sinale sidehand
output is derived by the modulation gf the four carrier voltaqes

phases by the four capacitative transducers. The steady state output

5 eom wl siwk simlatrg)d swk ws(at+g)] (10
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where
¢o = applied input rate
e, = carrier frequency
£2Z. = spin rate
95 = space phase of total input vector.
Fquation (11-£) is the single sideband equivalent of
€0z Lsin f sin(wer ) 4 L e cos(we +s2t)  (11.D)
Now, since cosing and  cosg are the inputs about
orthoqonal axes, if the signal is demodulated once with respect
to each of two phases at sideband frequencv, two d.c. voltaae
outputs are produced. The gyro emnloys a canacitative device

to provide this sideband reference.

11.5  PERFORMAMCE TEST RESULTS

(i) Operating Speed

Spin-speed selection is hased on sensitivitv,
noise and stability, The optimum speed for this tyne of qvro
(6000 r.p.m.) is relatively low as compared with wheel-type qvros.
Although the generated pressure is proportional to the sauare of the
spin speed, the time constant decreases with-the square root of the
speed. Also temnérature gradients and vibrations are greater at a

higher speed.
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(i1) Hysterisis
When the displacement anale aoes to zero
the differential pressure sensed by the diaphragm qoes to zero.
Pecause the pressure of interest is alternating it is easilv sensed
and a static shift of diaphraam position produces no output sianal.

For this reason there is no hysterisis error.

(i) Drift
No exact data is available. However, recent
work at Sperry [37 reports random drift levels less than 0.1

deq./hour.

11.6  FRENUENCY DEPFMDFNCE OF NUTPHT SIGMAL

The use of a carrier signal requires that care he taken
to avoid spin freaquency modulation of this carrier. Such
modulation could appear as bias output. However, hy exciting
the input transformer from a low imnedance source and by working
the output transformer into a low input impedance amnlifier this

effect can be largely eliminated.

11.7  TEMPERATURE RESPONSE OF THE GYRO

Performance of the Sperry SY6-2550 ayro was satisfactory
in transient and steadv state temperature tests over +60 deq. F. to

+160 deq. F. without heater control.
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Nensity of the fluid in the fluid sphere avro is of
secondary imnortance to its successful operation. The averaaing
effects of spin make diametric density aradients vénish. Centripetal
acceleration forces convection currents which help to reduce axial
gradients. The result is a fairlv uniform fluid densitv which
in turn means that the center of aravity of the fluid alwavs coincides
with its center of support. Mass balance is inherentlv possible

at any temperature.

The time constant is inversely pronortional to the sauare
root of the fluid density, a fact which also reduces the importance
of close temnerature control. The liauid used usually has a low

temperature-viscosity index -

11.8  HYSTERISIS AS A FUNCTION OF TEMPFRATIURE

This area is not reported in the literature as beina a nrohlem

with the fluid ayro.

11.9  ENVIRONMEMTAL TESTS AND RESULTS

The Sperry SYA-2550 qvro survived sustained linear acceleration

to 40 q.

Drift under linear acceleration is low due to the close
coincidence of the fluid center of qravity with the center of support.
This is closely described in Section (11.7). Fxnrerience at Sperry
has shown that an axial temperature aradient below N.01 deqg./cm. can
be achieved. With sﬁch a aradient a drift of 0.8 deq./hr./a would

result.
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(i§)  Shock Tests

The Sperry agyro survived satisfactorily 100 q
shock tests.

(i) Vibration Tests

Sine vibration tests were carried out to 20 q

#*

(peak), without difficulty.

In a 48 position sine vibration test, the q? sensitivity

was found to be 0.03 dea./hr./q?.

11.10 RELIARILITY

Niamond [?] shows a reliahility comparison hetween a system
using three conventional gyros versus a system using two fluid sphere
qyros.

For a platform with three sensing axes, the reliability figure
of merit is more than four times that obtainahle with three conventional

qyros.

11.11  ANVANTAGES NF THE FLUINM SPHFRE GYRO

In addition to the factors affecting reliability which are
noted in Section (11.1), other important features are as follows.
1. In the investigation for anisoelasticitv coefficient
it was shown that even for an ellipsoidal cavity the
drift under acceleration would be small. Thus only

moderate tolerance need be achieved in snhere construction.



121

2. No special assemblv or adjustments are needed.

Construction costs are thus very low,

3. Periodic calihration durina storage is not needed
hecause the fluid is a stable fluid unchanned by lonq-
term storaqe, and because the aqyro is devonid of

critical suspension comnonents.

The sensitive element is comnletely non-magnetic and no

drift results from close proximity to strona magnetic noles.

&

Other features such as the low vibration sensitivitv, low
pressure sensitivity and two axis sensitivity have heen commented

upon in previous portions of the text.

11.12 OTHER FLUIN GYROS

There are two main classes of fluid ayros: rotating container
and non-rotating tvpes. Differences in the types of readout are the
main distinquishina features between various models. The fluid

sphere two diaphragm systém seems to be the best to date.

Three main concepts which stand out in non-rotating container

fluid gyros are now described.

Figure 11.3 illustrates one form. The rotor is a conductive
liquid, such a mercury, is caused to spin by the rotatinn magnetic
field of a conventional polyphase motor stator. The fluid rotates in

the annulus. Input anquiar rates about the diameter of the annulus
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cause a pressure difference between a pair of norts at onnosite
ends of the annulus. The nressure difference can he

considered to be caused hy Coriolis acceleration.

This device is extremelv simple in construction and
reliability should be aood. However, the value of 2 is
severely limited by nower innut requirements and the d.c. output

pressure is difficult to sense accurately at very low levels.

The vibratory column avro is a hyhrid device combininn
vibratory and fluid desiqns. See Fiaure (11.4).  Fluid is
caused to oscillate in a container by an acoustic driver. The
fluid oscillates at the resonant freouency of the fluid in the
tuhe (which acts much like an organ pipe).  The device was
patented by. Granquist, (11.S. Patent 2,999,389) in 1961, Extreme

symmetrv in construction is reauvired for low drift.

A third form of fluid avro is the torus tvne. A conducting
fluid is pumped around the torus hv electromaanetic numns. An
effect similar to the conventional rate qvroscone is nroduced.
Fiqure (11.5) shows the outnut axis‘tnrsion har which:is twisted
when rotation ahout one axis of the torus causes a nrecession toraue
about an orthogonal axis. The angle of twist is a measure of the

input rate.

Mo descrintion other than that qiven hv “ina 17 exists

in the open literature.
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CHAPTER 12
THE LASER GYRO

12.1 DESIGN AND PERFORMANCE SUMMARY

The laser gyro combines the properties of the optical oscillator,
the laser and general relativity to produce an integrating rate

gyroscope.

Exact performance data and physical dimensions are not available
in the open literature. For general information, however, Honeywell
[1] has given capability characteristics that have either been

achieved or will be achieved in the neav future.

(i) Physical:
Weight . . . . 2 to 10 pounds
Volume . . . . 10 to 200 cubic inches

Power . . . . 2 to 4 watts
(i1) Drift:
Random . . . . 0.1 to 0.01 deg./hour

g sensitive . . negligible

g2 sensitive . negligible

(iii) Scale Factors:

— 5
Stability . . . . one part in 10

Linearity . . . . one part in 106

129
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Readout is in digital form with pulses coming at the rate

of 2]3 to 2]9 counts/radian.

The laser gyro has no rotating mass no sensitive torquing
element, no mechanical null point, no problems of mass unbalance
and no temperature.sensitive flotation fluids. The ready-time is,

extremely short, being less than 1073 seconds.

12.2 PRINCIPLES OF OPERATION

The ring laser gyro operates on the basfé-p;%néip1e‘£ﬁét the
laser is a light amplifier. The manner in which a gas laser
works will be described first. The laser gyro will be considered
as an extension of the basic device. The papers of Baker and
Harri1l [3] and Killpatrick [4] are excellent references for the

theory of laser gyros.

The laser can be considered as a source of monochromatic
coherent light. In its simplest form the gas laser can be considered
as a modified gas-filled discharge tube. To obtain lasing action,
two conditions must be fulfilled. First there must be a gain or
amplification medium in the system to overcome energy losses. The
gain medium consists of a tube filled with a mixture of helium and
neon at a low pressure. A voltage is applied across a metallic
anode and cathode as seen in Figure (12.1A). This voltage ionizes
the contained gas, excited helium atoms collide with neon atoms

transferring energy to the neon atoms and raising them to higher energy



levels for a short time. A few-offxﬁése high energyineonfatons
emit a photon as they drop back to thelr normal energy 1eve1 ~ These
photons strike other excited neon atoms, caus1ng other photons to be
emitted, which in turn strike other neon atoms and so on. J_A

multitude of photons is produced in a11 directions.

The second condition required to obfain lasing is a:resonant
cavity. If mirrors are located at each end of.the tube, the photons
travelling parallel to the axis of théitube will be ref]é;ted many
times. The mirrors are the elements producing the posffive feedback
necessary to sustain oscillation. .'Thé cavity is resdnaht at a \
large number of frequencies since the cavity length is a large
multiple of the optical wavelength of the emitted radiation. Most
of these frequencies do not receive sufficient gain to achieve

oscillation.

When a resonant frequency does receive sufficient gain to oscillate,
the radiation intensity will build up to a steady-state value and be
emitted through the mirrors which may be designed to allow transmission

of a fraction of the light (around 0.2 percent).

The ring laser differs from the conventional laser in having
three or more mirrors so placed as to cause the light to travel
around a closed path as seen in Figure (12.1B). The ring Taser
is not different from the parallel mirror form. The possible

oscillation frequencies are determined by having an integral number
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of wavelengths around the entire path.  Because of the closed
nature of the ‘path, there can be two separate beams of light

involved, one travelling in each direction.

For rotation sensing, the important characteristic of the ring
laser is tﬁat the effective distance around the closed path changes
when the assembly is rotated. This phenomena was explained
best by Landau and Lifshitz [6]. They investigated the propagation
of light in a closed loop. The shape of the loop was arbitrary.

Their work was summarized by Baker and Harrill as follows.

The difference in transit time for this beam in a rotating

loop from that with no rotation is given as

- o (odd
= Ty

= r‘:" g\c"Aé

= _‘(;lu.sA
C."

(12.A)

wheret &% = transit time difference
W = angular velocity of the loop = ¢
e =

speed of light
v = radius of the loop

= area of loop (normal to axis of rotation)
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If the circumference of the loop is L, the actua1‘time_of

transit is given by Lo

= o 2wA
I e v

PR VLN X '&; 2wk 03 ot g
—“,Ls_ v \__) - (12.8)

Thus, the conclusion is that: the apparent speed of‘]ighf is

= 'S LD_PL.
Copp~ &=*¥ T (12.C)

Therefore, the two beams of light will have frequencies

given as
Mo
= Caer = 22 -
-e\ A ; r ' (12.0)

e X (12.E)

The frequency difference is thus

B e el
£G= S¢% 5{:‘ = i————-—tff e RER X

where &, = frequency of the light source.

It can be seen that the difference in frequencies is proportional
to the angular rate of the assembly. To use this property, samples
of clockwise and counter-clockwise beams are mixed and applied to

a photocell detector. The total light intensity seen by the
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photo detector will vary at the difference frequency and its

electrical output will have this same frequency.

12.3 DESCRIPTION OF TEST MODEL

The design and construction of the laser gyro varies with
application, with time (as technoiogy advances) and with laboratory.
The Honeywell qyro is described extensively in references [1,4] and
because of the comparative wealth of information available on

this device, it will be described here.

The Honeywell Laser Integrating Gyro, shown in Figure (12.2)
is made from a solid block of high quality fused quartz. Holes
are drilled in the block for the light path, fill ports, and anodes

and cathode.

Mirrors are made by vacuum depositing very thin films of
dielectric materials in multiple layers on pieces of quartz. The
mirrors back surfaces are polished optically flat and held in place

by molecular attraction, or a so-called "optical contact".

The interior of the block is cleaned, evacuated and filled
with a gas mixture of 10 parts helium to 1 part neon at a pressure
of about 5 mm. of Hg. A voltage (around 1000 vdc) is applied
between the anode and cathode. Lasing action occurs if proper

alignment of the mirrors is attained.
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12.4 EXCITATION AND SIGNAL PROCESSING

Excitation has been described. It simply requires the
application of a d-c voltage across the anode and cathode to

initiaté and maintain the ionization of the helium.

The output readout technique is essentially an optical one
using prisms and photo cells. A diagram of the laser beam

paths is shown in Figure (12.3).

A small amount of the laser energy is transmitted through the
mirror. The transmitted energy is uniquely related to the
frequency and phase of the energy in the cavity. The two transmitted
beams are combined-to produce a fringe pattern of alternate inter-
ference. If the phase between the two oscillators remains fixed,
the fringe pattern remains fixed. Should the phase between the
two oscillators change (i.e. there is a frequency difference
between the two oscillators) the fringe pattern will appear to hove
to the right or left. The direction of motion w111 depend on
the direction of the phase change (which oscillator is at the highef

frequency) and the magnitude is measured by the number of fringes.

The output sensing devices are two photo detectors mounted at the
readout prism and placed about a quarter of a wavelength apart.
With this spacing, their outputs are phased so that the direction,
as well as magnitude of the fringe motion can be monitored. When

the gyro is rotated clockwise the fringe pattern moves in one direction;
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when the input is reversed, the pattern motion is reversed.

The signal from each detector is amplified and used to trigger
digital counters that monitor plus and minus counts. Fbr rotations
in one direction the counts are identified as positive. The
number of pulses is used to determine the magnitude of the angle
turned through. The angular size of each count is dependent
upon the gyro relation between input rate and output frequency

difference.

For example, consider an input rate of 1 deg./hour. This
rate will produce typically a frequency change Qf 1 Hz. Now one
degree per second is 1 arc second per second. Therefore, each
second an inertial angle of one arc second is generated and an output
phase change of one cycle is produced. Thus each count has a
weight of one arc second. Turning the gyro through 360 degrees

would produce 1,296,000 pulses.

12.5 PERFORMANCE TEST RESULTS

(i) Operating Frequency:

The Honeywell laser gyro uses two optical oscillators

operating at 3 x 10]4 Hz. [4].

(ii) Linearity:
The variation of output frequency with rotation
rate is almost ideally linear for rates measured as high as 1000

deg./second. Refer to Figure (12.4). At extremely high input
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rates (]08 deg./hour) the output deviates from the ideal by one

6
part in 10 .

(ii1) Hysterisis:

This phenomena does not éppear to be a problem.

(iv) Drift:
Exact figures are not published. Generally the

magnitudes of random drift are from 0.1 to 0.01 deg./hour, [1].

(v) Threshold:
The minimum detectable input rate is now around
0.1 deg./hour [4]. Theoretically the gyro should be able to
measure rates down to zero. This 1imit may not be reached because

of fundamental problems such as "lock-in" which will be discussed

later.

12.6  FREQUENCY DEPENDENCE OF THE OUTPUT SIGNAL

There is no problem with frequency control of a power supply.
There is a problem with the frequencies of the two apposing laser
beams called frequency "lock-in". It is a different phenomena than

would be expected here, and thus will be covered in the special

problems section.

12.7  TEMPERATURE RESPONSE OF THE GYRO

The laser gyro performance is not affected by temperature.
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~ 12.8  ENVIRONMENTAL TESTS

(i) Acceleration:

Ultimate performance limits are not known.
However, the Honeywell quartz laser gyro has been spun on a
centrifuge to a linear acceleration of 23 g's. There was
absolutely no deterioration in the gyro's linearity of response

as shown in Figure (12.4).

(ii) Shock and Vibration:

Because of the very nature of the gyro's operation

there are no g or g2

sensitive elements to.affect its output.
Ultimate environmental conditions will depend on how well the gyro
body can maintain its alignment. Because the gyro is a solid

block, this 1limit should be very high indeed.

12.9  SPECIAL PROBLEMS OF THE LASER GYRO

(i)  Lock-In:

’ "Lock-in" refers: to the coupling of the two
oscillators. At a very low input rate the frequency difference
between the two oscillators will fall to zero before the input rate
goes to zero. The input rate at which this lock-in zero difference
frequency occurs is called the lock-in rate. Lock-in is caused
by scattering or back reflections of energy from mirrors or from

other objects in the light path. These back reflections couple

energy from one beam with energy from another. The effect on the



input-output relation is shown in Figure (12.5).

The input rate where lock-in starts is given by the relation

2 1/2
- Rate = k(wavelength) (scattered losses)
Lkt gt Baip (encTosed area) (beam diameter)

In practise the magnitude of the lock-in rate is typically

2

100 deg./hour for a ring of about 0.1 m® enclosed area.

(ii) Null Shift:
The null shift is an error in the output which
occurs when the input-output zero is shifted (see Figure 12.6).
This effect is caused by the direct current used to excite the

laser gyro. The mechanism is as follows.

When a gas discharge is maintained with a direct
current, the gas flows in the discharge cavity. The flow is
established by such effects as wall collisions, charge distribution on
the wall and the electric field along the discharge. The result
is a flow of gas toward the cathode in the center of the discharge
and a flow back toward the anode in a region close to the cavity
walls. The laser energy is concentrated in the center portion of
the cavity and therefore passes through gas that is flowing toward
the cathode. The flow produces a shift in the index of refraction
that depends on the relative directions of the laser energy and the
gas flow. Therefore, the cavity will appear longer in one direction

than the other, and will cause an apparent null shift in the input
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rate sensed by the gyro.

This effect can be reduced by constructing the gyro
in a balanced fashion with two anodes and one cathode as shown in
Figure (12.7). Energy travelling around the cavity now passes
through gas travelling both with and against the laser energy. By
balancing the two anode currents the null shifts due to this effect

can be greatly reduced.

By balancing the two anode currents the null
shifts can be greatly reduced, If only one anode is used apparent
input rates of several hundred degrees per hour are introduced.
This effect can be used to advantage either to cancel other null

shift terms or to introduce known input rates purposely.

(iii) Multimode Effects:

There can be problems when two or more modes of
about the same intensity are present and the difference frequency
between clockwise and counter-clockwise beams of one mode is 180°

out of phase with the difference frequency of the other mode.

Two undesirable effects are noted. First, there
is interference at the detector, causing noise. Secondly, there is

interference in the cavity, also causing noise.

Proper design can eliminate all modes except one.
Generally it is possible to either reduce gain or to increase the

Tosses in the unwanted mode so that no lasing occurs at those
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unwanted wavelengths.

12.10  BIASING TECHNIQUES

One method of overcoming the lock-in problem is to introduce
another kﬁown or effective, input rate to the gyro. This biasing
moves the operating point of the laser gyro away from very low
rates where lock-in occurs, to much higher rates where ideal
operation is approached. The total input rate is now the sum
of the input rate and the bias rate. The true input can be

found by merely subtracting the known bias from the gyro output.

The most practical method of producing this bias is to introduce
into the laser cavity an optical element having an index of refraction
dependent upon the direction in which the radiation is passing

through the element.

The magnitude and direction of this index difference can be
controlled by the magnetic field in a Faradéy Cell. A schematic
is shown in Figure (12.8). Since the subsequent light path is
larger in one_direction than the other, the laser gyro is biased

(see Figure (12.9)) away from the lock-in region.

Figure (12.9) shows the results of a fixed bias technique. This
approach requires strict bias stability (e.g. an internal bias of

6
10" deg./hour must be stable in one part in 108 to measure rates of

10-2 deg./hour [3]).
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An approach to avoid the bias stability requirement is to
oscillate the bias from positive to negative. Varying the
magnetic field of the Faraday Cell will do this. Since the
gyro is an integrating rate gyro only the net rotation angle

appears at the output.

12.11 PRACTICAL PROBLEMS OF THE LASER GYRO

While many of the important operational problems have been
discussed and the methods of solution have been outlined, ofher
problems have yet to be solved for the laser gyro. Performance
has not yet reached the level attained by conventional gyros.
Present size is not yet competitive but great strides are being made

in this direction [2].

The main limits to the gyros ultimate performance presently

seen are construction, cleanliness, and bias techniques [2].
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CHAPTER 13

THE SOLID STATE VIBRATORY GYROSCOPE

13.1 DESIGN AND PERFORMANCE SUMMARY

To date, several feasibility models have been built and

tested. The performance has been found to be adequate for

short-duration applications of moderate accuracy.

The design goals and the actual achievements for the gyro

developed in 1964 for the UJ.S. Air Force are shown in the table

below by Buckley, Roese and Shearer [1].

DESIGN GOALS AND ACHIEVEMENTS

Design Goal

Size ’ 0.5 cu. in,

Weight 6.0 oz.

Power Req'd 0.5 watts

Threshold (Steady 0.1 deg./sec.
State)

Max. Rate MRV deg/sec.

Sensitivity n/a

Excitation Voltage n/a

Long Term Drift n/a

Short Term Drift n/a

Achievement

N.43 cu. in.
N.67 oz.

o

.37 watts

(=]

.5 deqg./sec.

500 deqg./sec.

1.5 mv deg. sec.

45 volts N, C.

0.25 deqg. sec. min.

2 to 5 deg. sec. Random

The large threshold figure is due solely to the drift of the

zero rate signal. The drift of this signal is primarily the
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result of the apparent temperature sensitivity of the ceramic
sensor, the variable mass inbalances which act on the sensor,
and asymmetrical forces acting within the qyro element due to its

lack of homogeneity.

The theory and basic technology for this device is
fundamentally sound and significant improvements in performance
await the development of hetter materials. The most outstanding
problem, the null drift can be solved as the commercial attainabhility

of improved piezoelectric ceramic bodies comes about.

13.2  PRINCIPLES OF OPERATION

The solid state or piezoelectric gyro is a vibratory
device. The theory of solid state gyros can be understood by

reference to Figure (13.1). Vector notation is used.

The velocity of a particle m about a point O moving along
a path C in the plane of the paper as shown in Figure (13.1A), and
at a distance r from 0 can be described in terms of its radial
and transverse components. With unit vectors _Fand ?in the

directions shown, the velocity is
—G = \.r-v_'+ \(.SZ.; (13_;\)

where @.1is the anqular velocity. The acceleration is

then = -~ i - . . ———
o= W '—Q"—"'—-W}>r *—Qr_n,-«-‘z_s‘z.rSS (13.8)
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‘'showing, in order, the radial, centripetal, angular and Coriolis
acceleration terms. The reaction force capable of producing

a torque about any axis through 0 is simply

From(voe + 2= e ds (13.C)

or if <z is constant

F= —ZmMSZ s (13.0)

Thus F is due only to the Coriolis component of acceleration

The torque developed about point 0 is then
a— - e ‘*
-—
where (g is unit vector in direction of =2

In the solid state gyroscope the sensor is a thin-walled
cylinder of polycrystalline ceramic. The cylinder is selectively
polarized so that each end can be electrically driven in a
circumferential mode of vibration in phase opposition with the
other end. The converse piezoelectric effect is utilized to

achieve this motion.

The cylinder may be considered as composed of many small
masses m. It is seen in Fiqure (13-1R) that as elements at the
top of the cylinder have a velocity radially outward, those at

the bottom have velocity radially inward.

If the element is rotated about axis XX' with anqular

velocity «Z, torques due to Coriolis acceleration would be
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developed at the top and bottom of the element, but in opposite
directions. If the radial motion can be described by

r= &+ AR swwt s v
it can be shown that, neglecting small double frequency terms
the torque is given by

T = 2w AL Wy 2wt W\ e)

where ), is the frequency of vibhration. The result of the
oppositely directed torques is a torsional vibration with the same
frequency as the circumferential modes as shown in Fiqure (13.2).
Both modes of vibration have a common nodal line around the
periphery of the center portion of the cylinder. The cylinder
is attached to the case at this common node. Since the torsional
oscillation of each end is 180° out of phase with the other, each
end reacts against the case. The dimensions of the cylinder
are chosen such that the circumferential and torsional vibrational
modes are tuned to the same resonant frequency. This is done to
achieve a resonant condition to produce the highest gain possible

within the sensitive element.

The ends of the cylinder are used as the reactive element
in a piezo-oscillator which maintains the circumferential mode of
vibration at the fixed resonant frequency. The output is
obtained from the torsional mode of vibration. Use is made here
of the direct piezoelectric effect. The amplitude of the

torsional oscillation is proportional to the magnitude of the input
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anqular velocity. The phase of the torsional vibration,
referenced to the circumferential mode, indicates the direction

of the input angular rate.

13.3  DESCRIPTION OF THE FEASIRILITY MODELS

Fiqure (13.3) is an outline drawing of a finishéd feasibility
model. Fiqure (13.4) is a longitudinal cross-section and shows
the simplicity of the design. The piezoelectric sensor is held
along the nodal line by a Viton "A" rubber 0O-rinq. Using Fiqure
(13.3) for reference, note that connectors 1 and 2 are used to
excite the driven circumferential mode of vibration, while 3 and 4

are for the output signal.

A1l machined metal parts are anodized aluminum, while the

basé, to facilitate soldering of the connectors, is brass.

The piezoelectric solid state gyroscope sensor is cylindrical
in shape and is machined to the dimensions shown in Fiqure (13.5).
The material is a polycrystalline ceramic made of lead zirconate-lead

titanate.

Electrode configurations are either patterns "C" or "L-4",
which are shown in Figures (13.6) and (13.7). The basic difference
in these patterns is the finished electroding. In pattern L-4
conductors are plated on the surface in nonpolarized regions so that
connections to the output electrodes can be made to the sensor at

the nodal mounting line and the adverse effects of variations in
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mass unbalances due to movement of lead wires are reduced to a

minimum.

A technique known as metallizing of non conductors by
chemical reduction has been successfully used to electroplate the
sensor. This process applies a coating of coppner about 20
millionths of an inch in thickness. The sensor is first given
a vapour hlast to prepare the surface and then it is completely
metallized. Then selected areas are masked with Mylar tape
and the unmasked areas etched away leaving the desired electrode
pattern. Modifications in the polarizing electrodes to produce
the operational electrodes can be achieved by a second masking
and metallizing step. The oxidation of the copper is retarded
by depositing a thin film of nonporous gold of about 2N millionths
of an inch thickness on the copper. This deposition of gold
is by an immersion process. Since it does not adhere to the

ceramic no masking is required.

Leads can be attached to the electrode by precision soldering
or thermal pressure bonding. Precision soldering produces a
strong conductive joint capable of withstanding steady-state
acceleration in excess of 9000 g. More advantages of this

metallizing technique are listed in the report.

13.4  EXCITATION AND OUTPUT SIGNAL PROCESSING CIRCUITS

The fundamental electronic components required to make
the piezoelectric gyro operate are shown in block form in Figure
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(13.2) and in circuit diagram form in Figure (13.%). The main
elements required are a driving oscillator, an amplifier and a

demodulator.

Buckley, Roese and Shearer [1] found that to obtain a
stable null with the ceramic material then being employved, frequency
control in the oscillator on the order of one part in 107 was

necessary.

13.5  PERFORMANCE TEST RESULTS

(i) Operating Frequency:

In the course of examining nulling techniques and cross-
coupling reduction, the Westinghouse research team found that there
are certain frequencies for different crystal mounting positions.
which could be called the best points for extractina the rate
intelligence. The best rate signal amplitude with respect to the
cross-coupling signal occurred whén the cross-coupling signal was
270° out of phase with the driving signal. There, the cross-
coupling signal was rejected by the demodulator and the rate
intelligence was in phase (or 180° out) with respect to the
reference phase. The most desirable operating frequency was
thus NOT the motional resonance frequency, hecause the cross-
coupling amplitude was a maximum at that frequehcy. For this
particular example, resonant frequency was 92457‘cps whereas

minimum cross-coupling occurred at 92948 cps.
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Thus the mounting position and the opnerating frequency should

he co-ordinated.

(1)  Linearity:
The curves relating Rate Output Signal to Rate Input
were considered (Fiqure 13.9). They would be vastly improved,

however, if drift could be controlled.

(iii) Hysterisis:

Hysterisis loops for Zero Rate Output Signal vs. Rate
Input were plotted, as in Fiqure (13.10). While drift affected
accurate measurements, the main conclusion was that hysterisis is

less than the observable threshold level of the instrument.

(iv) Drift Tests:

Tests have shown a short term drift of 2 to 5 deg.sec.

and a long term drift of 0.25 deg./sec./min.

(v) Dynamic Threshold:

In this case the lowest possible input rate was 0.07

deg./sec.

(vi) Steady State Threshold:

This is the minimum unidirectional input that causes a
detectable change in output. Several tests indicated this

parameter was of the order of 0.5 deq./sec.
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13.6  FREQUENCY DEPENDENCE OF OUTPUT SIGNAL

The variation of driving frequency causes amplitude and
phase shifts of the cross coupling signal as well as the rate

output signal. The overall result was an apparent rate signal

drift.

The frequency dependence of the avro zero rate signal varies
from unit to unit. Since a gyro zero stability of less than
0.1 deg./sec. has been specified, this requirement dictates a
frequency stability maintained to within 3 parts in 108. For
this, either a quartz-controlled oscillator is mandatory or a

decided improvement in piezoelectric ceramics is required.

13.7  TEMPERATURE RESPONSE OF THE GYRO

The more accurately the driving frequency is controlled, the
more susceptible the gyro became to slight temperature variations.
Changes in the amplitude of the applied drive voltage caused a
resonant frequency shift due to the temperature rise within the
piezoelectric body which was directly attributahle to the increased
power dissipation.} Oven tests show that the average temperature
drift is several hundred deg./sec. rate signal drift/degree
centigrade. The temperature sensitivity was believed to be the
major contributor to the short-term erratic drift. By comparison
the contributions of mass unbalance or driving amplitude are thought

to be much less significant.
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13.8  HYSTERISIS AS A FUNCTION OF TEMPERATURE

The frequency of minimum impedance at different temperatures
was taken for each vibrational mode as the temperature was cycled
from 25°C to 120°C to 25°C. These hysterisis loons indicated
that the two modes of vibration do not precisely track each other
and do not show a good repeatability. Thus, either an improved

material or temperature control or both are required.

13.9.  ENVIRONMENTAL TESTS AND RESULTS

Only the Acceleration, Shock and Vibration test§ of the
standard military test procedure will be reported here as temperature

sensitivity has already been covered.

(i) Acceleration Tests:

The solid state gyroscope was placed on a centrifuge and
subjected to a one-minute steady-state acceleration of 14 g's, in

turn, in each direction along its three orthogonal axes.

With the input axis parallel to the axis of rotation of the
centrifuge, the high angular rates saturated the electronic circuitry.
The acceleration tests along the other two orthogonal axes showed
that the linear acceleration sensitivity of the present design is
1.0 degree /second /gq. A visual and a performance check indicated

no sensor damage as a result of these tests.
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(ii)  Shock Tests:
The gyroscope was subjected to 18 impact shocks of 15-a

acceleration, along each of the three orthogonal axes.

Again, both visual exarmiration and before and after

performance tests indicated no degradation of the device.

(iii) Vibration Tests:

The vibration schedule was as follows:

5 to 10 cps N.08 inch double amplitude
10 to 17 cps - 0.41 g's
17 to 74 cps 0.36 double amplitude

74 to 500 cps

10 q's

No resonant modes were found in the 5 to 500 cps frequency
range, along any of the three axes. The frequency was cycled
between 5 and 500 cps in 15 minute cycles at an applied amplitude

of 0.36 inch or an applied acceleration of o g's for a period

of 3 hours along each axis.

The standard visual and performance checks indicated

no basic changes.

13.10 RELIABILITY

In the three years or more that the gyro has been under
development, not one single operational failure of a sensor was

experienced. The small size and mass, as well as the monolithic
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confiquration of the sensor, enhances the capability of the solid
state gyro to survive the combined adverse environmental effects of

high acceleration, shock and vibration.

In the abscence of any rate of failure data, it must be
assumed that the mean time between failure is determined by the

associated electronic packaqge.

13.11 SOURCES OF ZERO ANGULAR RATE SIGHALS

The most significant problem encountered in the development
of the solid-state gyroscope is closely associated with the forces
which are generated to drive the gyroscopic element in a prescribed

vibrational mode relative to its reference frame.

In the practical case, small assymetries permit the unwanted
coupling of the input and output modes. This cross coupling
from input to output produces extremely large zero signals which
completely overshadow the portion of the output signal containing

the rate intelligence.

Mass imbalances in the sensor are caused hy:

a) Tlack of homogeneity in the sensor ceramic

c) sensor wiring and mounting

(
(
(
(

)

b) nonsymmetrical poling and electrode confiqgurations
)
)

d) dimensional tolerances
The elimination of the cross coupling signal, called nulling,

by the techniques listed below has not been entirely satisfactory



165

because of the temperature and frequency dependence of the phase

and amplitude of the unwanted signal relative to the reference.

13.12 TECHNIQUES FOR NULLING THE ZERD RATE SIGNAL

(i)  Mechanical:
Three different mechanical approaches were tried and
evaluated.
(1) addition of balancing masses
(2) change of Nodal Mount Position

(3) Kinetic Nulling Technique

While all three of the above approaches were effective, the
first two had severe inherent difficulties and would be impossible
to use in the practical case, especially after full assembly of
the gyro case. The kinetic technique was judged the best of the

mechanical approaches.

This nulling method utilizes forces and the resultant torques
which are a function of the mass imbalances to cancel the cross
coupling torques. The forces are developed by the proper

placing of springs as shown in Fiqure (13.11).

There has been no indication that the rate sensitivity of
the gyroscope has been affected by the kinetic nulling technique.
The stability of the null achieved by this approach is equal to

that obtained by electronic "bucking" techniques.
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13.13 PRACTICAL PROBLEMS OF THE PIEZOELECTRIC GYRO

At present drift rates are extremely high being of the
order 2 to 5 deqg./sec. for short term drift. This drift may be
reduced by using new ceramic materials with improved temperature
related characteristics and by controlling temperature more closely.
With the present material to obtain a gyro zero rate signal stable
to within 0.1 deg./sec. drift rate would reaquire the stabilization
of temperature to within approximately one-thousandth of a degree

centigrade.

The sensor is a polycrystalline material which is neither
homogeneous nor isotropic. Because these properties are lacking
a non symmetrical motion of the sensor in the driven mode results.
Cross coupling between the input and output mode takes place.
Materials research will have to provide a more homoaeneous material

to eliminate this zero rate error source.

In addition to these fundamental prohlems, troubles in the
mounting of sensors and in mounting electrodes to the sensors will
have to be overcome. While the feasibility of this approach

has been proven, its full potential is far from realized.
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CHAPTER 14

THE TUNING FORK GYROSCOPE

14.1  DESIGN AND PERFORMANCE SUMMARY

The Tuning Fork Gyroscope (T.F.G.) has been successfully
built and tested in the United States and Great Britain. Test
have shown this configuration to be quite feasible but subject

to certain errors which are now under study.

The performance achieved by the most representative models
is shown below. As the object of these tests up to the present
has been the providing of the concept's feasibility and investigating
the accuracies obtainable, only the Sperry instrument has been

subjected to environmental testing.

Example #1 Sperry Gyrotron IA

Performance:
Range 15 to 2.6 x 10°°/hour

Stability and Uncertainty - 15°/hour for an 8 hour period
(after initial warmup)

Linearity - 1% up to 0.65 x 10°°/hour, 13% at 1.3 x 10%/hour,
20% at 2.6 x 10°°/hour.  Linearity can be
maintained at 1% over the entire range with
amplitude control.

Environmental Tests -

Shock Resistance - 30 g in all directions

Vibration - 10 - 55 gps at 0.06"
Operating Temperatures -65° to + 80°C
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General -

Length (Housing) 7"

Body Diameter o
Weight 4 pounds
Life of Sensing Element - unlimited

Temperature Control Heater - 2 amp at 26.5 VDC.

Example #2 Royal Aircraft Establishment T.F.G.

Performance:
Stability - Constant Acceleration Conditions
Long Term (20 hour periods) - 0.5°/hr.
Short Term (6 min. periods) - 0.07°/hr.

Varying Acceleration Conditions

The variations in residual error signal were of the order of 12°/hr/g

(in phase).

Vibratory type gyros and particularly the tuning fork
configuration have been investigated rather extensively hy Chatterton
[1], Newton [2], Morrow [3] and Fernside and Brigqs [4]. Morrow [5,6]

and Hobbs [8] have investigated the error sources in these devices.

Sensitivity of the tuning fork is not as good as that of the
conventional rotor gyro, and linearity is shown to decrease with

sustained high rates of turn. The response to input rates is definitely
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confined to one axis, however.

Zero rate signals are the most serious performance drawback
and are due to several factors. Output signals can be produced
by the direct torsional effect of mass unbalance, torsional
vibration produced from lateral vibration, axial vibration, gravity

effects and the generation of zero signals by the drive unit.

Careful control of the temperature of the fork and the
alignment of the drive forces also have a considerable effect on

the sensor performance.

The problems identified above, however, all have solutions
and laboratory tests have shown that a production model is realizable.
The accuracy achievable, combined with its robust design, make it

an attractive device.

14.2  PRINCIPLES OF OPERATION

While more detailed and extensive descriptions exist, a brief
summary is included here to provide a reference for the work that

follows.

The output signal of the tuning fork gyro for an impressed

rate of turn is a torsional vibration at the freauency of the

tuning fork. This vibration is produced by Coriolis Force acting
on the tines. Figure (14.1) shows a simple comparison between
rotor gyros and the tuning fork. Fiqure (14.2) shows the basic

elements of the tuning fork. This first diagram should assist
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those more familiar with conventional qvros.

Peferring to Fiqure (11.1) two counter rotatina avroscope
rotors exhibit precessional or Coriolis forces under annlied rate.
T e oscillating masses of the tuning fork exhibit the same action.
However, since the fork motion neriodically reverses, direction the
nrecessional forces do the same. The theorv of Section (13.2)
describing the oneration of the piezoelectric avro could also he
apnlied here. This oscillating precessional counle acts ahout
the central axis of the fork and is nroportional in maanitude to
the appnlied rate. In practice, the oscillatina toraue causes
relative motion between the fork and its base throuah a torsionally
tuned memher. The magnitude of the rate of turn determines the

velocity of the torsional oscillation.

If it is assumed that the avro consists of a suspended mass ”0

with a base of infinite mass and riaiditv, and

(a) Rotational Inertia of Mass = I = ”nﬁp

(h) Radius of Gyration of lass = P = P_(1 + &P/P ) cos Twht
(c) Amplitude of Vibration of Mass = AR

(d) Nistance from Mass to Innut Axis of Potation = 7

(e) Anqular Velocitv of Assemhlv (Innut) = cwlq

The nroblem is then to find Wa= w-wb

L]

where Wy

h

o 15 taken with respect to inertial snace.

output vibration (with resnect to base)

input vibration

The system is considered to have, about the axis of

Potational Stiffness = Se

Rotational Resistance (damping) = vy
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Then by summing the toroues actina on the suspended inertia

ﬁ—:(rw\-\r\',_(w-w\‘) + s, (-8 =0 (11.1)

we obtain

M\Z:, [(L+ E‘.l";ocos'u‘\'&f \L O ( wg*“*’\'\

-4 Q;r(w.;w\a) { v BB o uv{-;-);—Bsm ur-&;;\-::l :
¥~ (14.c0)
-\»vsws -k-sg_ws/'b = O

where 4 _ D

For constant base motion D wh= DWW, =0

Simplifyina the toraue equation and attempting a solution of the

form

wa= Aces Lt + Bsimewd t (14.n)

vie must define the torsinnal resonant freauency

Vo
So= 2 '——s"‘) (e
ot

"Making the drivinag frequency equal to the fork freauency tunes

the system and give us
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W= (b Qe BB, )Wk, Szl k(3 p

with Re= WS Mo"ﬁ:[rw_

14.3  DESCRIPTION OF TEST MODEL

The Royal Aircraft Establishment's T.F.G. will be described
in detail here. Little mechanical sophistication. is shown as
this was a feasibility model only, but the basic principles and the

possible high performance is illustrated clearly .

Description of Existing Models

Mechanical:

Figure (14.3) shows a cross section of the Royal Aircraft
Establishment's model. The tuning fork and output torsion systems,
together with their supporting frame, are integrally machined from
one piece of high carbon tool steel having low internal hysterisis
properties. An overall accuracy of t 0.5 x 10- inches was

required for this design.

Drive System:

The forces used to maintain the motion of the tuning fork are
those which occur when a varying potential is applied between plates
of a condenser. In this case one plate which is at earth potential
is the flat surface at the end of each tine while the high potential

plate is an electrode which is brought near the fork.



If the electrode notential is (A + B sin wt) volts, a
convenient driving method is to have an A.C. voltaae at fork
frequency with N#0. Peak force is then pronortional to 2AD. Yith
larqge values of A, the reauired force can be achicved without larae

areas or small gaps for the electrodes.

The electrode air gap was 5 x 10'2 cms. which, with a plate
area of 3.6 sa. cms. a polarizing voltaae of 200 v.N.C., and A.C,
voltage with neak values of 120V, aave an oscillatory force at fork
frequency with a peak maanitude of A0 dynes. The correspondina

tine amnlitude at the free end was 15 x 1”'? cms.

To maintain constant amplitude of vibration some limitina is
required in the A.C. amnlifier which connects tine pickoff to drive
electrodes: this amplifier must have zero nhase shift since force
has the same phase as the signal from the nickoff which is velocity
sensitive. In this examnle a linear A.C, amnlifier with zero
phase shift completed the A.C. path whose outnut controlled the
ND.C. nolarizing voltage applied toc the drive electrodes to aive

amnlitude control.

The tine pickoff signal is used to provide the reference

voltage at 590 cns for the output signal demndulator.

The torsional motion is sensed hy variabhle reluctance transducers.
Aternating toraues occurrina in the hase either from Coriolis toraue
or those due to asymmetries in the vibrational motion will cause

the base to oscillate and nroduce nscillatory displacements of two



armatures carried on the fork base. The remaining magnetic

circuitry is maintained on the fork outer frame.

After amplification the total A. C. output voltage from
the torsional motion pickoffs is compared in phase with the A, C.
voltage obtained from the tine motion pickoffs to separate torques
due to mass asymmetries from those indicating rate of turn or

error torques having the phase of the tine velocity.

14.4 ELECTRICAL CIRCUITRY

The electrical circuitry required varies with the design
of the instrument. Electronic bucking of zero rate signals
could be used. Electromagnetic damping could be used instead

of material or fluid damping.

A block diagram of a tuning fork using bucking and
electromagnetic damping is shown in Figure (14.4). If these
techniques are not used then their signal paths are simply deleted

from the design.

A further design refinement for reducing cross coupling
errors, called Double Modulation, is reviewed in a later section.

The circuitry required for this design is more complicated then

that described above.
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14.5 PERFORMANCE TEST RESULTS

(1) Operating Frequency:

The gyro is usually designed so that the driving
frequency is equal to the resonant frequency of the torsional
vibrating system. The R. A. E. gyro had a fork frequency of

590c/s.

By selecting an appropriate torsional damping
ratio the magnification factor for resonance can be controlled.
This magnification factor will control the amount of twist given
to the torsion stem by the force generated when the vibrating fork

is rotated.

Fearnside and Briggs [4] have shown by a thorough
mathematical analysis from a stability approach that the best
magnification doesn't occur when the torsional resonant frequency
equals the driving frequency. The resonant frequency should be
designed to be somewhat below the driving frequency. For simplicity,
however, linear theory is usually used in gyro design and an

exact frequency match between input and output is made.

(i1) Linearity:
The Sperry Gyrotron has a reported linearity of
1% up to 0.65 x 106 deg./hour, 13 % at 1.8 x 106 deg./hour and
20 % at 2.6 x 106 deg. /hour. Linearity could have been maintained

at 1 % or better over the entire range with a fork amplitude control

added to the fork drive circuit.
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Solution of the equations governing tuning fork

motion have given torsional oscillation frequency as

W= QL Re A@—lgo\w\%s\‘mvm‘ 4-5'\2 (14.6)

Thus the vibration is proportional in magnitude to the rate of
turn v, and has a phase which reverses with direction of turn.
The sensitivity remains constant as long as the ratio QPR_B@JR¢
remains constant, where QR is the torsicnal 0, R0 is the average
radius of gyration and AR is the amplitude by which the radius

of gyration is modulated.

In practise it is sometimes easier to run the fork at
constant supplied power rather than constant amplitude. Under this
condition, a decrease in sensitivity occurs for sustained high rates
of turn due to absorption of power from the tuning fork by the
torsion systgm. The rotation of the base cannot supply any

power to the torsion system.

If constant power is used to drive the tuning fork,
application of a large rate of turn will cause the effective

amplitude to decrease from an initial value 0% to a new value AR,

For rates of turn small enough so that AR=AR, ,

the decrease in sensitivity is expressed as
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br}_?_:_t-@_ = Qﬁ' Q& W

(=
. - (14.H)

2§

This decrease in sensitivity occurs
only during and immediately after sustained rapid rates of turn,
and the amount of it can be controlled by design. This is a
steady phenomenon and will not appear instantly on application of

a rate of turn.

(i11) Amplitude and Phase Response to Oscillatory Inputs:

When there is an oscillation as an input rather
than a steady rate-of-turn the amplitude and phase response are not
constant.

Since the output signal of the tuning fork is a
torsional vibration (or a corresponding alternating voltage) at the
frequency of the fork itself, and since the envelope of this signal
is related to the magnitude of the rate of turn, the signal voltages
at the fork frequency may be considered a carrier whose modulation
expresses the measured rates of turn. Indeed, it is a suppressed
carrier, since the amplitude goes to zero when there is no rate of
turn,

In practical applications, especially in some servo
systems, the rates to be measured will not be steady nor of high
frequency. The amplitude and phase of the carrier envelope are

then of importance in designing for servo loop stability.
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For a tuned system the amplitude and phase

relationships can be shown to be:

Amplitude = = % ®m bEwbo s - (14.1)
Re2T™ Sy (1 4% Qe T
X =y
Phase = @ = bod' 250 @ |Gy (14.9)

Graphs of typical variations are shown in
Figures (14.5A) and (14.5B).

The approach used above enables time constants
and cut-off frequencies to be calculated. To be noted also is
the fact that due to the difference in Q factors for torsion system
and fork unit, it is possible to design for independently specified

linearity and time constant.

(iv) Drift Test:
The Sperry Gyrotron had a drift rate of 15 deg./hour
for an 8 hour period.
The R.A.E. gyro, using electromagnetic
bucking and close temperature control (X 0.1°C) had a long term drift

(over 20 hour periods) of 0.5 deg./hour and a short term drift of

around 0.07 deg./hour.

(v) Threshold:

The minimum input rate detectable by the

Sperry Gyrotron was 15 deg./hour.
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14.6 FREQUENCY DEPENDENCE OF OUTPUT SIGNAL

Investigation of this phenomenon has not been reported
upon. Because of .the basic similarity between the tuning fork device
and the piezoelectric gyro, the frequency problems described in

Section (13.6) may also apply here.

14.7 TEMPERATURE RESPONSE OF THE GYRO

As mentioned earlier in Section (15.5, iv) for the Tow
drift rates mentioned temperature control within I 0.1°C was
required. It is thought that drift rates can be significantly

lowered with the advent of improved thermostats.

14.8 HYSTERISIS AS A FUNCTION OF TEMPERATURE

This phenomenon has not been reported upon.

14.9 ENVIRONMENTAL TESTS AND RESULTS

(1) Acceleration Tests:

The drift rates for constant acceleration conditions
were reported in Section (15.5,iv). For a variable 1 g field,
toppling experiments on the R.A.E. gyro showed a residual error
signal of 12 deg./hour/g.

(i1) Shock Tests:
The 1imit is not known. The Sperry Gyrotron

withstood 30 g. in all directions in preliminary tests.
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(iii) Vibration Tests:

The only data is reported by Sperry:

10-55 cps at 0.06 inches excursion.

14.10  RELIABILITY

The design has an inherent long life expectancy. There
should be no gradual deterioration of stability with time. HNo

failures have yet been reported.

14.11  SOURCES OF ZERO ANGULAR RATE SIGNALS

(i) Zero Rate Signals:

| Whereas the primary causes of zero signals in the
conventional rate gyroscope are mass imbalances of the gimbal in.the
presence of the earth's gravitational field (br an acceleration)
and pickoff unbalance, the tuning fork gyro, on the other hand, being
entirely vibratory in principle, can have no first order effects
due to steady forces. Its zero signal comes primarily from the
effect of asymmetries and dynamic hnba1ances upon vibration of the
fork.

Three major spuriou§~vibrations can be produced

in the turning fork; a torsional vibration, a lateral vibration parallel
to tine motion which can be converted to torsion if the support is
asymmetrical and an axial vibration which can be converted to torsion

by subtle asymmetries in the support.
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(ii) Lateral Vibrations:

Lateral vibration of the base has two main sources.
One is the case when the tines have different effective masses; the

| other is when the tines have non parallel directions of motion.

As theory shows, the principal coupling between
translational and angular motions of the base occurs through static
unbalance of the base or asymmetric linear damping. The former
will produce a torsion output in quadrature with a rate of turn
signal and is not of concern, whereas the latter introduces an
output signal which cannot be distinguished from a rate of turn
signal. Thus minimization of translational motion is a very

important consideration in design and development.

(iii) Torsional Motion:

Even when the tines are balanced and no translation
occurs, a torsional motion may be produced because of fork asymmetries
about the plane of vibration. This situation is not considered

!
serious as the signals phase is in quadrature with the output signal.

(iv) Axial Motion:

Usually the point of support of a tuning fork is not
nodal for bending of the tines. In addition the tine equi]ibrium
position may be inclined to the XX axis giving a component of the
fundamental motion parallel to XX. As a result, some axial motion

of the base parallel to the sensitive axis may be present at the
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fundamental frequency.

The result, due to complex coupling effects,
may be translational motion in the X or Z directions and hence

angular motion, or angular motion may be produced directly.

In practise, axial motion comes as a result of
large manufacturing inaccuracies. These very rarely occur in
test equipment.

(v) In Phase Residual Angular Motion:

In phase signals can be produced by acceleration
forces from tine unbalance in the prescence of certain asymmetries
in the base. The driving system may also introduce an in-phase

torque directly by miséligned electrodes.

The variation of air temperature in the air gap
between tine and electrode introduces a variable air damping factor
into the output. Acoustic radiation and reflection from
obstructions near the fork or from the thermostat walls are such
that in-phase signals greater than 250°/hr. can occur with the

introduction of a reflecting surface near the fork.

14.12  ELIMINATION OF ZERQ RATE SIGNALS

(i) Double Modulation:

Double modulation refers to the introduction of a

second modulation of the Coriolis torque through modulation of the



angﬁ]ar rates to be measured. The first modulation is associated
with the vibratory velocities imparted by the basic drive member.
The additional modulation is introduced by rotating or oscillating
the basic drive member about one of its rate insensitive axes. A

complete theoretical treatment is given by Bush and Newton [6].

Improvements realized in the performance of the
gyro with double modulation are shown below. Results were sought

with an without temperature control.

PERFORMANCE

Without Double With Double

Modulation Modulation
Standard Deviation of
Short Term Drift 6 eru 6 eru
Standard Deviation and
Long Term Drift 44 eru Not Observable
Magnitude of Zero 5650 eru 60 eru
Rate Signal
Phase Shift Sensiiivity 100 eru/deg. 1 eru/deg.

(NOTE: 1 eru = 1 earth rate unit = 15°/hour)

Conclusions reached in the investigation were:

(a) Improvement in zero rate error attributed to non-
acceleration dependent cross-coupling by a factor of at least 100
has been achieved by double modulation. This result has been

obtained in spite of a high level of double modulation bearing noise
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that tends to bias the result in favour of the test without double

modulation.

(b) Zero rate error attributed to acceleration dependent

cross-coupling is not affected by double modulation.

(c) Double modulation spin axis bearings do not appear

to be critical.

It should be noted that the results obtained were from a
tuning fork whose torsional unbalance was larger than the unbalance

of the best tuning gyros by a factor of 500.
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14.13 EQUATIONS OF DOUBLE MODULATION

It can be shown using the vector approach that the Coriolis

force exerted by a moving mass is given by

e

e %c e Zw( v ) (14.K)

velocity of the mass

g : i' ;g;y.'.
|
[}

o

angular rate of the frame of reference

If simple harmonic motion is assumed for the mass, its

displacement v from its rest position is given by

Ve e S w3k (14.L)
where Va = amplitude of the motion
WY = radial frequency of the driving vibration

The Coriolis torque about the sensing axis can then be found

as

M= —dw Ry W R Lawt (14

where Uy = input angular rate = rate about sensitive axis.

The next step is to determine the torques caused by cross-
coupling effects. The cross coupling force is the sum of the

reaction forces on the central member of the tuning fork required
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to balance the acceleration force of the mass wm in its simple

harmonic motion and the driving force required to overcome losses.

It is best to write the total torque as an equation in
which direct and quadrature components of the cross coupling
torque have been combined. The total cross coupling is then
separated into two components.

(a) an acceleration sensitive component represented by

the equivalent rate S, at a phase angle © .

(b) a non-acceleration sensitive component <z, at

a phase angle ©,, .

The acceleration term arises from non symmetrical bending
of the tines under an acceleration load whereas the non-acceleration

dependent term is a function of time and temperature.

The major contribution to the acceleration component will
come from acceleration ag¢ along the Z axis of the fork.  Thus one

could write

—L o2 Ka Gag _ (14.N)
where ¥, = the acceleration sensitivity.

By referring to Figure (14.2) one can note the axes
for the Double Modulation discussion. If the tuning fork is rotated
‘about the XS axis at a constant angular rate W.m, the angular rate

about the sensitive axis is given by
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STy = .rlﬂcosco,ﬂr + <2, S Wt (14.0)

where <t

3== the anaqular rate about the v axis.of the doubly

modulated instrument

<y = the anaular rate ahout thke 7 2xis

Thus, under conditions of NDouble Modulatinn, the acceleration

alona the 7 axis of the fork hecomes

| : (14.p
Macina the eauations for acceleration, (M) and (P) and thn
exnression (M) for anaular rate into an ecuation for total taraue,

such as

My = X, [ sty oot + 2, (s ot + 0)+ a(tosuope+0, (117

where Y Qo Ry, W4 (14.7)

then the expression for the total toraue ahout the sensina axis

becomes

M, = Wep + M+ Me_ (14.5)

i.e. The torque siqgnal has three comnonents at frequencies

(1) W, “Warive +wm

odulation’

2 =
(2) Wd ~ Wdrive

(3) . = Warive ~ Wnodulation
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These are
Mo = ~\Er_i_s E_gz%.\.\ga:s\ wswy t + (y 4 2y \sc»qq(m.ﬂ

(14.4)
MSA = “Kwme =2, cos (wik + Gn) |

Mo, = "(—2"_‘"’ i(‘ﬂ“.\.* \caai‘ Scos w.t - (2 tkaas Xsiuw.t]”/! &

Mote that the nrimed and double-nrimed accelerations refer
to accelerations nproiected or axes rotated relative to the instrument
axes in the positive direction about the X axis hy annles of QEL*_Q;“

and w_ g respectively.
2 o

Py suitable siqnal processing it is possible to have the
overall instrument resnond to either the unner or lower sidehand

to the exclusion of the othar twn comnonents.

The sideband torque components both contain acceleration
dependents that cannot be distinquished from rate sianals. This
can he allowed for to the extent *hat Ka can be calibrated for

an individual instrument.
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CHAPTER 15
SENSOR ASSESSMENT

15.1 SENSOR ASSESSMENT FORMAT

The concepts and devices described in the preceding chapters
will now be evaluated for their suitability for qun launch. The
design constraints developed in Part 1 of this report will be
restated first. These constraints will then be paired with the

capabilities of each device.

The general format of the comparison will be a table listing
the design criterion number, the prospect of suitable operation

(favourable, unfavourable or questionable) and comments on the state

of the sensor.

The chapter will conclude with a table of the relative

ratings of each device with respect to the design requirements.

15.2 DESIGN CRITERIA RESTATED

The design criteria developed in Part 1 are given below.

*1.  Sensor must withstand gun launch (7,000g) without loss of

sensitivity.
The device must function in a spinning vehicle.

*3.  The device must be able to function at any hour of the day

or night.
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*4, The device chosen should have a proyen feasibility and use
proven components and proven designgtechniques as much as
possible. Design and development of new highly specialized

components should be kept to a minimum.

(8]
.

Operation time need not exceed 15 minutes. Thus only very

high drift rates will be rejected.

6. Acceleration sensitive drifts should be small as the device

operates during the boost phase.

7. Initial system alignment should be simple and easy to accomplish

(especially during flight).

8. Weather conditions (up to the capability of the vehicle itself)

should not affect the attitude sensors operation.

9. Support equipment must be capable of surviving gun launch in

operating condition.

10. Sensors and related equipment must be compact and light in

weight to increase payload (i.e. less than 10 1bs. and less

than 200 cu. in. volume).

* It should be noted that failure of a scheme to meet any one

of criteria 1,2,3, and 4 will be sufficient reason for rejecting it.
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15.3 HORIZOW SENSOR EVALUATION

The horizon sensor capabilities are now discussed, point by
point, against the design criteria. Because of the nature of
the horizon sensor concept it can be used only for sensing of the
vertical, and thus for pitch attitude reference. Horizon sehsing

methods will thus be evaluated in this context.

Criterion No. 1 Favourable

Tests have been conducted by Aviation Electric Limited [1]
on a thermistor bolometer type of device built by Farnes
Engineering. The type of support for the germanium windows
required for the sensor have been simulated using glass which has
the same properties. Gun Taunch at 7,000 g caused no problems
when the windows were edge supported and bonded in place using

four grades of semi-flexible expoxy.

A machined aluminum housing for the sensors has withstood

a 9,700 g peak acceleration successfully.

Criterion No. 2 Favourable

The horizon sensor concept requires a scanning mechanization
for its operation. In usual designs a mechanical drive assembly is
employed to rotate the sensor ‘through its scanning motion. In a
spinning vehicle, however, the sensors may be rigidly mounted to the

vehicle frame. The vehicle's spin accomplishes the scan.



211

Criterion No..3 Favourable
If the horizon sensor detects infared radiation, it can

operate day or night. The 15 micron Carbon Dioxide radiation
band is favoured for infared horizon sensing because it displays

the smallest diurnal variation of intensity and distribution

Criterion No. 4 Favourable

Horizon sensing methods for the determination of the local
vertical near a planet have been successfully used on various earth
satellites. Manned space vehicles of the !ercury and Gemini types
have used horizon scanners for attitude determination. Hardware is
highly developed for sensing radiation up to about 30 microns wave-
lengths. As mentioned earlier, under Criterion lo. 1, these devices

show great promise for survival of the gun launch shock.

Criterion No. 5 Favourable

While horizon sensor accuracy varies with time, these variations,
in phenomena to be sensed, are on a yearly or daily basis. A 15 minute

period is thus negligible.

Criterion No. 6 Favourable

The horizon sensing concept has no active components which
are acceleration sensitive. No drift can then occur because of

acceleration.



212

Criterion No. 7 Favourable

The concept needs no initial alignment scheme. The sensor

detects the on and off points of the earth's radiation and takes

the midpoint of this pulse as the center of the disk of the earth.

Criterion No. 8 Favourable

No clouds exist above 18 km. altitude [2]. The second stage
operation begins at approximately 35 km.  The drop off\jn
radiance of carbon dioxide occurs near the altitude also. (See
Figure 4.2). Thus the vehicle should be out of range of cloud
blocking effects and upper atmosphere radiatiqn which would cause

a continuous scanner output.

Criterion No. 9 Favourable

Tests on transistors, diodes, resistors and capacitors were
carried out by Aviation Electric Limited [1]. Certain brand name
components were found in each of these categories which successfully

withstood gun launch accelerations. A Tisting of them is qgiven

in [1].

Criterion No. 10 Favourable

The sensors themselves can be less than 5 inches long and 2-1/2

inches in diameter. The electronic modules can be approximately the

same size. Weights of these devices would hardly be greater than 5 1bs.
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15.4 CELESTIAL SENSING EVALUATION

Celestial sensors have had favourable results in satellites
and interplanetary space probes in recent months. It is also
quite probable that sun and star sensors could be designed to
meet the restrictions placed on them by the criteria for launch
acceleration survival, size, weight, and operation times. This
is particularly true of the photocell detectors, which have already
been tested and proven by Aviation Electric [1]. There are
certain fundamentals of operation which prevent celestial sensors

from satisfying criteria 2 and 3, however.

Criterion No. 2 Questionable

Whether or not the sensor can operate in a spinning vehicle
depends on the sensor mechanization. The photocell detector which
senses the differential brightness of the sun as a function of vehicle
yaw angle operates satisfactorily on a period pulse from the radiation

source. The magnitude of this periodic pulse is sufficient to

determine the yaw.

Systems which acquire a specific star and subsequently check
vehicle orientation with respect to this star would not work in a
spinning vehicle. These systems (either gimballed or television
tube type) must be approximately aligned before being activated.
They are usually mounted on a stable platform device to check its

alignment periodically. Intermittent scanning in a random
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orientation is definitely not a possible mode of operation.

Criterion No. 3 Unfavourable

Thé photoce]l device, which can be used satisfactorily to
sense large luminous objects such as the sun can operate only at

specific hours of the day, as stated in Chapter 5, Section 5.3.

It should be noted, however, that since the sensors would be
operating above 35 km altitude clouds, with a maximum altitude of

18 - 20 km would not obscure the reference.

If distant stars were to bLe sensed instead, a goal which has
been achieved in daylight, sophisticated narrow aperature devices
would have to be used. This type of sensor must be prealigned
by its gimbal system. As mentioned earlier, this is
not feasible in a spinning vehicle. The effect of the atmosphere,
extending out to 50 km causes the stars to twink]e; and thus produce

sensing uncertainties.

If one is prepared to accept the limitations of restricted
hours of operation for orbit injection or tactical applications,
than the photocell sun sensor may prove satisfactorily. In general,

however, this limited utility is not acceptable.

15.5 EVALUATION OF GRAVITY FIELD SENSORS

Gravity field sensing has not yet reached the practical stage.

More importantly, it is not feasible for defining the vertical from
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’movinq vehicles. hny acceleration detector nplaced in this
vehicle would measure an acceleration which is the resultant of the
earth's agravity field and the vehicle accelerations a1onq'its nath.
Because the qradient is so small within the atmosphere, it cannot

be discerned by methods nresently known.

Recause qravity aradient sensing is not in fact possibhle, it

can only he rejected.

15.6  EVALUATION OF MAGNETIC FIELD SEMSIMNG

Maanetic field sensing will be evaluated with resnect to the

most nromising designs for overall attitude determination svstems.

Criterion No. 1 Favourahle (by desian)

The comnlete lack of movirg narts and the nroven desiqn of hasic
electrical comnonents such as resistnrs and canacitors makes the

successful survival of the magnetometer hiaghlv nossihtle.

Criterion No. 2 Favourable

The magnetometer attitude reference system considered in this

report was desianed specifically for a spinnina vehicle.

Criterion No. 3 Questionable

Further information is recuired before a definite rulina can be
made here. If the system is to operate with a sun sensor as a
phase reference then its ultility is restricted. If a system of
three magnetometers was used a large amount of data would be'required

in addition to large computihq facilities.
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Criterion No. 4 Favourable

Actual test flights by Conleys qroup [1] have shown that the

concept is indeed a feasible one for conventional sounding rockets.

Criterion No. 5 and 6 Favourable

No problems should be experienced here, as there are no

acceleration sensitive drifts invloved.

Criterion No. 7 Favourable

There is no need to align the system. The magnetometer
is surrounded by the field it is to sense. What is needed is
some phase reference for the resulting sinusoidal signal. For
Conley's system, this is easily provided by the sun vector. If
~an approximate vehicle alignment at system start-up is known,
it can be used as the first approximation for the attitude iteration
calculations. The solution of one iteration is then used as

the starting point for the next iteration.

Criterions 8, 9 and 10 Favourable

Based on past experience no problems are expected here.
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15.7 EVALUATION OF CONVENTIONAL SENSORS

Conventional gyros will be evaluated with respect to the

developed design criteria.

Criterion No. 1 Questionable

The most sophisticated solid rotor gyro available, the
single-degrec-of-freedom floated gas bearing gyro, is not capable
of withstanding acceleration rates qgreater than 100 g's [2 ]. The
Whittaker Corporation markets a spring energized gyro Type SP1.11
which has the inner and outer races of its gimbal bearings bonded
in place by thermosetting resin. The shock that this unit

can withstand is 325 g for 20 milliseconds.

Other two-degree-of-freedom gyros are available of the floated
type using ball bearings for the rotor and gimbals and synchro
pickoffs and torques on each gimbal axis. These units, such as

the Whittaker FF10 can withstand up to 250 g shocks.

Thus while the shock capacities of present is quite sufficient
for present aircraft and missile applications, they are not of
the same order of magnitude for gun launch shocks. Dinter of
Honeywell [ 4] feels that there will also be a problem of finding
materials strong enough to resist permanént deformation in sections

light enough to permit floatation and to maintain Tow values of mass

inbalance.



218

Criterion No. 2 Questinnable

Stran-down Systems to date have been intended for satellites
or aircraft where radical changes in attitude were not expected.
. While no references exist in the open literature on the apnlication
of stran-down svstems to sninninqg vehicles, there appears, on
nre]ihinary examination, to be no reason for the system not be to

applicable.

Criterion No. 3 Favourable

No external references are needed for the inertial sensor.

Criterion No. 4 Questionable

While conventional gyros are the standard of the qvro field,
their behaviour in very high shock environments is not known. While
researches in the field, such as NDinter [4] feel that the ultimate
limit of a gyro designed specifically for shock would be 100N q,
only actual design and testing will prove the feasibility of this

unit.

Criterion Nos. 5 and 6 Favourable

If a gyro such as the Whittaker Sprina eneraized unit were
used for yaw sensing (with the spin axis set parallel to the

intended trajectory plane), a drift rate of 0.5 dea./minute characteristic of
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this unit was accepted, an orbit injection error as great as 10
degrees could be expected. More accurate gyros can be obtained

but with a lower shock rating.

Criterion No. 7 Unfavourable

Initial system alignment is not possible without some

external reference information.

Criterion No. 8 Favourable

No problems here.

Criterion No. 9 Favourable

Tests on electronic components by Aviation Electric [ 1 ]

indicate that no problems should arise in this area if proper

precautions are taken.;

Criterion No. 10 Favourable

Compact gyro units ( 3 inches long x 2 inches diameter,
weight, 1 1b.) and present electronic technology would provide

a sensing unit well with the design limits.



15.8 EVALUATION OF THE ELECTRICALLY SUSPENDED -GYRO

Criterion No. 1 Unfavourable
Because of the long settling time of the unit after spin-up,

the gyro would have to be already running at the time of qun
‘Taunch. This, therefore, would require that the levitation of

the spinning ball be maintained during the high “g" acceleration.

Presently available figures show that this is not possible.

Knoehel [5] reports that the highest voltage gradient that
6
could be sustained was 10 volts/cm. The present state of the art
in high voltage breakdown research by Lyman [6] indicates a maximum

6 volts/cm.

gradient of 2 x 10
Basic theory shows that if we assume one electrode does all
the 1ifting and that we have a plane parallel plate, the acceleration

in g's would be

P

2
g= g =1 NAE
980m o80m 7

where

F = Tifting force

m = mass of rotor = 15 gm
A = electrode area = 10 cm2

N = permittivity of space = —L

An
E = vo]tage grad-ient - 2 X 106_ 6.6 103 stat. volt
300 0 Y Tam

The above figures are those for a typical gyro. The voltaqe
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gradient is the maximum obtainable within the state-of-the-art.

Substituting:
g = 10 x 4.4 x ]02 = 1200
980 x 15 x 2 x 4«
This value is considerably 1e§s than 7,000. The results of

these calculations are further tempered by the fact that it has

been difficult to design for a reliable 30 g for military applications.

The electrically suspended gyro is thus unsuitable.

15.9 EVALUATION OF THE FLUID SPHERE GYRO

The fluid sphere gyro could be used best for yaw rate sensing,
although it could be used for pitch angle determination as well.
For the evaluation considered here, the gyro would he a rate qvro
mounted with its spin axis parallel to the spin axis of tie vehicle.
The inner rotating cylinder is supported during launch such that

no "axial thrust" on the spin bearings is permitted. A nronosed desian
is shown in Appendix A.

Criterion No. 1 Questionable

While the fluid sensing element would not be harmed by the
gun launch, the survival of the bearings and the motor-pickoff
elements is open to speculation. It is very difficult to support
the relative soft iron structures and conductors. Without actual

test firings no exact pronouncement can be made.
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Criterion lo. 2 Favourable

By mounting the gyro so that its spin axis is parallel to
the vehicle's spin axis, the use of a roll stable platform could be
avoided. A servo loop would be necessary to control the spin

speed, however, as the vehicle spin speed increases or decreases,

Criterion No. 3  Favourable

Being independent of any external phenomenon no limitation

is experienced.

Criterion No. 4 Favourable

Test models have been built and tested. Performance (See Section
11.1) has been good. The device has been considered good for

missile applications where accelerations are quite high.

Criterion No. 5 Favourable

Using the expected drift rate of 0.1 deqg./hr. for the Sperry
fluid sphere gyro, and the values of 10 minutes duration of the boost

phase, the error in yaw would be around 0.02 deg.

Criterion No. 6 AFavourab]e

The sensitivity of this gyro to acceleration dependent or

(acceleration)Z errors is extremely Tow.
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Criterion No. 7 Nuestionable

Initial system alignment is not possible without some external

reference information.

Criterion No. 8 Favourable

Not denendent on external references.

Criterion No. 9 Favourable

A11 support equipment is electronic. This problem can bhe

solved.

Criterion No. 10 Favourable

The ayro unit can be only 3 inches lono by ? inches in diameter

and weigh less than 1 1b.

15.10 EVALUATION OF THE LASER GYRO

The laser gyro, like all inertial devices in this report, will

be considered as best applied to yaw sensing.

Criterion No. 1 Favourable

While no tests have been made, the comnlete abscence of moving

parts in the gyro and its solid block design make its adantation a

very likely possibhility.
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Criterion Mo. 2 Favourable

While no treatment of the spinning vehicle problem and
signal demodulation has done it is thouaht by Honeywell that this

adaptation could be made.

Criterion No. 3 Favourable

An inertial device experiences no problem here.

Criterion No. 4 Unfavourable (at nresent)

The laser gyro has been reduced in size qreatly in the last
few vears to a solid quartz block ahout 11 inches across. However,
much develonment work remains to he done before the laser becomes
an accented inerfial device. Because.of its low state of

development, this device will have to be rejected.

The laser gyro is very much the inertial sensor of the future
and one which should be carefully reconsidered for qun launched

rockets at some future date.

15.11 EVALUATION NF THE SOLID STATE GYRN

The solid state qvro is a rate qyro useful for vaw rate
sensing applications. A method of supporting the sensitive element

during launch was designed and is described in Apnendix B.

Criterion No. 1 Nuestionable

The sensor ceramic is a hrittle device easily hroken if dronped.
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lowever, a support system for the elenent was desiqgned (see Appendix
R) that is simple to ccnstruct and, by its simplicity inherently

reliable. Success during qun launch is an onen nuestion, however,

Criterion No. 2 Favourable

The solid state qyro should be capable of being strapped
down in the vehicle and allowed to spin with it. The concept of
Couble fiodulation, discussed in relation to the Tuning Fork qyro

could be applied and the aﬁpropriate rate signal obtained.

Criterion No. 3 Favourable

An inertial device needs no external reference.

Criterion No. 4 Favourable (to date)

Test models have been built and their performance has indicated
the feasibility of this design. However, manufacture of the
sensitive element is a difficult process. Balance, alignment and
temperature control are present 1fmitations. Material research is

being carried out to find an improved sensor ceramic.

Criterion No. 5 Unfavourable

Present drift rates are extremely high. If yaw angle in a

spinning,coning vehicle is found by fntegrating the yaw rate through
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time, the long term drift of the gyro will integrate out to zero.
The short random drift, a plus or minus quantity about the null
appears as a rate signal of 2 to 5 deg./sec. Since it is random

though and one vehicle revolution takes only 1/5 of a second, the

error should sum to zero.

Criterion No. 6 Questionable

A linear acceleration sensitivity of 1 deq./sec./q is
extremely high when compared to the fluid sphere gyro (0.8 deg./hour/q)
and the tuning fork gyro (12 deg./hour/g). The drift due to this
source during the boost phase could be minimized by the integration

procedure though.

Criterion No. 7 Questionable

System alignment during flight is difficult.

Criterion No. 8 Favourable

No problems here.

Criterion No. 9 Favourable

No problems here.

Criterion No. 10 Favourable *

No problems here. The sensor package can be less than

1-1/2 inches in diameter by 1 inch long.
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15.12 EVALUATION OF THE TUNIHG FORK GYRO

The tuning fork gyro is a vibratory rate gyro device,

best employed for yaw rate sensing.

Criterion No. 1 Favourable (by design)

.The very concépt and design of the tuning fork gyro is
inherently rugged. From the theory it can be seen that sensitivity
does not require a delicate construction. The complete abscence
of bearings or rotating parts, even in the readout devices reduces
many of the potential problems that are present in conventional
designs. Tests would have to be conducted before any positive

statement could be made.

Criterion No. 2 Favourable

The concept of Double Modulation permits the gyro to be
strapped-down to the vehicle frame and proper signal demodulation to

obtain the desired yaw rate signal.

Criterion No. 3 Favourable

Inertial devices need no external references.

Criterion No. 4 Favourable

Several models of the tuning fork gyro have been built and
tested with great success. Performance and environmental

Capabilities have compared favourably well with 6ther gyros. See
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Section (14.1).

Criterion No., 5 Favourable

whiie the drift rate of around 15 deg./hour would cause a
small misalignment error for a running time of less than a quarter of

an hour, the scheme of integrating over the coning motion would

minimize the drift errors.

Criterion No. 6 Favourable

Acceleration sensitive drift would be no problem for an

integrated signal, providing the acceleration was not wildly

erractic.

Criterion No. 7 Questionable

System alignment is difficult.

Criterion No. 8 Favourable

No problems here.

Criterion No. 9 Favourable

o problems here.

Criterion No. 10 Favourab]e

While existing test models have been rather large (7" long

x 3" diameter - twice the size of the fluid sphere gyro, 3 times
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the size of a floated conventional gyro) the concept lends

itself to miniaturization.

15.13  SUMMARY OF SENSOR ASSESSMENTS

The following table is a summary of the material in the
preceding sections of this chapter. There were ten design
criteria. One point was given to a sensor or sensor class for
each "favourable" characteristic. Those classifications which
were not suitable are stated as such. The result is a graph of
the relative suitabilities of various sensors or sensing schemes
for sensing attitude in a gun-launched spinning rocket. It must
be noted that this is an open literature survey, of present sensors.
The validity of this survey could be altered drastically at any

time.

From the table it can be seen that those sensors which
appear most suitable for consideration, based on the material

available for this survey are horizon sensors and the tuning fork

gyroscope.
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CHAPTER 16
FINAL SYSTEM PROPOSAL

16.1  THE SYSTLM

The attitude reference sensing scheme proposed for gun-

launched spinning rocket vehicles consists of two major components:

(1)

(2)

Two infared horizon sensors to determine vehicle
orientation about the pitch axis.
A tuning fork vibratory gyroscope for determining

vehicle orientation about the yaw axis.

It has been shown that these devices best meet the

requirenents for attitude sensors used in orbit injection control

systems for the particular case of gun-launched rocket vehicles.

The merits of these devices is apparent because of the

following items:

(1)
(2)
(3)
(4)

(5)

Complete abscence of bearing surface or rotating parts.
Simplicity of operation.

Economy of parts and operation.

The high degree of durability that can be designed

into them without affecting their sensifivity in any way.
The horizon sensors can be used to generate not only
pitch error signals but an earth center pulse which acts

as phase reference for signal demodulation.
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16.2 OPERATION OF THE PROPOSED SYSTEM

The main components of the proposed system are shown in
Figure (16.1).

(1) Horizon Sensors

As indicated in the diagram the horizon sensors detect the
radiation difference between earth and space. The output signals
from the two sensors will be unequal if the vehicle has a finite
pitch angle. By determining the rate of scan and the difference
in duratidn between the sensor output signals, the pitch of the
vehicle can be determined by relating tﬁe sensor difference pulse

to an earth center pulse.

If a pitch error exists, a signal is sent to the valve trigger
circuitry to cause a pulse force to be applied to the vehicle. This
pulse produces a torque about the spinning vehicle's center of
gravity. The vehicle is thus made to precess or re-orient itself
abouf a third axis orthogonal to the spin and torque axes. The
circuitry must determine the proper timing of the pulse so that the

torque and thus the precession will occur about the proper axis.

The circuitry requjred for such a system is not exceptionally
complicated.  Figure (16.2) shows the elements required for the
horizon sensor logic circuitry. This circuit is patterned after
one designed by Aviation Electric for the Martlet IV vehicle. It has

the characteristics of a sampled data system.
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The horizon sensor signals are amplified and squared by a

Schmidt trigger circuit. The signal is then fed to OR qate A

and to gates Gl and G2.

For Cycle Humber 1, the data storage cycle, flip-flop
terminal 2 is active and it opens gates Gl and G2 to the pulse
signals. In addition the pulses go the the comnarator and to
OR gate B. Information on the length of the output pulse from B
is stored as a voltage in the Earth Pulse Hold Circuit. In other

words, the length of time that a voltage is allowed to build up

~on the earth pulse hold capacitor is the length of time the sensor

is scanning the earth's disk. Half of this observation time would
bring an observer to the center of the earth's disk, and thus the
local vertical. Since the system uses squared signals, the
magnitude is not important. What makes the earth pulse hold work

is the proper selection of resistor R, so that the discharge time

2
constant is 1/2 the charging time constant.

The comparator generates an error signal and closes either
circuits S2 or S3 depending on the sign of the error signal. A
capacitor in these circuits is charged to a voltage which is
proportional to the total error signal duration (ty + tz) (see Chapter
4). The system has thus gathered and stored information on the
length of the earth pulse and the'magnitude‘of the error. This

information is stored until Cycle Number 2, the Control cycle is

initiated.
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When the sensors cross the horizon and new earth pulses
are agenerated, Cycle Humber 2 is initiated. Terminai 1 of the
flip-flop becomes active, thus gates (1 and G? are closed. Vhen
terminal 1 is turnedr"on" switch S1 closes and the earth nulse
voltaqe decreases linearly to value zero in time T/?. The decrease
in voltage to zero initiates the earth center pulse. Switching
circuits S4 and S5 are activated and a comnarison between the stored
error voltage and the reference voltage E? is made. If the difference
of these voltaaes exceeds a fixed threshold sianal, the reactive

control system is activated.

(ii) The Tuning Fork Gyro

The Tuning Fork Gyro is fixed to the frame of the vehicle.
Because it is spinning it can sense rate about both the pitch and-
yaw axes. However, by proner signal demodulation, the vaw rate
signals can be determined using the earth center nulse as a nhase
reference. (i.e. the yaw siﬂnaf is 9N° ahead or hehind the earth

center pulse).

If the vaw siqnal is integrated over time it will provide
the anqular drift or displacement of the vehicle from time of start-un.
If the vehicle has a "coning" motion of its axis of symmetrv about
the flight nath, the sianal will inteqrate to zern. If the vehicle
js straying off the trajectory or the vehicle is made to nrecess about
tﬁ§ yaw axis, the rate signals will become uneaual. The intearal

wi]1 then be some finite value other than zero.
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By comparfnq the qyro's inteqrated signal with a reference
signal at different times erinq flight the orientation of the
vehicle can be determined with respect to some desired trajectory.
Aqain, if errors exist, a siagnal will be sent to the valve triaaer

circuitry to anply a precession torque at the nroner time.

A diagram of the logic circuitry that would be reauired for the
sémoled data vaw control system is shown in Fiqure (1A.3). The
tuning fork demodulator circuits are not considered here. The output
rate siqnal from the second demodulator is the input siqnal for the

logic circuitry.

For this system as well there are two operational cycles:
data storage and system actuation. The data storaae cycle can be

initiated by the horizon sensor circuits as shown in Fiqure (16.3).

During Cvcle No. 1, (data storage) yaw rate sianals will come
from the demodulator. Two signals will be produced ner revolution,
one for a yaw rate to the right of the trajectory nlane (viewed from
the rear of the vehicle) and one for a yaw rate to the left. These
sianals could be made positive and negative respectively. The signals
would be doubly integrated and stored, the nositive_siqnal in Data

Hold No. 1, the negative signal in Date Hold No. 2.
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When the Actuation Cycle is initiated by the horizon
sensors the earth center pulse is triggered as described earlier.
The earth center pulse is used to trigger not only the pitch error

logic circuit but the vaw circuit as well.

The earth center pulse is fed to a time delay circuit.
Using the known spin speed of the vehicle, the timing circuit delays
the earth pulse by one quarter of the period of spin. This
retarded signal switches the holding circuits 1 and 2 and an error
determination is made with comparators C3 and C4 and reference values
E3 and E,.  An error signal, if it exists ,actuates the control

jets.

One outstanding problem concerned with the accuracy of such
a quidance system is that it would not normally come into oneration
until second stage ignition. By that time the first stage could
have strayed appreciably off course.' The only solution is to
have the gyro operating as soon after launch as possible and
continuously computing the yaw deviation of the vehicle. The qyro
could function quite easily in this situation and even operate during
the second stage boost. ~ The prob]em; however, is concerned with
obtaining a suitable phase reference for demodulation. The horizon

sensors are not available for the vertical reference.

Since the first stage would be spinning very slowly if at all

(the.spin is applied aerodynarically by the fins) it would be possible
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to employ a spin rate sensor of the type shown in Fiqure (16.4).

This device would be oriented vertically in the vehicle before launch
such that a positive signal was obtained. Then as the vehicle
rotated slowly during the first phase of its flight an alternating
signal would be generated at the frequency of the spin. The spin

is expected to be low enough so that centrifugal force does not lock

the vibrating mass in one position.

Yaw rate signals would be monitored during the first flight
phase and stored in the Data Hold of the yaw logic circuit. Thus
when the control system was activated at booster stage ignition,
the initial misalignment would be known. When the second staqe
was brought into operation, the high spin speed of the rocket would
make this deviée inoperative. It would be switched out of service

and an oscillator would be employed instead.

16.3  DESCRIPTION OF HORIZON SENSORS

A schematic diagram of a typical infared horizon designed
for this application is shown in Figure (16;5). The infared detector
consists of two 1 mm x 1 mm thermistoré mounted in sapphire blocks
and a coated germanium window which acts as a high pass filter. The
mass of the thermistors is small and it is easy to shock-proof them
in the launch direction by supporting the sapphire blocks in

expoxy. The windows have survived simulation tests satisfactorily

by bonding them in their edge-supported state with semiflexible expoxy.
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Section 15.3 discusses in detail tests conducted on devices of this
type. It is not expected that the horizon sensors will be a

“large problem.

Since horizon sensors can he Adesiqned to survive aun-launch,

their design nrohlems need not be investiaated further.

'16.4  DESCRIPTION OF VIBRATORY GYROSCOPE

(i) General

The Tuning Fork Vibratory Gyroscope (T.F.G.) is a device that
has the unique capability of being able to function as a gyro without
the usual gimbals or bearings beinqg required. Unlike to other
gyros, it may be employed in a strapped down configuration even though
the vehicle is spinning. The principle of Double Modulation
permits this action to take place. The instrument may also be
designed to any desired level of sensitivity without sacrificing

either ruggedness or sensitivity.

The T.F.G. has been treated fairly well in the literature
and several operational models have been constructed. The concept
has thus been shown to be feasible and practical. - Extensive
deve]opment work has not been undertaken, however, because at the time

of the original investigations, applications of this device were not

evident.
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A summafy of the operation of this device and the pertinent

design equationsvare given in Chapter 14.

(ii)  Merits

The several unique features and advantages of this instrument
are:

(1) No rotating parts

(2) Self-Generated A-C output

(3) Inherent ruggedness and shock resistance

(4) No response to cross axis accelerations and velocities

(5) Rapid response characteristics

(6) Wide range of rate measurements

These points will become more obvious as the details of the
gyro's construction and theory of operation are obtained from the

material that follows.

(iii) Design Description

A Tuning Fork Vibratory Gyroscope has been designed to withstand
a 7000 g acceleration rate and to detect angular rate up to a maximum
of 2.6 x 106 deg./hr. The electrical design of the pickoff components
and support electronics has been eliminated as this is beyond the
scope of this report. The required components and alternatives
available are indicated,.and many important design considerations

applicable to each of them are listed.
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Figures (14.6) and (14.7) show the details of a sample
design for a T.F.G.
Desiqn details are as follows:
Total Weiaht - 2 Ths, Tine Flement ( 2 ) - N0.721 1bs. total
Torsion Bar - 0.75 in.D. Inner Cvclindr - 2" D. x ?-1/4" lona
NDamping Gap - 0.065 in.

Tines-1/4 1in. thick'x 1 in. wide x 3/4 in. lona.

(iv) Description of Sensitive Element

The sensitive element actually consists of an inner cylinder
(concentric with the outer case) to which is attached the tuning fork
base and the pickoff components. Viscous damping takes place in

the gap between the inner cylinder and the gyro case.

(v) Materials and Construction

The Tuning Fork masses and tines are machined from 4140 alloy
steel. The base, which is separate, is also made from the same
steel, as is the torsion rod. The tines and the torsion rod are
held in position by an "expanded" fit i.e. the tines and rod are
cooled in liquid oxygen before being assembled. On heating the

ambient temperature, they expand and lock into position.

Beryllium Copper 25 has also been suggested for the torsion

rod because of its strength and excellent stability.
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The inner and outer cylinders can be made from Aluminum.
The possibility of making the inner from a 356 Aluminum casting
should be investigated as this would avoid difficult machining

problems.

The damping fluid is Dow Corning 200 Silicone fluid. A

viscosity of 20 centistrokes is used for this sample design.

(vi) Drive Elements

The tines are driven by the varying force which developes

between two plates of a capacitor. One plate is the tine face
and it is kept at zero potential. The other plate is mounted
on the inner surface of the inner cylinder. This plate is

mounted in an insulation mounting. Leads are provided to the

rear of the plates. Power is brought through the top pivot via

the contact point illustrated in the drawings.

(vii) Pickoffs

Three pickoff devices are suggested for use with this design.
They are:
| (1) Capacitative pickoff
(2) E-Rar variable reluctance pickoff

(3) Rotary Differential Transformer
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In the capacitative pickoff, one plate is attached to the
inner oscillating cylinder while the other is fixed to the outer
stationary one. The variable area of the plates which results

from the oscillation causes a capacitance change.

In this unit, provision for a lead to the inner plate would

have to be made.

High frequencies, in the order of 5000 to 10,000 c.p.s.

are suggested for a device of this type.

The support network can be either a resonant circuit, where
frequency change is proportional to displacement, or a bridge circuit

in which the unbalance is proportional to displacement.

Guarding against stray capacitances in such a circuit is

difficult, but a very important factor in the successful operation

of the device.

For the E-Rar type variable reluctance pickoff, no extra leads
inside the inner cylinder would be required. A short length of
soft iron would be fixed to the inner cylinder. The E section,
with its coils, would be fixed to the outer case. The oscillations
of the inner cylinder would vary the reluctance in the two opposing
flux paths of the E element and on unbalance voltage proportional

to displacement would be produced.
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 The Rotary Differential Transformer is another inductiveQ
type pickoff consisting of a rotor and a wire-wound stator. The
stator appears similar to that of a motor with teeth and slots
except that the slots are abnormally wide. The primary and
secondary windings of a two-phase motor, one displaced 90
electrical degrees around from the other. The rotor has the
same number of teeth as the number of poles of either the primary
or secondary and éppears somewhat similar to the rotor of a
reluctance motor except that the teeth are sharp concerned and just
wide enough to reach from the center of one stator tooth to the

center of the next.

In utilizing this pickoff a rod to carry the rotor would have
to be attached to the base. One idea would have the torsion rod

a hollow tube and the pickoff rod passing through the center of this

rod. The transformer unit would then be attached to the bottom
of the gyro case. A commercially available unit might be employed
here.

(viii) Dampers

Damping of the resonant vibration is accomplished in this
design by using the viscous action provided by a fluid in the qap

between inner and outer cylinders.
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Other damping means that could be employed are electromagnetic
dampers or viscoelestic torsion springs on the output axis. The

viscous damping approach was considered to be the most straightforward

for the high g application. Volume is kept to a minimum as in
the number of parts and power leads. Nonlinearities are also
~avoided.

16.5 SENSING ELECTRONICS

For a non-rotating tuning fork, the total torque acting
about the output (and the sensing) axis is the sum of the Coriolis
torque and cross-coupling torques. The Coriolis torque depends

only on the rate about the input axis and is independent of the

rates about the other two axes.

When the insturment is rotated about one of these rate
insensitive axes,'however, torque components about the output axes
occur not at just the resonant frequency as for the non-rotating

case, but at three frequencies. That is,

MS M & N ‘.5_
where
P-‘* = total torque
oM g™ torque.at frequency
Msg= torque at frequency

M’_= torque at frequency
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By proper signal processing it is possible to have the
instrument respond to either the upper or lower sideband signals

to the exclusion of the other two.

In the proposed system the additional rotation of the fork
is accomplished by the spinning vehicle. The frequency of this

signa1 modulation is the spin frequency of the vehicle.

Further mathematical details of this mechanism of double
signal modulation are given in Chapter 14, Section (14.13). A
sample electronics network block diagram is shown as Figure (14.8)

of this section. This network will sort out the required input

rate.
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APPENDIX A

FLUID SPHERE GYRO ROTOR SUPPORT
SYSTEM

A-1 GENERAL

A support system for the rotor of the fluid sphere gyro was
proposed and is shown in Fiqure A-1. Tpe_diagram illustrates the
conditions for normal -operation (lower half of diagram) and with

the rotor support in place (iupper half).

The system consists simply of several wedge blocks which fill

the space between the ends of the case and the rotor.

A-2 OPERATiQN

(i) During Launch

The support blocks prevent the rotor case from moving
along the spin axis during launch thereby preventing the bearing from

an axial shock loading. (Which could cause its destruction).

(ii) After Launch

Electromagnets located around the outside of the core
~are energized and they 1ift the wedge blocks clear of the space they
are filling. The normal operating condition shown in the bottom

half of the diagram is thus regained.
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A-3 COMMENTS

The system is simple and easy to operate. However, it
requires extra power and increases the weight and volume of the gyro

substantially.
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APPENDIX B
SOLID STATE GYRO SUPPORT

SYSTEM

B-1 GENERAL

A support system for the sensitive element of the solid state
gyro was designed and is shown in Figure B-1. The diagram illustrates

the system condition both before launch (on the left half of the

diagram) and after launch (on the right).

The system is composed of a gas supply, a gas flow control,
the support blocks and a means of restraining the support blocks

after gyro start-up.

B-2 OPERATION

(i) During Launch:

The support element is fitted over the ends of the
cylindrical sensing element and held in place by a snap ring. The
snap ring serves also as a seal for the gases that later enter the
confines of the gyro case. In this first position, the support
block prevents the gyro element from moving in the direction parallel

to the launch direction (shown in the diagram).

(ii) After Launch:

The high threshold acceleration switch closes when

subjected to gun launch acceleration and opens the solenoid valve,
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permitting high pressure gas to flow from storage into the gyro
case. The gas (shown by the arrows) pushes against the face
of the supports and pushes them to the extreme end of the gyro
case. The snap rings then close in and lock the supports away
from the gyro element. The gyro is then free to operate

in its normal manner.

B-3 COMMENTS

The system is simple, has no moving parts and therefore should
be reliable. However, it requires extra components external to

its case which increases both the weight and volume of the unit.
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ATTITUDE REFERENCE SYSTEMS

The problem of sensing position and direction in space is

a many sided one, with as many answers as there are systems. The

following list of material has been compiled as a brief summary field

of endeavour. The list is by no means complete but the material

cited was found helpful to the author in his work on attitude

reference systems. It is hoped that this list may be usefu] to

others beginning work in this general area.
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