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When the Actuation Cycle is initiated by the horizon 

sensors the earth center pulse is triggered as described earlier. 

The earth center pulse is used to trigger not only the pitch error 

logic circuit but the 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. 

outstanding problem concerned with the accuracy .of such 

a 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 

are: 

The several unique features and advantages of this instrument 

(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 

of 2.6 x 10
6 

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: 
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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. 



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 
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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. 



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 

2-44 

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. 

here. 

(viii) Dampers 

A commercially available unit might be employed 

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. 

avoided. 

16.5 SENSING ELECTRONICS 

Nonlinearities are also 

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" 



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. 
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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 

a re 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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APPENDIX B 

SOLID STATE GYRO SUPPORT 

SYSTEM 

B-1 GENERAL 

A support system for the sensitive element of the solid state 

gyro was designed and is shown in Figure B-1. The 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, 

261 



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 
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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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