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CHAPTER I 

DESIGN PROJECT PR0POSAL 

1. 1 SCOPE OF PROPOSAL 

The following proposal was subMitted to the Space Research 

Institute in October, 1966 and its cGntents initiated the study 

which resulted in the body of this thesis. 

1.2 CONTENTS OF PROPOSAL 

PART SECTION TITLE PAGE 

1 INTRODUCTION 3 

2 DETAILED DISCUSSION 4 

1 Considerations of the 4 
Design Study Programme 

2 Work Statement and Programme
Schedule 

5 

3 Costs of the Design Programme 6 

GRAPHS AND TABLES 

FIGURE TITLE 

Graph of Proposed Work Schedule 5 

2 Table of Estimated Costs 6 

LIST OF REFERENCES 7 
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l. 3 PART ONE 

PROPOSAL INTRODUCTION 

The High Altitude Research Progranme initiated by McGill 

University has offered a loqical 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 ?f 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 engineeri~g design study in which known methods 

of direction references will be examined and their suitability to 

withstand acceleration rates of the order of 10,000 g will be 

assessed. The perfonnance 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, 

http:capacity.to
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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) 	 ability to function independently of varying meteoro
logical and solar conditionso 

(2) adaptability to a wide range of trajectories . 

. (3) capacity for abrupt change of trajectory while in flight. 

(4) 	 capacity .to stabilize fin.less projectiles while in flight. 

(5) 	 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 
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to the gun-launched vehicle in terms of qeometry, 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 system so that further 

development of system components and auxiliary equipment can take 

pl ace. 

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 approximate perfonnance schedule 

is indicated with the bar graph shown in Figure 1. This work 

prograrrme is geared to the 9evelopment of a design concept and its 

analytical characteristics. 

The steps in the work programne 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 wi 11 be noted. The operating 

characteristics and present applications will be sufTITlarized 

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

2. 	 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 suitabl~ 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 

. system 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 

lnstitute'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
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1.7 	 COST TABLE 

TABLE NO. 1 

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

ITEM DESCRIPTION 	 COST 

TRANSPORTATION 1. 	 Montreal $ 840 .00 . 
(approx. 12 trips) 

2. U.S. Research Centres 	 912.00 
(approx. 4 trips of 
5 days each) 

SUPPLIES 	 Equipment, Books, Reprints, 125.00 
Report 

., 	 STIPEND May 1/67 to October 15/67 1 ,200.00 

TOTAL $ 3,077.00 

Note: Trip estimates 	based on: 

(1) 	 Economy return flight fares from Toronto to points of 
interest. (prices quoted October 20th, 1966). 

(2) 	 Daily expense allowance of $18.00. 

http:3,077.00
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Step No. 1 Literature Search 


Step No. 2 Classification of System Types: 

State of Art Report on each Tyne 

Step No. 3 Evaluation of Selected Systems ex:> 

Step No. 4 Preparation of Resulting System Proposal 
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FIGURE NO. l 


GRAPH SHOHING SCHEDULE OF PROPOSED .t~!ORK PROGRAMME 


\~~'11900 

OLT~E..? NO\'AU.bj \.\ L..JU~APRD~~ I 3AN I F~~ I KA~NO\J M"~ 
~-................... -~-~-·~- -- ·--------1----- - - •. 

.__, 

co 

-0 
;o 
0 
G) 
;o 
)> 

~ _:,,. 

rri 

(./) 
('"") 
_,_ 
rr1 
0 
c 
I 
rri 

G) 

::::0. 
> 
-0 
::r: 



9 
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1.10 C0r11ENTS ON PROPOSAL 

During the course of the programme the Space Research 

Institute experienced grave financial difficulties. The support 

requested for this programme was not available, 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 infonnation 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 infonnation 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 

2.1 	 INTRODUCTION 

The initial step in any design programme is the determination 

of system constraints and design criteria. These are subsequently 

combined with the .data on various devices capable of perfonning 

the required function. An engineering solution is then souqht. 

Thus, 	 the body of this thesis begins with a statement of the mission 

characteristics and vehicle behaviour. General design and 

perfonnance 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 cannono The control system, of 

which the sensors are a part, must successfully steer the second 

stage into a predetennined earth orbit. The payload to be 

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 g's and acceleration time would 

be ar~uhd 30 ·milli's·eco'ncii ·: r;'\Y. :·tr1e'r·faun-~1{· shock \·muld be semi-

sinusoidal. 
('I r ['" • • 1 . . ' • ' . ' ·1 • • •" ; C ~ I 

:, · ·· After the veh'icl'e leaves' the bnrrel it would experience and 

accel~raiion riear 2600 q's in the direction opnosite to the direction 
11 ~ f 'i~··, 1 r1 .r'(~ < ~v~ t_,-J, .. 

of tra~el. This latte~ acceleration is due 
J • l , f ' .1 ) r ~ 1 / I .) r ( • r· ( f', , ... 1 

1 

to the relaxation 

of s trai.ns irnpose·d upon ve·hi .C1le·stnu.ctlttie rduri nq 1aunch. 
I, 

,... 4  } ~ I I ,. ; ~ • ' ·-; 

When the second stage engine is fired the system experi~nces 
' ' ! ' I.'.) 

an additional acceleration of 30 g's. The time of fliqht for this 

second stage is 10 minutes. This is also the operation time for 

the control system. 

The temperatures to be experienced by the sensors and 

associated electronics has 'been taken as 25°C ± l 5°C. /l.l titudes 

would . ~ange from sea level tp~ 350 n~µtical miles. 

At this stage of development, one would be content with 

the best accuracy ob ta i Mhl e'. ' '. : /\s a cutoff point, ho1:1ever, the 

previous specification of± 1° at 0° pitch (injection) qiven by . 
~ ' I 1 - '"I, " '~ ~ • I I ' I ' ... ' - ( • • ' ' I 

Space Research Institute to Aviation Electric Ltd. (Auqust 1965)
" 1 i ·I ·, 

wi 11 be used~ 

2.4 THE CONTROL SYSTEM 

The large pitch anole precession that is required for orbit 

injection combined with the short operatinq time of the system 

precludes the use of small natural fbrces associated with natural 

. I I' 
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1phen'ornen a as actuation mechanism's. q· Such , natura 1 'phenomen·a a re 

the earth' s qravitationnl anrl ma(Jnetic 1, fielrls, rinrl the sun'·s r;H-fiation 

n =el'd. " · '1\erodynamic pressures are also insiqnificant at the 

altitudes near 200.,000 'fee't,. ~..tfrete· rtheirsys:tent woul'd 1 be cperat i ng ·. 

J\· :~rea1cti dn contra l sys teri i S" th'us requtre;d·: 1 ., ·~ • 1 · , · • 

( -I ' - ... ~ 	 ' ... • , ' ,' r. ·, (' . .,. .. I t t· 1 ( ·, r \ ' r I ; I j... · - " ' ! .. . . . ~ • 

The mathematical stud/ of 	co·n-trol s ~vstems for sninninq 
I 

1bodi ~~ us ua 11.v emp 1oy~ ·iu{e ·vJ€1\·-k~-60H· tE1~ -, ePs-'eq'u~f; ans ·descri oi nq 

the rotatfonal motion bf. a: ..hody' :suhjecte'd ·to bocly ·toraues .. ·· Euler's 

qene'r·a l , eq nat i o·ns ' can · ·he ' ·a~pr'o£itnart'.ed fo f ;'S'D;: ri -· axis-· syrrimctrfca 1 

--~,~ ~ ~ ~ ~. : · ~ ~ ~·, J 1 ('1 1'\•, r'r' 1. -; :' ••· ". ~ 1 .• 

~ :·:: cC• ·~" 1" ' . " • " 

~' '_j ••• , , ' ] 

(1 ) 

I' 	 :·. ) ' 1 , '. f f ~·, r' Cf~ 1; ... ·., 
f'" f • r1 ' . . ' r .... . · ~ r ~ , . 

(2} , 

1 1
•• '•"' • J : ,--~ ,-., ' ~. '· ; 1 ' • 1 1 • r i •• • '" ,-, • • ._ i ,.·· 1 ~ • i i r • .

Where C 
r 

is the moment of 	inertia ab6~t the axis df symmetry and A 

is the moment .of · inert fa 'ab'out ·'tirl'e·t cros1s-bod:V. axe,s ·~ , · , Fi,qure · ( 2. 3) 

t l l,ustrates the ori entaUon . . ~} ''i r f' •·. I 1 ~. ;· ' ' ' •: r • ~ \ 

.,~.( ..Figure .(2~.3) also shows t\~o Eul'Jt> angies (·e ·: ahd l : ·re.quired 
, ' ' i : t ·, , . I • , " \ ' . \' i ,'\ ... i I '. t I : 1 ; .... r ~ ~. I r . • I r ( ' • ! ~. 0 • . ' i ~ • 

to detennine an attitude for the · vehicle~ - · By desi'lni'nq a reaction 
. ' ., 

controi' s_ystem within the rocket, whose servo-nul 1 conditions are 

sa.£Jsfied_ only_ when it .ha_s achieved the attitude representing the 

desired rotations, the essenti a~ · e laments , for atti-tude control · are 

"l •I '.' . ( .pr6vi ded '. 

: I ' ) ' ~ . . ' . ' l ~ • . . ~ .... 

http:a~pr'o�itnart'.ed
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The spinninq body control system mechanization requires that 

torques, given as ~1 1 and r1 above, be applied to the body \'lith such2 

time ~nd 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. Fi qure ( 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 launch 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. 
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, 2.~ ' 	 SYSTEMS IN WHI.CH JHE) SINSORS ARE .WSEQ .~t ·;,·I' 

Care must .be .tak~n to · di .s,t,i,nqtJiSth; .P:etYJ.een control .techniques 

and sens i nq techniques .and. ttie, ma.nn~r: ;tn \~h-.i .ch ;thes.e. .numerous 

. ~ne.th? ?s ..~ay . !J.e com?ined-. tor .act1j,.~.ve ~n, oye,r~n .xe~:icle . quiqance 

sy;>t_~nt. 

general design philosophies of injection quidance. 

• • ' J ' , r: { r (' r) t . '( ('; , r, ..' r; +- ''. ', ; ' ' 


.. ?.rbit i njectip~ .g 4i ~~n :ce_ ;.c;~{l :PEi- i f~f:Pnip l.J,~; ~tf.d; ).!? -,i nq ,0,n.e of 

:t~re~~Jµn.damenta 1. .sys ~~m .~onG~pt~, 
1
; ., ; (Pr!t9,qrap}[!le ~L a.~tiJ~u*: ~. radi. p or 

inertial. • . ' ' ~ r'" ' ' 	 . 1' : I {' I \ , 	 • • • . I ' ' ' I , I' l : .· } , : ' ~ ) ~,., , ' .... i I~',~ t 0 (~ f () ' • r· .~ 1 r ' ' ,' : ' 

. .. ,. , . ..~,roqrammed-;at~~ .t1y~e.. systems cause the vehicl e to nrccess 

itself through predetennined angles as a function of time ra th e r 

than as a funcf iQn of itf envi '1onment. The sensina of annular 
I\ w. -\- \.c. - A WL w :. M \ 	 . 

movement is necessary to gener te cutoff~ iqnals to t.~H: nr~cess1on 

rockets. In c0.nvt_r)tio.ual fr~c:,k~\: this .has be.en wU:comnlished ·by 
~ ~ \. J w \ u.J ") - l-\ ,_ 

state-of-the-art rate ~yros. The control system is onen loop. 

No 'decision proc~sse.s ' a ~re ..~a1~1r;i ~/~ur oh :·boa\rd. f). . 

Radio control systems are of t\m main types; those \'Jh ich 
1 

t \ ' , t" , • • 	 , ~ ~ ' ; ,: 	 I1 

sense the vehicle orientation with radar methods and those which 
1 

use on-.board sensors' 1 ~~·d reH\y ttf~~/~ bf~k~ft~· 1 q2l ~·· ·tJithe ground. 
; \. · · I t· ~ .··,:.. , :. !, · ,;· .- , ,.,..... t:_,1 " '''~Cl(• .··.,.,, ~,- . .. . : ~·:·,· .i, 

In both 	cases· actual reference inforinatfon and computational 
'' , f , • ! ' ~ 	 ' ' ' ~ ' I ' ' I ' ,- r: 1 J' ' (I(" • I •· . ' r v ' ·~ t \ t ., • ,/' ' I ' f \' 


facilities · are locat~d - on the . q~buhd. · · Aciuat~o~ ~iqnals are 

r ) .f ; r ( ~ 	 , f i . 1 . . • • • ; • , · . l • ·, r 1 1 -. •', , / , \ ; ' l, ('. : i •_ f . ~ ~. , j , I 1 1 • • 1 • ·,1relayed 	ba

1

ck to · the vehicle'. · · 
r • I • ~ ' • ( 

Inertial systems are usually completely self contained. 

/\n inertial platforri provides a coordinate system \l/hich is stahl e 
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in space. Additional inertial sensors, mounted on this platform 

detect rotations and accelerations in this co-ordinate system. 

An on-board computer obtains position and velocity by numerical 

integration of the acceleration indicated by the inertial r1!1tform's 

sensors. Only the initial conditions and constants loaded into 

storage prior to launch are required from a q~ound-hased computer 

after t he airborne comruter has been programmed. /\r:ivantages of 

this guidance system lie in its qreat flexibility in trajectory
' ! 

selection and its closed loop design. It is not necessary to predict 


beforehand t he: disturhir10 fo rces that might act on V1e vehicle. 


A great disadvantage is tl1e large number of inertial sensors 


required to stabilize the platfonn and detect vehicle motion. 


A new development in inertial systems has been the elimination 

of the stable platform arrangement. Recent advances in the soeed 

and capacity of airborne computers has made it feasible to maintain 

the inertial refererce in the computer and mount the sensors rlirectly 

to the frame of the vehicle. Suell systems are termed 11 stranred

down 11 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 inertia] concepts. 

From a hardware point-of-view, the programmed-attitude systems have 

the least number of components, the lowest range costs and the 

lowest accuracy requirements for sensors and comnuters. They 

also, as a consequence, have the lowest accuracy for orbit injection. 
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Proqrammed attitude sys terns have an f'ldaoti bi 1itv to va ri e<i 

trajectories which is eaual to the arlaptihility of inertial 

systems. While these considerations are not in tbP same 

cate<lor.v as design criteria, they are imnortant factors to he 

noted for future consideration. 

2. 6 ATTITUDE REFtRENCE SYSTP1 /\LIGNMENT 

The initial aliqnment of the attitude reference co-ordinate 

system is an important desiqn consideration. For self contained 

and radio-aided inertial systems aliqnmPnt is accomplis~ed before 

launch and the attitude sensors are in 0neration throuohout the 

1 i ft-off oeri od. 

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

can be exoected to operate durinQ the perio<l of aun launc~. This 

approach may result in a situation in which the sensors heoin to 

operate after a large vehicle misaliqnment 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 observation may be nreverited 

hy cloud conditions or hy movement from the sensor's fi~lct of view. 

It is therefore anrarent that tradeoffs will be made hetwPe n 

system concepts and allowable accura~v in thr fin~l selection. 
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2.7 	 DESIGN CONSTRAINTS 

From 	 the foreqoinq discussions one can determine Qenerct l 

guidelines to aid in subsequent sensor evaluation. The most 

imoortant characteristics are listed helow. 

LIST 	 OF DESIREn SENSOR CHARACTERISTICS 

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

2. 	 Suooort eauipment (electronics) must he canahle of survivino 
gun launch in workinn order. 

3~ 	 Sensors and related equir.ment must be comnact and li0ht in 
weiqht to increasP nayl0ad (i.e. less than in lhs. ?n~ ?00 . 
cu. in.). 

4. 	 Acceleration sensitive drifts should be . small as rlevice 
operates durinq boost phase. 

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

7. 	 Initial svstem alionment should he simn1e anrl P.asv to accomrlis h 
(especial)y during .fliqht). . 

8. 	 The system must be able to function at any hour of the d~v or 
night. 

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

10. 	 The device chosen should have a nroven feasibility an d use 
proven comnonents and proven desi0n techniques as much as 
possible. Desiqn and development of new hiqhly specialized 
component items shoulrl be kept to a minimum. 

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

system capable of just survivinq the launch environment while 
fulfilling the above ten conditions and since no real criteria exist 

to judge whether or not a qun-launched system is qood or bad, 

considerations of accuracy and power will be left to a further 

analysis, b~vond the scooe 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 these 

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 detennination 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 Oetennination 

) 
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5. Earth's Magnetic Field Sensing. 

6. Sun Line Sensinq. 

7. 	 Orbital Plane Detennination by Inertial Methods (e.g. Body 
Rate Sensinq). 

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 qenerally 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. 



26 

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. 
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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 local vertical involves the detection of the 

d·iscontinuity 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 BE DETECTED 

There are several physical phenomena which may be used to 

· define the earth's horizon. Singer [l]*, Holler [2], Hanel [3] and 

Plass [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. 

.;' ·.... (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. 

28 
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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 limb or border between 

it and outer space. 

As a first approximation, if bne 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 if 

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 Ill 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 background 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 range of spectral emi~sion, 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 co2 band versus distance 

about the horizon are shown in Figure (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 ( b\-ot) 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 Tires 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 wavelenqths. The 

15 micron co2 band, however, is well within the convenient operating 

range of thennal 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 [l~]. The main ones are 

listed below. 

1. 	 Radiation Thermocouples 

2. 	 Pneumatic Type Detectors 

The incident radiation produces a temperature (and 

thus a pressur~) 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 launch 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 to 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 Figure (4.4). A schematic 

bridge circuit. is illustrated in Figure (4.5). 

The t~ermistor detector operates by virtue 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 Joule-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 

flakes are in the order of 10-8 to 10-9 watts. These radiation 

signals cause temperature changes of the order of 10-6 to 10-7 

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 

I 
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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 relationship 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 

se~sing 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 =Output (over linear range)Input 

(2) Noise Equivalent Power = RMS Voltage 0 f ~he Noise
Respons1v1ty 

(3) Detectivity = Reciprocal of the Noise Equivalent Po\~er 

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. 

I 
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4.5 DETERMINING ROLL AXIS ATTITUDE 

A typical· system for detennining 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 pulsee 

The sensors are mounted on the vehicle inclined to the spin 

axis ·at an angle tA . Figure (4.6) shows this arrangement. Figure 

(4.7) shows the geometry of the sensor scan cone and earth sphere 

intersection. 

From Figure 6, 'Y\~ 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 -t~ can be determined by finding 11..r as 

a function of pitch and then 

t~ =- 'Y\J,- I ~ 
•

where ~ is the vehicle spin rate •. Tait [24] has shown that the 

sweep times are also a function of vehicle ~it~h angle, earth radius 
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and vehicle altitudes because~~ depends on these . quantities. 

The front and rear earth pulses and the resulting error 

pulses are shown in Figure (4.8). The widths of the two 

error pulses are added to obtain a pulse of width t = t 1 + t 2• A 

transfer function for the sensor for a particular scan speed, altitude 

and sensor alignment is needed to make this infonnation useful. 

A typical transfer function graph is shown as Figure (4.9). For a 

final pitch attitude of E;. degrees the control system would keep 

reducing the sum of the two error pulses t 1 arid t 2 to within a 

certain 1imi t ~ t about t. At depends upon he which determines 

the zope of pennissible final pitch attitudes 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 trac.kin.g, star tracking and sun sensing, 

are a11 basically the same method. The intensity and sharpness 

of the object sensed affects system accuracy and its variation with 

time and position in space determines to what 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 IMPLEMENTATION 

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 sensor 
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is calibrated beforeh'and and a reference computer programmed to 

relate the sensor outputs to angles. This approach can be 

quite useful for detecting .yaw angles for rocket and space vehicles. 

The angle to the sun from the plane of the trajectory must be 

approximately known 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 contai~s 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 opti~al tracker are shown in Figure 

(.5.2). The photosensitive device is, typically,!! 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 that 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 in 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 ~elescope to the centered condition. 

The searching and tracking operations can both be performed 

w~thout 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 th~ 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 a1ignment' 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 system, 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 

vehicle's has been the sensing of the gravity field of the earth, or 

other heavenly body, as the case may be. The concepts proposed 

to date are based on the gravity gr~dient phenomena. Crowley, 

Kolodkin an~ Scheider [1] and Roberso~ [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 r.otating 

accelerometer. 

Up to the present time the gravity gradient 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 O is 

taken as a reference pointandtest points Pare taken on the 

circumference of a small reference circle, center O, then for all 
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points P 

(6.A) 

where 	 ~ = Gravitation at any point P 

~o = Gravitation · at reference point 0 

The tangential component, shown in Figure (6. lC) varies sinusoidally 

with position e around the circle. The magnitude of this 

variation, at normal orbital altitudes is 0.5 x io-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 a re really only two main sys tern 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 

verti ca1. The error signal would be nulled at the vertical. 

Analysis has shown [3] that for an accelerometer separation of l foot, 
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-11 
an accelerometer bias error of 10 g would cause an error in the 

- 1 .verti ca 1 of lO mill i rad1 ans. 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 - t~~ phas~ of this signal. Since the 

same accelerometer is used to detect g at all points around the 

circle, bias errors and scale factor errors will cancel when 

determining the phase angle ef which detennines the v~rtical. · t'. rlevice 

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 
-7 

g (0.5 x 10 g/foot of radius) is ordinarily not observable when 

the vehicle is within the atmosphere because the effect represents 

an extremely small part of the gravitational field. Only in orbitinq 

vehicles will the effect become conspicuous. 
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CHAPTER 7 

MAGNETIC FIELD SENSING 


7.1 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 infonnation 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 detennination of a spinning rocket have 

been developed by two separate groups. These systems, designed 

by Conley [l] 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 detennine vehicle orientation. 

These devices are corrmerically available and quite simple in 

construction. One additional component of the system not required 

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

The system proposed by Conley [l] has been conceived specifically 

for low cost sounding rockets. Because it has fewer components 

than Ott's system [2] and the available infonnation is more complete 

Conley's approach will be reviewed as a typical attitude detennination ' 

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 (~.l). 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 

(7.A) 

where . " = 	angle 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, the .phase of thi~ 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. 



67 


Pulses from the solar cell define the time interval of one 

revo 1 ution. 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 approximations for the aspect angles is improved 

by successive differential corrections. Mathematically, the 

magnetometer output infonnation is reduced to a relation between 

the direction cosines of the earth's magnetic field and the magneto

meter itself. After nom<llization, the data consitutes measurement 

of cos"-~ where 'A..~is the angle between the magnetometer and 

magnetic fie 1 d vectors. The system of equations is thus 

The direction cosines of the earth's field are considered known. 

From the transfonnation 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 eand ~ which 

determine vehicle pitch and yaw. {Roll can be described in tenns 

of pitch and yaw angles). 

The procedure is to approximate the unknown angles e and ~' 

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 anqle 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 

nonnal 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 wavefonn 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 0111 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 

transfonner. The power supply is A.C. and the graphical symbols 
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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 Figure (7.5). The field to be measured 

is +x and the path of the flux lines through the flux qate or 

saturable reactor is shown as dotted lines. 

The gate windings N1 and N2 are connected with diodes o1 

and o2 in such a manner that the d-c flux components ~,and "{.,_ 

produced by the ampere turns I1N1 and I2N2 in the respective 

semicircular portions of the core have the directions shown by 

the solid dots on the arrow stems. ~~~a~~ combined with ~, 

will be additive in one direction and subtractive in the other. 

Now because the effective impedance of each of the qate 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 11 
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 Figure (7.4) the 

effects ·of the external field on the flux gates FG 1 and FG 2 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 

el imination 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 range of trajectories 

the magnitude and direction of th~ 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 
Mfo SYSTEMS 

8. 1 INTRODUCTION 

Inertial sensors can be described generally as devices which 

detect either displacement (an9ular or linear) or rate (anqular or 

linear). Accelerometers are used for linear movement applications 

and gyroscopic sensors are employed for anqular motion detection. 

As spinning rocket attitude can be specified hy two- Euler anqles, 

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. All gyroscopes operate on 

the principle that a moving-mass system, in the abscenee of an 

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

Conventional gyro design has concentrated on developing a 

low drift instrument employing a spinninq metal rotor supported on 

ba 11 bea ri nqs. Recently, gas bearings have been employed in some 

applications. 

In recent years the emphasis on increased accura~y at reduced 

cost has caused several new avenues to be explored. Lund [l]* and 

Langford [2} describe instruments which are based on operating 

principles different from those of conventional gyroscopes. Many 
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of these devices do not require precision of parts and assembly 

to meet their performance objectives. The most recent l i sting 

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

LIST OF GYROSCOPY CONCEPTS 

Vibratory Motion within Fluid 

Solid State Vibratory Electrostatic 

All Vibratory Type Electromaonetic 

Rotary Qrive, Vibratory Output Dynamically Tuned 

Nuclear Cryoqenic 

Nuclear Magnetic Reson~nce Low Frequency Electromagnetic 

Magnetic Induction Wave 

Solid State Nuclear Ball 

Laser Spinninq Mass 

Optical Non Floated Free 

Optical Orientation Phase Sensitive Field 

Vortex T\·Jo Oegree of Freedom 

Rotating Fluid Non Floated Modulation 

Liquid Filled Rotor Non Floated Precision 

New Fluid Rotor Inertial Sensor Multirotor unsupported 

The problems of achieving stahle performance can be just as 

difficult to solve as those of conventional gyros. Therefore , in 

addition to conventional gyros, Land and Langford both report t hat those 
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concents qener~lly considered as most suitable for revP.lormPnt 

are: 

1. Electrically Suspenrle~ Gyros 

2. Fluid Gyros 

3. Vibratory Gyros 

4. Laser Gyros 

5. Nuclear Gyros 


fl. Cryoqeni c Gyros 


In actual fact, of the ahovr devices the onlv two which 

have not reached the nractical staqe are the Nuclear anrl Crvonenic 

Gyros. The onen literature on these devices is limiterl. ThnsP 

naoers which are available deal with fundamental problems in 

physics, not operational prohlems. For these reasons their 

treatment in later chapters is not unrlertaken. 

The state of the art of the most prominent new d~vices 

was summarized by Lund [ll and is oiven here as Fiqure (~. l). 
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CH/\PTER 'J 

CONVENTION/\L GYROSCOPES 

9. l INTRODUCTION 

Gyroscopes are considered to be conventional in this re po rt 

if they have a solid metal rotor supported by hearinqs (ball or aas). 

One to three degrees of freedom for this devi ce are permitted by 

gimbals. In some devices the sensitive element may actual ly float 

in a viscous fluid. Pickoffs may be one of several el ectronia ri netic 

or electromechanical devices, the actual device havin~ nn h0arin0 as 

to the classification of the 1yro. 

Slater [l] has defined the ranqes of accuracy re0uired for 

different qyro applications as follows. 

TYPE OF GYRO nRI FT RI\TE REn • T TS 
DFG./!m. 

Rate Gyro for Fire &Flight Control 10 - lSO 

Directional Gyro &Gyro Horizon for - 15 
/\uto Pi 1ots 

r1a ri ne Gyro Vertical - 5 

Polar Direct. Gyro (used at polar reqions) 0. l - 1 

Gyrocomoass (ship-borne) 0.03 - O.tl 

Gyroscope - Inertial Naviqator 0.0005 - 0 .1 

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

TvJO deqree - of- freedorn ri.vros are also called 11 free 11 qy ros or 

amount qyros. It is essentially an orientation measuri nn device wi th 

inputs and outputs both angles. Performance of a tyn i cal of f:..the-shelf 
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unit (Whittaker FFlO) 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 l .3 6 x 10 2 gm-cm I sec. 

Environmental: 	 Acceleration 30 g's 

Shock 250 g's 

Vibration 20 g's 10 - 20,000 c.p.s. (sinusoidal) 

Temperature Range - 65°F to + l65°F 

Genera1 · 	 Length -4.200 in. 

Body Di am. -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 spheri ca1 gas bearings but these have 1imi ted freedom about 

either axis. Random drift levels of around 0.01 degrees per hour 

are acceptable for guidance systems and the better gyros accomplis h 

this quite easily. 



9. 3 THEORY OF OPE_!'!iTIOM_ (? n.. F. GYROS) 

The mathematical theory underlyinq the operation of the free 

gyroscope has been treated .in detail by many authors. It is often 

included in formal courses on riqid bod.v dynamics. For these 

reasons it will not be dealt with here, The reader is therefore 

referred to the excellent treatment qiven by Savet [3], Arnold 

and Maunder [41 and Thomson [Sl. 

q. 4 GYRO MECHANI Z/\Tin~·! 

The two-denree-of-freednm displacement qyro consists of the 

basic qyro rotor and a nair of qimbals or carrla~s wbich ~re 

simoly frames which support the rotor. These frames nrovirle th~ 

two deqrees of anqular freedom required to rotate the qyros case 

into almost any orientation without forcing the soin axis to rotate 

away from its orioinal rlirection or orientation in space. 

The main elements of a two-rleqree-of-freedom '1.Yro are shown 

in Fiaur~ (9.1). This is a schematic rlrawinq to illustratP h~sic 

principles anrl problems. No matter how sophisticaterl the rlesi~n 

may be, the fundamental elements shown must be included. 

The ma.iori ty of two axis 0'1rOS use ba 11 heari nris for rotor 

anrl qimbal suoport although some ~as bearinq work is hein" rlone on 

this device. Axis pickoffs can he ootentiometers, synchros, 

E-Rars, rotatary differential transformP.rs or opticnl 

http:transformP.rs


R6 


pickoffs. The tv.JO axis gyro has not received as much 

attention as the single axis gyro, however. 

9.5 TWO-DEGREE-OF-FREEDOM GYRO APPLICATION 

(i) 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 11 vertical 11 position by servodriven gimbals. 

(ii) 	 The Gyrocompass 

This device is often c2llrrl thr nir0cti0nal Gyro 

or t~Zi mu th Gyro. The spin axis is horizontal and is made 

to maintain a given direction in a moving vehicle. 

(iii) Gyro 	 Stabilized Pl atform 

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 lock or strikes a mechanical 

stop it will tumble and lose reference completely. If refer.ence 

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 a~ those for a 

single degree of freedom gyro. 



87 


The above devices are dealt with in greater detail by 

Thom-son [5], Puckett and Ramo [6] and t.Jrigley and Hollister [7]. 

9.6 PROGLEMS OF THE TWO GIMBAL GYRO 

Two problems which plague the operation of the free gyro are 

11 gimbal lock" and 11 gimbal errors". ~Jhen the spin axis becomes 

co-linear with the outer gimbal axis the gyro can no lonqer be precAssed 

by applying torques about the gimbal axis. The gyro is effectively 

stuck or locked in this position, a situation described as 11 gimbal 

1ock 11 
• 

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 align.ment 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 bearinqs 

used on gyros for space applications. 

Due to extensive development work these gyros are now capable 

of drift levels of less th~~ 0.003 deg./hour in ~iniature size units 
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Volumes can be low as onewhich weigh less than one pound. [8]. 

cubi c inch. 

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

rate gyro supplied by the ~Jhittaker Corporation [9] 

Example: Rate Gyro 

Characteristics Values Units 

Performance: 

Ma xi mum Rate 6 to 1000 deg./sec . 


% f ull s caleThreshold 0.02 

Linear ity Limits (to half scale ) % f ull scale 
: 0.2 

(to full scale) X full scale 
+ 0.2 

Environmental: 
Vi bration 25 @20 to 2,000 (g's and freq . range ,cps) 

Shock 100 g's - peak 

g'sAcceleration 100 

Li fe (A.C. Motor) 2000 hrs. 

OF Temperature -65 to 212 

9.8 THEORY OF OPERATI ON (S.D.F. GYROS) 

The mathematic t heory underlying the operation of t he s i ngle 

axis gyroscope has been treated in detail by many authors. The 

reference s given in Sect ion (9.3) are excellent refe re nce sources. No 

attempt wi ll be made here to review general fre e-body dynamics . 
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Single axis gyros are usually employed as rate gyros or 

rate integrating gyros. Referring to Fi gu.re (9. 2) , if the gyro 

were to be subjected to a input rate "IP , the rate of change of 
• 

the angular momentum vector Cn is C'Y\fr
1 
which . requires a moment equa1 

to it about the output axis to ba 1anee the developed torque. This 

moment may be supplied by a torsional spring of stiffness ~ as the 

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

we have . 
c~cy = k.e 

(9.A)or 

Thus the output angle e is proportional to the rate of turn y 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 

~A is the damping constant , equating the rate of change of angular 

momentum to the viscous damping torque will give 

• c 'V\ ~ = c.d e 
c~.e)e =- ~ \-iAl :. 

Th 11~ thP outn I.it anri 1p is oronn rt i oral to the i nteg rrl l of th~ input 

anoular rate, which is the inrut anole itself. 
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9.9 SINGLE-DEGREE-OF-FREEDOM GYRO MECHANIZATIONS 

Asingle-degree-of-freedom gyro consists of a rotor, a single 

gimbal and a restraint device which acts to restrain angular motion 

about the gimbal axis. 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. 

Beryllium-copper alloy is often used for the spring rods because of 

its low internal hysterisis properties [10]. 

The motion of the output axis is usually sensed in modern units 

by a rotary di fferenti a1 trans former. 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 si tuations as 

t he two axis gyro. The mai n difference is that two single 

axis gyros are needed where one two axis gyro is used. Three 

si ngle 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 GY RO 

Because of its s ingle gimbal design the gyro inh erently avoids 

t he phenomenon of gimbal lock. The gyro is easier to cage (only 

one mechanism required) and easier to realign in ope ration should 

the reference be lost [3,6]. 

An addi t iona 1 benefit occurs from the adapti bi 1 ity 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 - fundamenta l, concerned with the 

concept itself, and practi cal, concerned with the mechanical hardware 

presently available. 



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 ~f the angle of 

deflection of the gimbal about the output axis. Hhat this means is 

that to increase sensitivity and to prevent the coupling of the 

spin into the input ~utput deflections should be kept as small 

as possible. 

The gyro spin bearing has 1ong been a factor l i mi ting the 

performance of conventional gyros. Rotor speeds ~rcater than 

24,000 r.p.m. are considered impractical because of the excessive 

power required to overcome windage and friction. LoVJer speeds 

are not favoured because angular momentum is lost. According to 
6 2

Whitcomb [11] in the typical 2 x 10 gram-cm /sec. qyro of normal 

proportions, motion of the rotor of the order of a frac tion 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 bearinq has solved 

many of the mass stability problems and contributed to long life. 
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These advantages result directly in improved random and anisoelasti c 

drift rates and consistent drift repeatability. Domini, Mott 

and Squillante [12] report that the Sperry 516-4200 qas 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 
3 22 x 10 gm.cm /sec., rotor mass 3 grns) is capable of withstanding 

100 g's. 
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THF ELFCTRfrALLY SlJSPFNf)ff) GYPOS<:OPF 
------ ---·~--.......--------· 


1().1 nrs IGN AND PERFORMANCE SIJMMl\RY 

The actual performance of the hest electrically susrPnrlerl 

gyros is classifierl, niMensions and power levels reouired for a 

typical unit have been reporterl,. by Knoebel fll and Lanaford rfil. 

These are listed below: 

TYPICAL SPFCIFICATIONS: 

Rotor niameter - ?.n in. with n.0?n in. wall t~ic~ness 

.-
Rotor Weiqht - >?5 om. 


Total Weiqht - fi-7 ltJs. (i,ncludlfn
, 
,Q suonort electronics) 


noP.ratino Speed ?00 rms. 


Electrode Gap - n.010 in . 

., 

Electrode Area 1t1 Cl'!'!. 


-8
Container Vacuum - 10 mm. Hg. 

App1ierl Voltaqe - 3800' RMS 

Readout - hy 4 Photomicroscopes 

Run nown Time-Constant - 15,non to 1sn,nnn days 

nrift - (potential) - 0.0001 deo./hr. 

Althouqh the above information is sparse, it · 0n~s illustrate 

the inherent comoactness of this d~vice, as wP11 as its PxtremPlv 

lonq life. The ver.v mechanization of the frP.e rotor nrincinle 

t hat is employed makP.s the electrostatic qyro w~11 suiterl to use in 

98 




99 


a strapped-down system. Much work has been done recently on 

this application by the General Electric Comoany and the ~inneapolis-

Honeywell Company. 

With respect to its nhysical environment it should be noted 

for future referrnce thnt consirlerahle effort was exnPnderl to make 

the device reliahle under 1n o acc~leration loarls accorrlin~ to 
·1 

Knoebel [41. 

10.2 	 PRINCIPLFS OF 0PFRATT0N 

The theory of oreration of the Fl ectri ca 11 y Susoenderl rivro 

(ESG) is hest qiven in the thesis of ~aker and Harrill [31. A brief 

description of the princioles of operation will he oiven h~re. 

The ESG is basically a free rotor qyro. T~e so-here is 

supported by the electric forces between the two plates of a capacitor 

formed hetween the ha 11 anrl the wa11 s of the evacuated ceramic 

enclosure. 

From basic physics, the force of attraction between thP two 

olates of a capacitor is given by the equation 

(10 ·-A) 

where /1, = .n.rea of a plate 


Cio = Permittivity of fr~e snace 


\j = Aprlied voltaqe 


d = 	 Oistance hetween the plates 
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From this relation it is seen that. as the seoaration of the 

plates increases, the force of attraction rlecreases. This condition 

is unstable. To make this device operational one technioue that 

is used is to aoply an AC voltaqe to the capacitor throuqh an 

RLC series circuit such as the onP. shown in FiGure (ln.?). 

It can be shown that the voltaqe V is qiven byc 

~c =- ~~ 'l.t 
'R.. "\' l ~"'k ~c) (10-B ) 

W~c,y~ '/..1,,.:=· )WL , '/..c.-= '/ l<.AJ C. 
Now capacitance C can be qiven as f\e0 /r!. Upon substitutinq for C, 

XL and X , equation (ln-B) can be divided by rl to qivec . 

~c. \ =- ~~ . ( 10-C)\-d ,J ld.- w,_LAeo\i. + (w'i..A.eo)'

From (10-C) one can calculate ~(J\~for Vi = l and substitute 

into (10-/\). Thus 

i...~eoF.::. 
2. J\ci- w... \....A~~...-+c..~~~e..)a.. 

when a graph of F vs. d is plotted ( s Pe Fi qure (10-!l) it wi 11 be 

seen that up to a displacement ~ the chanqe of force with increasinq 

separation will be positive and the susoension will be "stahle". 

After leviation is accomplished accurate centerin0 of the ~otor 

between electrode pairs is obtained by usino a servo loop to control 

the aoplied hiqh voltaaes by sensinq the oairs of interelectrode 

capacitances. 

MILLS MEMORIAL LIBRARY 
.. "_,." 11 l"'Tr-n 1 t 1\11\/C"OC! lTV 
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The rotor is spun ur by means of induction motor action . . . \ 
A rotating maqnetic field is applied usinq coils A-A anrl R-R (see Fio. 10 .1) 


which are excited by a two ohase power sunoly. Hplmholz coils 


C-c' are used to remove anv wobble which may he imnarted to the 


ball durinq snin up. 


Attiturle rearlout is accomplished opticallv. Tlie exact 

approach rlenenrls upon the confiouration in which the instrument 

is employed. For units userl in aimballerl svstems the snin 

axis position ·is monitored and maintainerl fixerl relativP to the 

case with servo driven follow· up of the gimballing. Srin axis 

monitorinq is accomplished by ha~ino four photomicroscooes scan 

a ziq-zaq oattern placed on tre rotor. See Fiqure (ln.3). 

When both pairs of nickoffs are scanninq the center of t~e 

ziq-zag pattern· the wave form occurs at t~ice the pattern frequency. 

There is no fundamental comoonent. When t~e rotor is out of 

alignment with the case, the oattP.rn will he scanned either ahove 

or helow its centerline. If the unper half of the nattern is 

scanned, Fioure (10.3) shows that the output si<'Jnal now has two 

components; a fundamental and a secon<l harmonic. ThP maonitude 

of the fundamental is nronortional to thP rlis~lacement of the 

scanning line from the center of the nattern. Direction of 

displacement is obtainerl by comoarin'l the rhase of the fundamPntal 

with the phase of the second harmonic. '·!hen the scann i no line 

is above the pattern center-line, the two siqna1s will he in n~as~ 

http:oattP.rn
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and out of nhase when the scannino line is helow cPnter. 

In th~ non-qirnballed system of the tvpe rlesc r ih ed hv 

Christensen, [?l, a qreat circle and a cosine line is nlacP.rl on 

the ball. The pickoffs a~nerate a rlirection cosine mat rix. 

Comparison with reference values from a computer eventuall y determines 

the spin axis inclination. This rnet~orl is ouite comnli caterl 

mathematically and requires careful study to .arnreciate its 

el eqance. As the purpose of this rerort i s the sun~r1nrizinn of 

qeneral operatinq princinles, further rietail will not he shown. 

Reference f2l, howev~r, is verv rlefinit~lv a reouirerl na ner s hotJld 

further work be considered in this fiPlrl. 

10~3 nFSrRIPTION OF TEST MnOFL 

As the FSG is classifierl, no detail rlrawinqs are a vail a~le. 

Figure r1n.1), however, indicates the essPnti~l features of t he 

device. Data is available to descrihe the llniversity of Jllinois 

q_vro·. The fi qures qi ven he low are cons i rlererl to he tyni ca 1 

for devices of this type. 

The rotor is accurately centered within the elPctrodes hy 

servo controlled hiqh voltaqe. An acceleration of 4 q on a ?5 

qram rotor is supported hy 3Rno volts PMS with an elect rorle qan 

of n.n?5 cm. This qives a field intensitv of isn,non volts 

ner cen t i tneter irnd a fielrf emission current of n.s mi cro ..·arnneres. 

For readout hm r airs of rrotomicrosco nes ohsPrve a zio-:rna 

nattern as described in Section (10.?.). 

http:nlacP.rl
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The sphere is made fro111 aluminum . . W.al l thicknPss is .. 

o.n2n in. thickened at the equator to n.10n in. to increase t~e 

moment of inertia and define thP. snin axis of t~e hall. The 

rotor is hollowed out throuqh 1/? in. rolPS at the rolPs. The 

holes are then closed with nluqs. ~atino surfaces are oold 

plated to create a vacuum tiqht joint w~ich nrevents leaka0P of oas 

tranped in the ball durinq assemhlv. Sealino is nec~ssarv as 

the time to ev~cuate the hall would he nrohibitive. 

10.4 LEVIATION CIRCUITS 

A.C.leviation is ~referred ton. C. hecause it reou ires less 

complicated circuitry (6 instead of 1? e1ectrodes for 3 axis supnort) 

and is not sensitive to r.. C. strav charoPs trarnerl on the iso late<l 

rotor. 

The leviation circuit shm·m in Fiqurp (10.~) needs no 

amo l ifi ers. It operates at a frequency near 1n Y.C. 

While the system works well in air without rlamnina , in a 

vacuum darnpinr.r is reouirerl to prevent slm·r huilrlun of oscillations . 

Fiqure (10.4) shows a dampino circuit. The feerlhack coil modifies 

the inductance as a function of the levitation force. 

10.5 PERFORMANCE TEST RESULTS 

Performance of the existino Flectrostatic Gyros is classif ied. 

The drift potential often quoted for these rlevicPs is 0.no01 deo./h r. 

Accuracy requirements are haserl on this rrerlicted drift potrntial . 
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After spin un the rotor is inrlepenrlPnt of anv rlrivino circuits. 

It spins frP.e1y. No anparent rlrift siqna1 can rl evel on rlue to 

this action . 

10.7 TEMPERATURE RESPONSE OF THF ~YRn 

As test data is not available, no temnpratur P re snonse can he 

quoted . It is t r ue from hasi c considerations , ~nwever, t~at snin uo 

qenerates heat in thP rotor. Recause of the hard vacuum environmen t 

this heat is not dissipated for about a dav. The res ultinq 

aherattions in the rotor's snhericity cause instahilit:v of qvro oneration 

for ahout ?.4 hours. 

10 . 8 HYSTERISIS 

This nhenomenon does not arnlv to the FSG . 

10 . 9 ENVIROMMEMTAL TESTS /\ND RESULTS----- -·..----···--------

No data is available in the ooen literature . 


10.10 RELIABILITY 

No data is available. ~owever, the reliahility would he 

directly related to the reliability of the leviation rower surmlv. 

There are only four hasic tor~ue effects t~at can cause dri~t 

in the FSG . These results from four main causes 
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(l) 	mass unbalance in the rotor 

{2) 	 electric tor~uPs rlue to non-symmetries of thP electrodP 

rotor confiquration 

(3) gas draq 	torque from the pressures of finite molecules 

in the vacuum atmosphere. 

(4) 	maqnetic torques rlue to stray fielrls nr~sent in the 

sninninq conductive sphere. 

Mass unbalance P.ffects result .from non -coincidence of t.,r 

rotor oeometry with its center of qravity. FxtrPmP care in 

construction must he exercised as these mass imbal ances inrluc~ 

precession not onlv in the electric field hut in thP. orescence of 

acceleration fields also. 

Flectric tor0ues are caused by aherrations in the sn~ericity 

of the ball, and the tendency oft~~ h~ll to hecome an Pllio~P at 

speed. nften the hall is desiqned with a prolaterl shape sn t~at 

the desired shape is reached at speerl. 

-fi -REven at the pressure levels of in to 1n - mm of mercury the rP 

are still finite molecules present which can catise rundown and 

precession torques. 

Maqnetic fielrls can effect the rotor which is essentially a 

spinninq conductive sphP.re. For most wor~, however, thPse pff ects 

ca~ he prevented hy nroper shieldinn and consequently ne0lrcterl. 
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10.1? PR/\CTICAL PR()BLEMS nF TfJF n.FrT~nST,l\TTr r;vRn--·-- ·--"-- ··-··· -- ...--··--------·-···---·

The first main orohlem is one of nrecision. For this 

typical qvro described in Section (10. l), the rotor must havP its 

c~nter of mass within ?.6 x in-~ inc1es of the qP.ometric center to 

prevent static electric torqu~s from causinq an unbalance. The 

electrode qaps may he from 0.005 to n.01n inches so that sphericitv 

and sneed deformations must he exactly ~nown. Centrifuoal rleform 

-4ation may be around 2.5 x 1~ cm which is larqe compared to 

machinino errors. 

Prohlems of leviation anrl snin-ur alsn have to he solv~d . 

Once the vacuum is ohtainerl it wust be maintainerl. When prP.ssure 

is reduced to 10-7 or in-B inches of Hq in t~e container ~nd the 

container sealed, lah tec;ts have shown that thP. nressure mav rise 

to in-5 inches of Hq. This nressure rlrons nuic~lv aoain to in -8 

in !-lg. when an . ion-qetter pump is permanently attached to the conta iner. 
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CHAPTER 11 

THF FUJin SPHFRt=: r,ypnsrnPF 
·......---· 

11 • l OES IGN AND PFRF0R~~ANCE SU~MARY 

A gyroscop·e that has a rotor which is a spheri ca1 hody of 

fluid has heen successfully rleveloped. The most noteable morlel 

is the 546-?550 dPve1oped hy the Snerr.v Gyro scone C:ompanv. It is 

sensitive to rates ahout two axes orthoqonal to the snin axis of the 

fluid. Specifications for this unit are listed helow. 

Specif~cations and Perforriance 

Size ? in rlia. x 3-1/4" lonq 


Weight under 1 lh. 


Sphere diameter - 1 in. 


Environmental 

Shock Loadino 1nn q. 

Linear Acceleation (sustained) 40 q. OJ18 deq./hr/q 

Sine Vibration Tests 
?n.n3 rleq./hr/q 

The reliability of such a unit h~s been shown to be very hiqh 

when compared to reqular floated sol1d rotor qyros. The reasons for 

this are 

(1) 	Only two fluid gyros are needed to do the work of three 

floated qyros . 

. (2) Pearings 	are external to the unit. Therefore they can 

be . larqer and lubrication better maintained. SnP.r.ds are 

a 1 so 1ower for the fl ui rl tm it . 

112 
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(3) 	 The motor is external to the case. Po delicate nowrr 

leads are required. 

There are several other arlvantages of the fluiri snhcr0 qyro. 

These will he noted later. 

11.2 	 PRINCIPLFS OF OPERATJnN 

In the fluid sphere 0vro a body nf fluid is usPd as the rotor. 

The liouirl is contained in a spherical cavitv anrl is soun by 

rotatinq the cavity. Viscous counlino acts hetween the horlv of 

fluirl and the '"alls of the cavitv anrl therhy ciiuses the fluid tn s nin 

un with i~s container. 

When seun in this manner, the horlv of flui~ has anqular 

momentum and thus tends to maintain a fixed direction in so~ce. 

Because of the spherical shaoe the case can easily rotate ahout the 

spinninq fluid in any direction. 

The input-output relationship has been shown hy Oiamond ·[l] 

to be of the form 

(11-/1)et~ 

where e
0 

=output angle; e,~ = innut anole 

T = time constant = o."?>S\ R 
'\} "'U .ct.. 

ft =radius of cavity; ~= fluirl kinematic viscositv: 

..a. = cavity sni n rate. 



11 4 


Both K and"'l:' are functions of rotational speed, oroperties of 

the fluid, and sensor oeometry. The device is thus known to 

behave as a free gyro at hiah fr~Quencv innuts and as a rate ovro 

at low freouencv innuts. 

To detect innuts which causP tre rnisalianment hetwC1~n snin 

axes, use is marle of thP cPntrifuoallv inrlucerl flui~ nrr s su r~ at 

the wa11 s o f th e con ta i n r r • I n a s n i n n i nfl fl ui rl t.., orl v t he c r n t r i flJ ri a 1 

nressure is oiven by 

(11- P) 


where 

r = fluid density 


...n... = spin rate 


R = radius 

Thus a chanqe in the radial distance from the fluid snin axis t o 

a pressure transrlucer on the outer cavitv 1,•1al l wi 11 show a orp ssure 

chan0e. 

In Fiqure (11.1) the two different rarlir.tl distances r 1 and 

r2 to the sensor ·pickoff oarts can be seen as oivinq rise tn a 

pressure rlifference detected hy rliaphraqm ~. Simultaneousl v t hPrr 

ma.v be a rressure nroduced at diaohraqm R rlue to rotation ahout the 

third ~uadrature axis. As lonq as a misalinnment exists (anrl 

thus as innut rate) anrl the fluirl snins at a freou r ncv _.a.. , the 

pressure qenerated will hp aiven by 

(l"l -C) 

http:rarlir.tl
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where 

~ = anqular deflection in radians 

~= nhase anQle and a direct measure of th0 directi
in Sf)ace of the axis about 1t1hich the rotation 

on 
has 

occurred. 

Equation (11-c) is valid for small values of ·b only. 

It will be seen that the outout of thP oressure transrluccrs 

wi 11 qo to zero v1hen 6 ooes to zero. ~ n~ir of rhase sensi tive 

demodulators, usinq as references the outnut of a two nh~se alte rnator 

couoled to the spin axis, will produce voltaq~s nronnrtional t o 

rotations about two orthooonal axes lvinq in the nlane nnr~a l tn 

the cavity spin axis. 

11 - 3 DE sCR I rTI() N 0 F TEsT , ~ nf' Et. 

The Sperry qyro is 2 inches in diameter, 3-1/4 inch lnna 

and less than 1 lb. in weiqht. The snin motor st~tor is 

contained within the qyro case. The casP. enrl caos hove mol0r~ 

stators for the rotary transformer and suoport of the sninninri 

inner case. 

Ports throuqh the cavity wall are at ooints about 4S rle~rr e s 

removed from the snin axis. Oianhraqms arranqed in the 

connectinq nassaqe of the oorts are aluminu~. 
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The operatinq speed is 6non R.P.M. 

The qyro can be rlesiqned to ensurP t~at vibration is not a 

source of false pressure. Tbe transducers, placed in diametrical 

opposition around the waisthand of the snhere are eauinoerl with 

aluminum diaphraqms o.nn1 inches thick that match the density of 

the liquirf. Recause of this density match the diaphraqms are 

essentially floated anrl almost insensitive to vibration. 

11.4 FXCITATION ANn SI'iNAL PPOCFS~ING CI~r.UITS- -- ----· 

The circuit~y reouired for siqnal processinq is shown in 

Fiqure (11.2). Magnetic slin rinqs are used to transfer hiqh 

frequency excitation to the spinninq rotor and take sfonals from it. 

These slip rinqs are transformers that have ferrite cores with 

cylindrical air qaps in which the relative motion reauirerl for 

rotation occurs. 

The carrier excitation from the input transfonns excites 

four transducers in the pickoff; these are arranqed in two nairs 

with diametrically opposed transducers in each nair. Fach transrlucer 

is excited by one of the four q.uadrants of the outnut nhase and the 

outputs of all four transducers are added. ThP. sinole sidenanrl 

output is derived by the modulation of the four carrier voltaqes., 

phases by the four capacit~tive transrlucers. The steady state output 

is: 
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wh~re 

c-> = applierl input rate 

w~ = carrier frequP.ncy 

-"'L = srin rate 

</; = space phase of total input vector. 

Equation (11-£) is the sinqle sirleband equivalent of 

(11.D)e o = C;.:J s\.,.. f s~( c_..>c,.~ ..n..4:) ..Jr w~~ "'°'(c,.J, -r..n--b-) 
Mow, s i nee WSl-,.,,S and w c,,sl are the inputs · about 

orthoqonal axes, if the siqnal is demodulated once wi~h respect 

to each of two phases at sirleband frequency, two d.c. voltaae 

outputs are produced. Tf'ie qyro emnlovs a canacitat.ive device 

to provide this sideband reference. 

11 • 5 PF.RFORMAMCE TEST RFStJL TS 

(i) Qperatinq ~ne~~ . 

Soin-speed selection is hased on sensitivit~, 

noise and stability. The optimum speed for this tyne of qyro 

(6000 r.p.m.) is relatively low as compared with wheel-type qyros. 

Althouqh the generated oressure is proportional to the souare of the 

spin speed, the time constant decreases with the square root of the 

speed. Also temoerature qradients and vihrations are qrP.ater at a 

hiqher speed. 
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(ii) Hvsterisis 

When the displacement anole noes to zero 

the differential pressure sensed hy the diaphragm qoes to ZPro. 

Recause the pressure of interest is alternatinq it is easily sensArl 

and a static shift of diaphraqm position produces no output siqnal. 

For this reason there is no hysterisis error. 

(iii) Ori ft 

No exact data is availahle. ~owever, recent 

work at Sperry [3] reports random drift levels less than 0.1 

deq./hour. 

11 • 6 FRE'1!.IENCY nEP~~mF.NCE OF OIJTPI IT sIGN/\L 

The use of a carrier siqnal reauires that carP he taken 

to avoid spin frequency modulation of this carrier. Such 

modulation could appear as bias output. However, hy excitino 

the input transformer from a low imoedance source and bv workinq 

the output transformer into a lm·1 inout impedance amnl ifier this 

effect can be larqely eliminated. 

11. 7 TEMPERATURE RESPONSE OF THE GYRO 

Performance of the SpP.rry SY6-2550 o.vro was satisfactory 

in transient and steady state temnerature tests over +fin deq. F. to 

+160 deq. F. without heater control. 
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npnsity of the fluid in the fluirl sphere qyro is of 

secondary importance to its successful operation~ ThP averaoinq 

effects of spin make diametric density orarlients vanish. r.entrinetal 

acceleration forces convection currents which heln to reduce axial 

qradients. The result is a fai rl v uni form fl ui rl density whic'1 

in turn means that the center of ~ravity of the fluid alwavs coincides 

with its center of support. Mass balance is inherently possihle 

at any temperature. 

The time constant is inversely rronortional to the souare 

root of the fluid density, a fact wbich also reduces the importance 

of close temperature control. The li~uirl userl usually has a low 

temperature-viscosity index · 

11.8 HYSTERISIS AS A FUNCTION OF TEMPFRATURF 

This area is not reporterl in the literature as heino a nrohlem 

with the fluirl gyro. 

11 • 9 ENVIRONMENT/\L TESTS AND REStJLTS 
•· 

The Sperry SY6-?550 q_vro surviverl sustained linear acceleration 

to 40 q. 

Drift under linear acceleration is low due to the close 

coincidence of the fluid center of gravity with the center of sunoort. 

This is closely described in Section (11 .7). ExneriP.nce at Snerry 

has shown that an axial temreraturp oradient helow o.nl rleq./cm . can 

he achieverl. With such a qradient a drift of n.R derf ./hr./q would 

r~sult. 
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(; i) Shock Tests 

The Sperry gyro survived satisfactorily 1nn q 


shock tests. 


(iii) Vibration Tests 

Sine vibration tests were carried out to 0n ~ 


(peak), without difficulty. 


In a 4Pi position sine vihration t~st, the q 
? 
· sensitivity 

? 
was 	 found to he 0.03 deq./hr./q·. 

11.10 RELIARILITY 

Diamond [?l shows a reliability comparison hetween a system 

using three conventional qyros versus a system usinq two fluid sphere 

gyros. 

For a platform with three sensinq axes, the reliahilitv figure 

of merit is fuore than four times that obtainahle with thre~ conventional 

qyros . . 

11.11 AnVANTAGFS nF THF FLUir SPHFPF GYRO 

In addition to the factors affectinq reliahility w~ich are 


noted in Section (11.1), other important features ar~ as follows. 


1. 	 In t~e investiqation fo~ anisoelasticitv coefficient 

it was shown that even for an ellipsoidal cavity the 

drift under acceleration would be small. Thus only 

moderate tolerance neerl be achieved in snhere construction. 
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?. 	 Nri soetial assembly or adju~tments are nPerled. 

ronstruction costs are thus very low. 

3. 	 Periodic calibration durino storaqe is not neerlerl 

hecause the fluid is a stahle fluirl unchanoerl hv lonq

term stora'le, and hecause thP. o.vro is rlevoir' of 

critical susrension comnonents. 

The sensitive element is completely non-magnetic and no 

drift results from close proximity to stronq maqnetic noles. 

Other features such as the low vibration sensitivity, low 

pressure sensitivity and two axis sensitivity have been commented 

upon in nrevious portions of the text. 

11.12 OTHER FLUin GYROS 

There ar~ two main classes of fluici ovros ~ rntatin<J container 

and non-rotatina types. Differences in the tvnes of readout are the 

main distinquishinq features between various modPls. The fluirl 

sphere two diaphraqm system seems to he the hest to rlate~ 

Three main concepts which stanrl out in non-rotatinq container 

fluid qyros are now described. 

I 

Fiqure 11.3 illustrates one form. The rotor is a con<luct i w~ 

liquid, such a mercury, is caused to spin hy the rotatinn magnetic 

field of a conventional polynhase motor stator. The fluid rotates in 

the annulus. In~ut angular rates ahout the diameter of the annulus 
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cause a pressure rlifference between a pair of norts at oprosite 

ends of the annulus. The pressure difference can he 

considered to be caused hy Coriolis acceleration. 

This device is extremely simple in construction anrl 

reliability should he qood. ~'owever, the valuP of J2_ is 

severely limited hy power inout requirements and the rf.c. outnut 

pressure is difficult to sense accurately at verv low levels. 

The vibratory column ovro is a hv~rirl rlPvice comhininrt 

vihratory and fluid <lesiqns. SP.e Fiqure (11.4). Fluid is 

causerl to oscillate in a container by an acoustic driver. The 

fluid oscillates at the resonant fre~uencv of thP fluirl in the 

tuhe (w~ich acts much like an orqan pipe). The rlevice was 

patented by. Granquist, (.11.s. Patent ·?,C)QQ,38Q) in 1qf.1. Extreme 

symmetry in construction is reoui rerl for 1ow c:4ri ft. 

A third form of fl ui rl qvro is the torus tvne. ,n conrluct i nq 

fluid is pumr~d around the torus hv electromaonetic numns. ~n 

effect similar to the conventional rate qvroscore is nrnrlucerl. 

Firwre (11.S) shows the outrrnt axis torsion "1~r which ·ic; twisterl 

when rotation ahout one axi~ of the torus causes a nrecession torouP. 

ahout an orthoqonal axis. The anole of twist is a measure of the 

innut rate. 

No rleiScriotion other than that qiven hv '·'inq rn P.Xists 

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 perfonnance data and physical dimensions are not available 

in the open literature. For general infonnation, however, Honeywell 

[l] has given capability characteristics that have either been 

achieved or will be achieved in the near future. 

( i) Phl:sical: 

Wejght 2 to 10 pounds 

Volume 10 to 200 cubic inches 

Power . . . . 2 to 4 watts 

(ii) 	 Drift: 

Random 0.1 to 0.01 deg./hour 

g sensitive negligible 

2 	 •t•g sens 1 1Ve . negligible 

{ii; ) 	Seale Factors: 

Stability one part in 105 

Linearity • one part in 106 
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Readout is in digital form with pulses coming at the rate 

of 213 to 219 counts/radian. 

The laser gyro has no rotating mass no sensitive torquing 

element, no mechanical null point, no problems of mass unbalance 

and no temperaturesensitive flotation fluids. The ready-time is, 
-3extremely short, being less than 10 seconds. 

12.2 PRINCIPLES OF OPERAT ION 
~ ~ ,,.· ·.- .. '" .. : • > ~ 

- ·. ·-~ -

The ring laser gyro operates on the basic principle that 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 Raker and 

Harrill [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 fonn 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. lA). 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 
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. . . ' . 

levels for a short time. A few ·«>.f.'ithese high energy ~: ne9n : .atoms 

emit a photon as they drop back to ~~~~ r norma1 energy l~_vef.~ ·· These 
:\;. 

photons strike other excited ne.on..at9w.s~; causing other i>h~ton~ to be 

emitted, which in turn strike oth~t .~on ~toms anq so qn . . .· A 

multitude of photons is produc~d "·i;,·:::•ir directi'ons. 

The second condition required tQ o~tain lasing ts a ~esonant 

cavity. If m,i rrors are 1ocated at e.~~~~ end of. the tub:e,, the photons 

trave 11 i ng para11 el to the axis of t_he tube wi 11 be refJected many 

times. The mirrors are the ele~n~~ producing the p()sitive feedback 

necessary to sustain oscillation. The. cavity is reso'nant . at a . . 

large number of frequencies since the c~vity length is ~· · large 

multiple of the optical wavelength of the emitted radiation. Most 

of these frequencies do not receive sufficient gain to achi·eve 

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 O,~ percent). 

The ring laser differs from the ~onventional laser . in having 

three or more mirrors so placed as to ~~use the light to travel 

around a closed path as seen in Figure (12.18). The ring laser 

is not different from the parallel mirror form. The possible 

oscillation frequencies are determined by having an integral number 

http:laser.in
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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 that 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 Harri 11 as fo 11 ows. 

The difference in transit time for this beam in a rotating 

loop from that with no rotation is given as 

(12.A) 

wher~ ~t. = transit time difference 

- f
• w = angular velocity of the loop .. 


C- = speed of light 


'If' . = radius of the loop 

A = area of loop (normal to axis of rotation) 
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If the circumference of the l()pp .js L, the actual ti~ of 

transit is given by 

. . 

'C . ~ · ,. l ;~ ~ ?.. 1.,4) ~ ) ·, (12.B)....-,_ \,. . ·. · - ~ 
tr . ·. . . 

Thus, the conclusion is that:the apparent speed of light is 

(12.C) 


Therefore, the two beams of light will have frequencies 

given as 

(12.D) 


~ "=- c. + 1...~ ~ft.... 
~ ; ).._ (12.E) 

The frequency difference is thus 

~~ = ~,- ~1-: 4~1' =- 4 ~ "i-s ~ 
(12.F)

)..\- c... L-

where frs = 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] anrl 

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 l 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 

initiate 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 move 

to the right or left. The direction of motion will depend on 

the direction of the phase change (which oscillator is at the higher 

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 we 11 as ~agnitude of the fringe motion can be monitored. When 

the gyro is 1 rotated clockwise the fringe pattern moves in one direction; 
I 
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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. For 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 of 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 Honeywe 11 1 aser gyro uses two opti.ca1 osci 11 ators 

operating at 3 x 1014 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 (108 deg./hour} the output deviates from the ideal by one 
6

part in 10 • 

(iii} Hysterisis: 

This phenomena does not appear 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./hours [l]. 

(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 limit 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 ca11 ed frequency 11 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 ~yro'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 limit should be very high indeed. 

12.9 SPECIAL PROBLEMS OF THE LASER GYRO 

(i} Lock-In: 

11 Lock-in 11 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 



139 

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

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

2 1/2
Lock-in Input Rate = k wavelen th) (scattered losses) 

enc osed area beam diameter 

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

100 deg./hour for a ring of about 0.1 m2 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 

1aser 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 

wa 11 s. The .laser energy is concentrated in the center portion of 

the cavity and therefore passes through gas that is flowing toward 

the ca th ode. · 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 directi on 

than the other, and will cause an apparent null shift in the input 

. f 
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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 

losses 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 
I 

another known or effective, input rate to the gyro. This biasing 
I 

moves the operating point of the laser gyro away from very low 

rates where lock-in occurs, to much higher rates where ideal 

~peration 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 Faraday 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)) awa~ 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 
-2

10 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, other 

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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CHAPTrn 13 

THE SOLID STATE VIBRATORY GYROSCOPE 

13.l 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 qyro 

developed in 1964 for the U.S. Air Force are s"iown in the table 

below by Buckley, Roese anrl Shearer [l]. 

DESIGN GOALS AND ACHIEVEMENTS 

Design Goal Achievement 

Size O. 5 cu. in. '1.'13 cu. in. 

Weight 6.0 oz. 0.67 oz. 

Power Req 1 d 0.5 watts 0.3?. watts 

Threshold (Steady 0.1 r.feg./sec. 0.5 deq./sec.
State) 

Max. Rate + - 100 deq/sec. · -+ 500 deq ./sec. 

Sensitivity n/a 1 . 5 mv deg . sec • 

Excitation Voltage n/a 45 VO lts D. C • 

Long Term Drift n/a 0.25 deg. sec. min~ 

Short Term Drift n/a 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 oerformance 

await the qevelopment of better materials. The most outstanding 

problem, the null drift can be solved as the corrmercial attainability 

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 0 movinq along 

a path C in the plane of the paper as shown in Fiqure (13.lA), and 

at a distance r from 0 can be described in terms of its radial 

and transverse components. With unit vectors -P and S in the 

directions shown, the velocity is 

(13.A) 

where .. Q. • ..is the angular velocity. The acceleration is 

then 

(13.B) 
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showing, in order, the radial, centripetal, angular and Coriolis 

acceleration terms. The reaction force capable of producinq 

a torque about any axis throuqh O is simply 

(13.C) 

or if_.a_ is constant 

(13.D) 

Thus F is due only to the Coriolis component of acceleration 

The torque developed about point 0 is then 

(13.E) 

\~here --'-'~ is unit vector in di rec ti on of :a_ 
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-lR) 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 angular 


velocity ...tZ.., 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 = ~ ~ b\l!. ~~w~t 

it can be shown that, neqlecting small double frequency terms 

the torque is given by 

~-= "'2.... "W'\. ~R- (..a.)" ..n.. <-A. Wvt-

where lA.J~ is the frequency of vibration. The result of the 

oppositely directed torques is a torsional vibration with the same 

frequency as the ci rcumferenti a 1 modes as shown in Figure ( 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 qain 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 piezoelectri~ ·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 FEASIBILITY MODELS 

Fi~ure (13.3) is an outline drawing of a finis~ed feasibility 

model. Figure (13.4) is a 1onqitudinal cross-section and shows 

the simplicity of the design. The piezoelectric sensor is held 

along the nodal line by a Viton "A" rubber 0-rinq. Usinq Fiqure 

(13.3) for reference, note that connectors l and 2 are used to 

excite the driven circumferential mode of vibration, while 3 and 4 

are for the output siqnal. 

All machined metal parts are anodized aluminum, while the 

base, 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 confiqurations are either patterns "C" or "l-4", 

which are shown in Fiqures (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 reqions so that 

connections to the output electrodes can he 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 reduGtion has been successfully used to electroplate the 

sensor. This process applies a coating of copoer about 20 

millionths of an inch in thickness. The sensor is first qiven 

a vapour blast to prepare the surface and then it is completely 

meta11 i zed. Then selected areas are masked with Mylar tape 

and the unmask~d 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 20 millionths 

of an inch thickness on the copper. This deposition of gold 

is by an ifllT1ersion 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 solderinq 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 diaqram .form in Figure (13.R). The main 

elements required are a drivinq oscillator, an amrlifier and a 

demodulator. 

Buckley, Roese ~nd Shearer [1] found that to obtain a 

stable null with the ceramic material then beinq employed, frequency 

control in the oscillator on the order of one part in 10
7 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 extractinq the rate 

intelligence. The best rate signal amplitude with respect to the 

cross-coupling signal occurred when the cross-coupling siqnal was 

270° out of phase with the driving signal. There, the cross-

coupling siqnal 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 frequency. For this 

particular example, resonant frequency was 9245i'cps whereas 

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

be co-ordinated. 

(ii) Linearity: 

The curves relatinq Rate Output Signal to Rate Input 

were considered (Fiqure 13.9). They would be vastly improved, 

however, if drift could be controlled. 

(iii) ~ysterisis: 

Hysterisis loops for Zero Rate Output Signal vs. Rate 

Input were plotted, as in Figure (13.10). While drift affected 

accurate measurements, the main conclusion was that hysterisis is 

less than the observable threshol~ level of the instrument. 

(iv) Orift Tests: 

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

and a _long term drift of 0.25 deg./sec./niin. 

(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 drivinq 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 siqnal 

drift. 

The frequency dependence of the oyro zero rate siqnal varies 

from unit to unit . Since a gyro zero stability of less tt1an 

0.1 	 deg./sec. has been specified, this requirement dictates a 
8frequency stability maintained to within 3 parts in 10 . 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 frequ~ncy 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 fre~uency 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 ~ysterisis loons indicated 

that the two modes of vibration do not precisely track each other 

and do not shm'I 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 tests of the 

standard military test procedur~ will be reported here as temperature 

sensitivity has al ready 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 q's, in 

turn, in each direction along its three orthoqonal 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 desiqn is 

1. 0 degree I second I g. 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 imract shocks of 15-9 

acceleration, along each of the three orthogonal axes. 

Again, both visual fxan·iration 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 0.08 inch double amplitude 

10 to 17 cps +- 0.41 g's 

17 to 74 cps 0.36 double amplitude 

74 to 500 cps +- 10 g'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 anplied amplitude 

of 0.36 inch or an applied acceleration of +- 10 q'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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configuration 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 ahscence of any rate of failure data, it must be 

assumed that the mean time between failure is determined by the 

associated electronic packaqe. 

13.11 SOURCES OF ZERO ANGULAR RATE SIGNALS 

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 

cou~ling of the input and output modes. This cross coupling 

from input to output produces extremely larqe zero signals which 

completely overshadow the portion of the output signal containing 

the rate intelliqence. 

Mass imbalances in the sensor are caused hy: 

(a) lack of homogeneity in the sensor ceramic 

(b) nonsymmetrical poling and electrode configurations 

(c) sensor wiring and mounting 

(d) dimensional tolerances 

The elimination of the cross coupling signal, called nullinq, 

by the techniques listed below has not been entirely satisfactory 
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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 ZERO RATE SIGNAL 

(i) Mechanical: 

Three different mechanical approaches were tried and 

evaluated. 

(l) addition of balancinq masses 

(2) 

(3) 

change of Nodal f1ount Position 

Kinetic Nulling Technique 
..,

While all three of the a~ove 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 

couplinq torques. The forces are developerl hy the proper 

placing of sprinqs 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 11 huckinq 11 techniques. 



13.13 PRACTICAL PROBLEMS OF THE PIEZOELECTRIC GYRO 

At present drift rates are extremely hiqh being of the 

order 2 to 5 deg./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 siqnal stable 

to within 0.1 deg./sec. drift rate would require 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. 8ecause 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 homooeneous material 

to eliminate this zero rate error source. 

In addition to these fundamental problems, troubles in the 

mounting of sensors and in mounting electrodes to the sensots 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 heen successfully 

built and tested in the United States and Great Britain. Test 

have shown thi~ 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 heen the providing of the concept's feasibility and investiqating 

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° 0 /hour 

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

Linearity - 1% up to 0.65 x 1060 /hour, 13r, at 1.3 x 1060 /hour, 
620% at 2.6 x 10 °/hour. Linearity can be 

maintained at 1% over the entire ranqe with 

amplitude control. 

Environmental 	 Tests 

Shock Resistance - 30 g in all directions 

Vibration - 10 - 55 qps at 0.06" 

Operating Temperatures -65° to + 80°C 
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General -

Length (Housing) 711 

Body Diameter 311 

Weight 4 pounds 

Life of Sensing Element - unlimited 

Temperature Control Heater - 2 amp at 2n.5 VnC. 

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

Perfonnance: 

Stability - Constant Acceleration Conditions 

Long Tenn (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 

[l], Newton [2], Morrow [3] and Fernside and Briggs [4]. Morrow [5,61 

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 siqnals 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 frequency of the 

tuning fork. This vibration is produced by Coriolis Force acting 

on the tines. Figure 04. l) shows a s imp1e comparison betv1een 

rotor gyros and the tuning fork. Figure (14.2) shows the hasic 

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

Peferrinq to Fiqure (11.1) two counter rotatinq nvrnscone 

rotors exhibit orecessional or Coriolis forces under apnli0d rate. 

Te oscillatinq masses of thr tuninq for~ exhihit the same action. 

However, since the for!< motion neriodicallv r~verses, direction the 

~recessional forces rln the same. The theorv of Section (13.?) 

describinq the ooeration of the piezoelectric qyro coulrl also be 

aprlied here. This oscillatinq precessional courile <lets ahout 

the central axis of the fork and is orooortional in maqnitude to 

the applied rate. In practice , the oscillatino tor<iuP. caus~s 

relative motion between the fork and its base throuoh a torsionally 

tuned member. The maqnitude of the rate of turn determines the 

velocity of the torsional oscill~tion. 

If it is assumed that the qvro cnnsists of a susrended mass M
0 

with a base of infinite mass and riairlitv, anrl 

(a) Rota ti ona 1 Inertia of '·~ass = I = ~1 °' 
') 

·o.. 
(h) Radius of G.vrati on of f1ass = r = rn ( 1 + 6f' /R ) <..c~ L"tt'~~~ 

0 

(c) Amoliturle nf Vihration of ~ass = ~R 

(rl) nistance from Mass to Innut Axis of Potation = n'o 

(e) /\nqular Velocit.v of /\ssemblv (Innut) = w\~ 

The orob~em is then to finrl 

where w 9 = cutout vi hrati on (\\lith resnect to base) . 

lc.,t = input vibration 

c.,,v is taken with resoect to inertial snace. 

The system is considered to hnve, about the axis of 

Rotational Stiffnpss = "Sw. 


Rotational RP.sistance (rlamninq) = ""
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Then by summinq the torques ~ctinQ on the susnenrlerl inertia 

(111.n) 

we obtain 

M It~ [ ( '\. + ht'- c.o-:s '-""' ~t )-i. " ( w<!> ~I.A)\.)
u..o 

-""\it'\s..lw~"""'-'"') (\~ ~ <.os~1'~1:-)!>-.._ i...-r~..J ·. 
R. 

(14.C) 

where 

For constant base motion 

Simplifyinq the toroue equation and attemntinq a solution of the 

form 

(1'1.D) 

we must rlefi ne the tnrs iona 1 resonant freriuencv 

-&--(?_-; ..L l ~ \Yt. (111.r) 

"2..."""" ~ b n.~ I 
Makino the rlrivinq frequency equal to the fork freouenc.v tunes 

the system and give us 
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(14.F) 

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 Modeli 


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 
-3 

properties. An overall accuracy of± 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. 
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If the electrode ootentirll is (./\ + B sin uit) volts, a 

convenient drivinq method is tn hrlve ~n A.r. voltaqP at fork 

fre11uency with /\ 1n' Peak force is thPn ornnnrtional to 2AB. With 

larqe values of A, the reouired force can ~e achieverl withnut l~rne 

areas or small qaps for the electrodes. 

-2The electrode air gap was 5 x 10 ems. w~ich, with a plate 

area of 3.6 so. ems. a oolarizinq voltage of d00 v.n.c., And ~.C. 

voltaqe with oeak values of 120V, ~ave an oscillatory force at fork 

frequency with a peak maqnitud~ of 50 dynes. The corresnondina 

tine amplitude at the free end was 15 x ln- 1 ems. 

To maintain constant amnliturle of vihration som~ limitino is 

required in the A.C. arnnlifier which connects tine rickoff to rlrive 

electrodes: this amplifier must have zero nhase shift since force 

has the same phase as the siqnal from the pickoff whic~ is velocity 

sensitive. In this examole a linear A.C. amnlifier with zero 

phase shift completed the A.C. oath whose outnut controlled the 

D.C. polarizinq voltaqe applied to the drive electrodRs to aive 

amplitude control. 

The tine pickoff siqnal is used to orovirle the reference 

volta~e at sqn cos for the cutout sional demodulator. 

The torsional motion is s~nsed by variable rP.luctance trnnsducers. 

Alternatinq toroues occurrino in the hase either from roriolis toroue 

or those due to asymmetries in the vihrati0nal motion will cause 

the base to oscillate rtnri nrorl11ce oscillatnrv risolacements of t\·;o 



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 asymnetries from those indicating rate of turn or 

error torques having the phase of the tine velocity. 

14.4 ELECTRICAL CIRCUITRY 

The e 1 ectri cal 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. 

( i i) Lineari ty: 

The Sperry Gyrotron has a reported linearity of 

1 %up to 0.65 x 10
6 

deg./hour, 13 %at l.a ·x 10
6 

deg./hour and 
. 6 

20 %at 2.6 x 10 deg./hour. Linearity could have been maintained 

at l %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 

(14.G) 

Thus the vibration is proportional in magnitude to the rate of 

turn Wb, and has a phase which reverses with direction of turn. 

The sensitivity remains constant as long as the ratio ~~~~f rt0 

remains constant, where QR is the t orsinnal 0, R is the average 
0 

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 system. 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 ~~ to a new value ~R. 

For rates of turn sma 11 enough so that ~'Q:=- ~'\to , 

the decrease in sensitivity is expressed as 
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DRo- ~~ _ d?-s.- ~~ L··- - w~ (14.H)
~CL :t.._r .._ o 

'"'2..\\ :r-'s 

This decrease in sensitivity occurs 

only during and immediately after sustained rapid rates of turn, 

and the amount of it can be controlled by ~esign. This is a 

steady phenomenon and will not appear instantly on application of 

a rate of turn. 

{iii) 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: 

1.... ~~ ~~w~o ~Amplitude = (::, = 	
'- ,_ 

(14.I) 
Qo .,,_\\'";~ ~ ~ ~"i ... ~... 

~"'.... f 
Phase = = ~ ~\ 1--is-'o ~"" l~-T 	 (14.J)+ 

Graphs of typical variations are shown in 

Figures (14.5A) and (14.5R). 

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 (~ o.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. Bec;ause 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 low 

drift rates mentioned temperature control within~ 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 

(i) 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. 

(ii) Shock Tests: 

The limit 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. r~o 

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 (or 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 unba1ances upon vibration of the 

fork. 

Three major spurious -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 asynmetries in the support. 
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(ii) · Lateral Vibrations: 

Lateral vibration of the base has two main sources. 

1One is the case when the tines have different effective masses; the 
I 

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 asyrmietric 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 equilibrium 

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. 
I 

ln 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 unb,a 1 ance in the prescence of certain asymmetries 

in the base. The driving system may also introduce an in-phase 

torque directly by misaligned 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 ZERO RATE SIGNALS 

(i) Double Modulation: 

Double modulation refers to the introduction of a 

second modulation of the Coriolis torque through modulation of the 
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angular 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 Sensitivity 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 

( 14. K) 

" = velocity of the mass 

-n... = 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 

(14.L) 

where V""' = amp1i tu de of the motion 

WA= radial fr~quency of the driving vibration 

The Coriolis torque about the sensing axis can then be found 

as 

where~~= 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 

(14.M) 
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to balance the acceleration force of the mass 'Wl 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 ..n.o.at a phase angle &o.. 

{b) a non-acceleration sensitive component ....Q.""' at 

a phase angle e~ . 

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 wi 11 

come from acce 1 era t ion Cl.:ti ~ a 1 ong the Z axis of the fork. Thus one 

could write 

{14.N) 

where ¥a.= the acceleration sensitivity. 

By referring to Figure (14.2) one can note the axes 

for the Double Modulation discuss.ion. If the tuning fork is rotated 

about the ~ axis at a constant angular rate WW\, the angular rate 

about the sensitive axis is given by 
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J:t.~i, . -= .t"l.~c..osw'M* -t ~~ s~ w ..t (1~.n) 

\<Jhere ..s'"l..~ = the annular rate about the v axis .of the doublv 

mtidulated instrument 

Thus, unrler conrlitinns of Double Modulati0n, t~e accel~r~tinn 

.alona t~e Z axis of the fork ~ecomes 

( 111 •r)°'=i:.~ = - a. '1 ~ ""' l.4:>._4:- -+ c:\.~ c. o~ c..v 'W'-t 
Placin~ the enuations for acceleration, (~) anrl (r) ?n~ th~ 

ex'1ression (n) for annular rnte into rtn eouotion for total tnrriue, 

such as 

then the expression for the total torque about the sensinn axis 

hecomes 

(1 II. S) 

i.e. The torque siqnal has three comnonents at frequPnciP.S 

( l ) = wrl .w-+ .. rive +CIJmodul at ion' 

(2) = W<:!rivew' 
( 3) =lt..J_ Wdrive - A.Jmodu l ri ti on 
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These. are 

(l~. U )M~c\ - -\<::~ J:"7-.~ cos. ( w.,)4""=. ~ e.,_.) 

1'A~- ~ -~~c. l_(.~~ ~Cl\ ) (0\ w_-\::- - l ~-\-~~ ~~~trU') 

Mote that the nrimed and douhle-r'.'rimer.! accelP.ratinns refor 

to accelerations rrojecterl on axes rotated relative to the instrument 

axes in the nositive direction about the X axis hy anriles nf Jr" +-Go.. 
"2

anrl Jt'"-Q resrectivelv. 
'"'Z- ~ 

~v suitable siqnal nrocessinq it is nossihle to have thP 

overall instrument resnond to either the unner or lower sirlehanrl 

to the exclusion of the oth~r two comnonents. 

The sidehand torque comnonents both contain acceleration 

dependents that cannot be distinquished from rate sionals. This 

can he allowed for to the extent that K can be calihraterl for a 
an i ndi vi dua 1 ins trurnent. 
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CHAPTER 15 

SENSOR ASSESSMENT 

15.1 	 SENSOR ASSESSMENT FORMAT 

The concepts and devices described in the preceding chapters 

\'Ji 11 now be evaluated for their suitability for qun launch. The 

design constraints developed in Part l 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 l are given below. 

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

sensitivity. 

*2. 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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I 

*4. 	 The device chosen should have a proven feasibility and use 
I 

proven components and proven designl' techniques as much as 

possible. Design and developmen \ of new highly specialized 

components should be kept to a minimum. 

5. 	 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 surviying 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 lbs. and less 


than 200 cu. in. volume). 


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

of criteria l,2,3, and 4 will be sufficient reason for rejecting it. 
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15.3 HORIZON 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 sensing 

methods will thus be evaluated in this context. 

Criterion No. l Favourable 

Tests have been conducted by Aviation Electric Limited [l] 

on a thermistor bolometer type of device built by Parnes 

Engineering. The type of support for the germanium windows 

required for the sensor have been simulated using glass which has 

the same properties. Gun launch at 7,000 g caused no problems 

when the windows were edge supported and bonded in place usinq 

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 methanization 

for its operation. In usual designs a mechanical drive assembly is 

employed to rotate the sensor through its scanninq motion. In a 

spinning vehicle, ho~ever, the sensors may be rigidly mounted to the 

vehicle frame. The vehicle's spin accomplishes the scan. 
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Criterion No .. 3 Favourable 

If the horizon sensor detects i nfared 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 var1ation of intensity and distribution 

Criterion No. 4 Favourable 

Horizon sensing methods for the determination of the local 

vertical near a planet have tJeen successfully used on various earth 

sate11 ites. Manned space vehicles of the nercury 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 nEntioned earlier, under Criterion No. 1, these devices 

show great promise for survival of the gun launch shock. 

Criterion No. 5 Favourable 

While horizon sensor accuracy varies \'Jith time, these variations, 

in phenomena to be sensed, are on a yearly or daily basis. I\ 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 . 

• 
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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 radiation 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 [l]. Certain brand name 

components were found in each of these categories which successfully 

withstood gun launch accelerations. A listing of them is given 

in [l ]. 

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 lbs. 
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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 tin-es. This 

is particularly true of the photocell detectors, which have already 

been tested and proven by Aviation Electric [l]. There arc 

certain · funda111entals 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 

The photocell 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 alt i tude clouds, with a maximum altitude of 

18 - 20 km would not obscure the reference. 

If distant stars were to be 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 qimbal 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 twinkle, 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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rnovinq vehicles. ~ny acceleration detector placed in this 

vehicle would measure an acceleration which is the resultant of the 

earth's qravity field and the vehicle accelerations alonq its p~th. 

Because the qrarlient is so small within the atmosnhere, it cannot 

be rliscerned hy methods oresently known. 

BPcause riravitv ~radient sensinq is nnt in fact nossible, it 

can only be rejPcted. 

15. () EVALUATION OF r~ ,l\GNF.Tir. FIF.Ln SP.!SPJr.-- ..--~ 

~aqnctic field sensinq will he evalu~terl wit~ resnect to thP 

most promisinq rlesiqns for over~ll attitude determination svsterns. 

Criterion No. l Favourable (bv desiqn) 

The com~lete lack of movirq ~arts ~nd the nroven rl~si~n of h~Sic 

electrical comoonents such as resistors and canacitors makes t~e 

successful survival of thP. maqrn~tometer hfohlv nossible. 
f 1}" 

·1Criterion No. 2 FavEjtirable 

The maqnetometer attitude reference system considered in this 

report was designed soecifically for a spinninq vehicle. 

Criterion No. 3 Questionable 

Further information is reouired before a definite ruling 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 maqnetometers was used a l arqe ~mount of data would be required 

in addition to larqe computing facilities. 
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Criterion No. 4 Favourable 

Actual test flights by Conleys group [l] have shown that the 

concept is indeed a feasible one for conventi ona1 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 o~ 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. l Questionable 

The most sophisticated solid rotor gyro available, the 

single-degree-of-freedom floated gas bearing gyro, is not capable 

of withstandirig acceleration rates greater than 100 g's (3 ]. The 

~Jhittaker Corporation markets a spring energized gyro Type SPl .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 l>earings for the rotor and girnbals and synchro 

pickoffs and torques on each gi mba 1 axis. These units, such as 

the Whittaker FFlO can vlithstand up to 250 g shocks. 

Thus \-Jhile the shock capacities of present is quite sufficient 

for present aircraft and missile app1i cat i ans, they are not of 

the same order of nhlgnitude for gun launch shocks. Dinter of 

Honeywe 11 [ 4 ] fee 1s that there wi 11 a1so be a prob 1em of fi ndi nq 

materials strong enough to resist permanent deformation in sections 

light enough to permit floatation and to maintain low values· of mass 

i mba 1ance. 
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Criterion N6. ? · Questionable 

Strap-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 apolication 

of stran-down svstems to sn~nninq vehicles, there app~ars, on 

pre 1 imi nary examination, to be no reason for the sys tern _not he to 

applicable. 

Criterion No. 3 Favourable 

No external references are needed for the inertial sensor. 

Criterion No. 4 Questionable 

While conventional qyros are the standard of thP. qyro field, 

their behaviour in very hiqh shock environments is not known. While 

~esearches in the field, such as Ointer [4] feel that the ultimate 

limit of a qyro desiqned specifically for shock would he lnno q, 

only actual design and testinq will prove the feasihility of this 

unit. 

Criterion Nos. 5 and 6 Favourable 

If a gyro such as the Whittaker SorinQ enernized unit were 

used for yaw sensinq (with the soin axis set parallel to the 

intended trajectory plane), a drift rate of 0.5 deo./minute characte ristic of 
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this ·unit was accepted, an orbit injection error as great as 10 

degrees could be1expected. More accurate gyros ~an 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 •1 

Criterion No . 10 Favourable 

Compact gyro units ( 3 inches long x 2 inches diameter, 

weight, 1 lb.) and present electronic technology would provide 

a sensing unit well with the design limits. 
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15.8 	 EVALUATION OF THE ELECTRICALLY SUSPENDED ·GYRO 

Criterion No. l 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 gun 

launch. 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 

gradient of 2 x 106 volts/cm. 

Basic theory shows that if we assume one electrode does all 

the lifting and that \·1e have a plane parallel plate, the acceleration 

in g's would be 

2 = F - 1 NAEg 980m -980m 2 

where 

F = lifting force 

m = mass of rotor = 15 gm 

2A = electrode area = 10 cm


N = permitti vi ty of space = _J_ 

411 

E = voltage gradient = 2 x 10
6 

= 6 6 x 10 3 stat. volt 
300 • cm. 

The above figures are those for a typical Q-.. Yro. The vol ta qe 
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gradient is the maximum obtainable within the ,state-of-the-art. 

Substituting: 
2 

g = 10 x 4.4 x 10 = 1200 
980 X 15 X 2 X 4n 

This value is considerably less 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 rriilitary applications. 

The electrically suspended gyro is thus unsuitable. 

15.9 EVALUATION OF THE FLUID SPHERE GYRO 

The fluid sphere gyro cou1 d 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 R rate qyro 

mounted ~-Jith its spin axis parallel to the spin axis of tile vehicle. 

The inner rotating cylinder is supported during launch such that 

no "axial thrust 11 on the spin bearings is permitted. A nrnnosP.rl desiqn 

is shown in Aopendix 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 conductor~. 1·J i th out actu a l 

test firings no exact pronouncement can be made. 

http:nrnnosP.rl
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Criterion no. 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 incrPases or rlecrPases. 

Criterion No. 3 Favourable 

Geing independent of any external phenomenon no limitation 

is experienced. 

Criterion No. 4 Favourable 

Test models have been built and tested. Performance (See Section 
I 

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 deg./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 Favourable 

The sensitivity of this gyro to acceleration dependent or 

(acceleration)2 errors is extremely low. 
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Criterion No. 7 Ouestionable 

Initial system aliqnment is not possihle \-iithout some external 

reference infonnation. 

Criterion No. 8 Favourable 

Not deoendent on external references. 

Criterion No. 9 Favourable 

All support equipment is electronic. This problem can he 

solved. 

Criterion No. 10 Favourable 

The qyro unit can be only 3 inches long bv ? inches in diameter 

and weiqh less than l lb. 

15. 10 EVALUATION OF THE LASER riYRO 

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

be considered as best applied to yaw sensinq. 

Criterion No. Favourable 

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

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

very likely possibility. 
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Criterion Mo. 2 Favourable 

While no treatment of the sninninq vehicle prohlem and 

signal demodulation has done it is thou(Jht by Honeywell that this 

adaptation could be made. 

Criterion No. 3 Favourable 

An inertial device experiences no problem here. 

Criterion No. 4 Unfavourable (at oresent) 

The laser qyro has been reduced in size qreatly in the last 

few years to a solid quartz block ahout 11 inches across. HowevP.r, · 

much develooment work remains to be done -before the laser bP.comes 

an acceoted inertial device. Because of its low state of 

development, this device will have to be rejected~ 

The laser gyro is ve~y much the inertial sensor of the future 

and one which should be carefully reconsi~ererl for qun launched 

rockets at some future date. 

15. 11 EV/\LIJ/\TION '1F THF. SOL ID STATE GYRn 

The solid state qyro is a rate qyro useful for yaw rate 

sensing applications. Amethod of suoportinq the sensitive element 

durinq launch was desiqned and is described in Appendix B. 

Criterion No. l nuestionable 

The sensor ceramic is a hrittle device easilv broken if dronoed. 
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However, a support system for the element was desiqned (see .A.ooenrlh 

B) that is simple to ccnstruct and, by its simplicity inhe~ently 

reliable. Success durinq qun launch is an onen ~uestion, however. 

Criterion No. 2 Favourable 

The solid state gyro should be capable of being strapped 

dovm in the vehicle and allowed to spin with it. The concept of 

Double f1odulation, discussed in relation to the Tuninq Fork qyro 
•could be applied and the appropriate 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. Ba 1 ance, a 1 i gnmen t and 

ten~erature contrdl are present limitations. 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 v~hfcle is found by integrating the yaw rate through 
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ti me, the 1 ong term drift of the gyro wi 11 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 deg./sec./g is 

extremely high when compared to the fluid sphere gyro (0.8 deg./hour/g) 

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 fliqht 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 

l-1/2 inches in diameter by 1 inch long. 



· , 227 

15.12 EVALUATION OF THE TUNING FORK GYRO 

The tuning fork gyro is a vibratory rate gyro device, 


best employed for yaw rate s~nsing. 


Criterion No . Favourable (by design) 

.The very concept 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 

~tatement 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 other qyros. See 
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Se.cti on (14 .1). 

Criterion No. s· Favourable 

While 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 coninq 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 

erracti c. 

Criterion No. 7 Questionable 

System alignment is difficult. 

Criterion No. 8 Favourable 

No problems here. 

Criterion No. 9 Favourable 

No problems here. 

Criterion No. 10 Favourable 

iJhile existing test models have been rather large (7" lonq 

x 3 
11 

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 surmiary 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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CH/\PTER 16 

FIW\L SYSTEr1 PROPOSJ\L 

16. 1 THE SYSTD1 

The attitude reference sensing scheme proposed for gun

launched spinnin9 rocket vehicles consists of two major components: 

(1) 	 Two infared horizon sensors to determine vehicle 

orientation about the pitch axis. 

(2) 	 I\ tuning fork vibratory gyroscope for determining 

vehicle orientation about the yaw axis. 

It has been shown that these devices best meet thP. 

requirements for attitude sensors used in orbit injection control 

systems for the particular case of gun-launched rocket vehici"es. 

The merits of these devices is apparent because of the 

fo 11 owing items: 

(1) 	 Complete abscence of beari~g surface or rotating parts. 

(2) 	 Simplicity of operation. 

(3) 	 Economy of parts and operation. 

(4) The high degree of durability that can be designed 

into them without affecting their sensitivity in any way. 

(5) 	 The horizon sensors can be used to generate not only 

pitch error signals but an earth center pulse v1hich 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. l). 

(i) Horizon Sensors 

As indicated in the diagram the horizon sensors detect the 

radiation Jiffercnce 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 duration between the sensor output signals, the pitch of the 

vehicle can be determined by relating the 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 

about 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 wili occur about the proper axis. 

The circuitry required for such a sys tern 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. 



23'1 


The horizon sensor signals are amplified and squared by a 

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

and to gates Gl and G2. 

For Cycle Number 1, the data storage cycle, flip-flop 

terminal ~ 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. Informa ti on on · the 1 ength 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 vJOuld 

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 (t1 + t 2) (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 generated, Cycle Number 2 is initiated. Terminal l of the 

flip-flon becomes active, thus gates Gl and G? are closed. When 

terminal l is turned "on" switch Sl closes and the earth nulse 

volta~e decreases linearly to value zero in time T/?. ThP d~crrase 

in voltaqe to zero initiates the earth center pulse. 5witchinq 

circuits S4 and S5 are activaterl and a comnarison between the storerl 

error volta~e and the reference voltaqe E2 is made. If the difference 

of these voltaqes exceeds a fixe<l threshold sional, the reactive 

control system is activated. 

(ii) The Tuninq Fork Gyro 

The Tuninq Fork Gyro is fixed to the frame of the vehicle. 

Because it is spinninq it can sense rate about both the pitch and · 

yaw axes. However, by prooer siqnal demodulation, the yaw rate 

siqnals can be detennined usin~ the earth center nulse as a ohase 

reference. (i.e. the yaw si~nal is qo 0 ahead or hehind the earth 

center pulse). 

If the yaw signal-is inteqrated over time it will nrovirle 

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 ahout 

the fliqht path, the siqnal will inteqrate to zero. If thP vehicle 

is stravinq off the trajectory or the vehicle is made to nrecess abnut 
,. 

~h~, \ya~ axis , the rate s·h1nal s wi 11 hecome uneoua 1. The i nteg ra l 
\ " ' ( 

wn) then be some fin fte .va.l ue other than zero: 
''1 " • !• :.l".; 

~-I 
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By cornparinq the qyro's integrated siqnal with a reference 

signal at rlifferent times durinq fliqht the orientation of the 

vehicle can be detennined with resoect to some desired traiectory. 

A~ain, if errors exist, a siQnal will he sent to the valve triQoer 

circuitry to aopl.v a precession tor<lue at the r>roner time. 

A diaqram of the loqic circuitry that woulrl he reouired for the 

samoled data .vaw control system is shown in FiQure (lf\. 3). The 

tuninq fork demodulator circuits·are not considered here. The output 

rate siqnal from the second demodulator is the innut siqnal for the 

l oqi c circuitry. 

For this system as well there are two operational cycles: 

data storage and system actuation. The rlata storaoe cycle can he 

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

Durinq Cycle No. 1, (data storaqe) yaw rate sinnals will come 

from the demodulator. Two signals will be produced ner rev6lution, 

one for a yaw rate to the ri 'lht ·of the tra i ectory nlane (viewed from 

the rear of the vehicle} and one for a yaw rate to the left. These 

siqnals could be made oositive an<l ne.qative rP.spectively. The siqnals 

would be doubly integrated and stored, the oositive si~nal in Data 

Hold No. 1, the negative signal in Date Hold No. 2. 



237 


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 yaw circuit as well. 

The earth center pulse is fed to a time delay circuit. 

Using the knovm spin speed of the vehicle, the tirninq circuit delays 

the earth pulse by one quarter of the period of spin. This 

retarded signal switches the holding circuits and 2 and an error 

determination is made with comparators c3 and c4 and reference values 

E3 and E4. An error signal, if it exists ,actuates the control 

jets. 

O~e outstanding problem concerned with the accuracy .of such 

a ~uidance system is that it would not normally come into onPration 

until second stage ignition. Dy 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 gyro 

could function quite easily in this situation and even operate during 

the second stage boost. The problem, 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 \·JOuld be spinning very slowly if at all 

(the spin is applied aerodynamically by the fins) it 1t10uld be possible 
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to employ a spin rate sensor of the type. shown in Figure (16.4). 

This device would be oriented vertically ~ n the vehicle before launch 

such that a positive signal was obtained ! Then as the vehicle 
I 

rotat~a slowly during the first phase of j ~ts flight an alternating 

signal would be generated at the frequen~y of the spin. The spin 

is expecteo 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 staqe ignition, 

the initial misalignment would be known. When the second stage 

was brought into operation, the hiqh spin speed of the rocket would 

make this device 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 detec tor 

consists of two 1 mm x l mm thennistors mounted in sapphire blocks 

and a coated gennanium window which acts as a high pass filter. The 

mass of the thennistors is small and it is easy to shock-proof them 

in the launch direction by supporting the sapphire blocks in 

expoxy. The windows have ~urvived simulation tests satisfactoril y 

by bonding them in their edge-supported state with semiflexible ex poxy. 
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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. 

Si nee horizon sensors can he r4~c; i c:piPrJ to survive qun-1 aunch, 

their rlesiqn prnhlems ne~d not he tnvestioated 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 beinq 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 pl ace. The instrument may a 1 so 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 

development work has not been undertaken, however, because at the ti me 

of the original investigations, applications of this device were not 

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

design equations are given in Chapter 14. 

(ii) Meri ts 

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) V.:i de range of rate measurements 

These points vJi 11 become more obvious as the detai 1 s of the , 

gyro 1 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 

6


of 2.6 x 10 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. 

Oesiqn details are as follows: 

Total Weioht - ? lh~. Tine flement ( ~ ) - O.?n lbs. total 

Torsion Piar - 0 ~ ?~ in.O. Inner Cvclincfr - ?" n. x ?-1/ll" lono 

Oampinq Gap - O.On5 in. 

Tines-1/4 in. thick x 1 in. wide x 3/4 in. lnn~. 

(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) Naterials 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 heatinq the 

ambient temperature, they expand and lock into position. 

Beryl 1 ium Copper 25 has also been suggested for the torsion , 

rod because of its strength and excellent stability. 
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The inn~r and outer cylinders can be made from Aluminum. 

The possibility of making the inner from a 356 ,'\luminum casting 

should be inv_estigated as this would avoid difficult machininq 

problems. 

The damping fluid is Dow Corning 200 Silicone fluid. A 

viscosity of 20 centistrokes is used for this sample desi~n. 

(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 ari 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 Trans former 
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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-~ar 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 inductive

type pickoff consisting of a rotor an9 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 appears 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 atta.ched 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 gap 

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 a~es, 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, 

M + M+ M~~= ,.,. ,4{ s-

where 

r.~ = total torque 

-M j+ = torque at frequency 


Msd= torque at frequency 


M = torque at frequency

j" 
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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 

signal 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). f\ 

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~ l GENERAL 

A support system for the rotor of the fluid sphere gyro was 

proposed and is shown in Figure A-1. T~e diagram illustrates the 
. ·.. 

conditions for no.rmal ~o'.peration (lower half 'of diaqram) and whh 
. . ;:>· 

the rotor support in place (tipper half). 

The system consists simply 6f several wedge blocks which fill 

the space between the ends of the case an~ the rotor. 

A-2 OPERATION 

(i) DUrinq Launch 

The support blocks prevent the rotor case from moving 

along the spin axis during launch thereby preventinq 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 lift the wedqe blocks clear of the space they 

are f i 11 i n g . 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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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 diaqram illustrates 

the system condition both before launch {on the left half of the 

diagram) and after launch (on the right). 

The system is tomposed 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 useful to 

others beginning work ~n this general area. 
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