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SUBARY

A torsion oscillator can be used as the sensing element of a vibratory
gyroscope instead of the more ocommonly used tuning fork. Some theoretiocal
aspeots of torsion osocillators suitable for this application, and practical

oonsiderations in their use are both examined.
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1 INTRODUCTI ON

Of the many types of vibratory gyroscope whioch are theoretically poasible,
that which uses the tuning-fork as the vibrating element has been mosat
extenaively studied. A number of experimental tuning-fork gyros have been
oonstruoted at R.A,E,, and the theoretiocal and experimental properties of these
have been desoribed!=>,

As the osoillatory sensing element in a vibratory gyroscone, the tuning-
fork has a number of disadvantages, These are prinocipally:

(a) The centres of mass of the two tines move, and being near the ends
of the tines their mean position is necessarily sensitive to gravity or
acoeleration fields.

(b) The oscillatory motion of the centres of mass of the tines can give
rise to error torques which are gravity sensitive,

(o) The natural frequency of oscillation is gravity sensitive.

(d) The vibratory motion of the tines can be exoited by external
vibration of the instrument,

(e) The natural frequency of oscillation will not, in general, have
the same temperature coefficient as that of the torsion oscillator whioch forms
the torque-measuring output system.

These disadvantages should be eliminated if a torsion oscillator is used
to replace the tuning-fork, and this Note examines theoretically the ways in
which such a torsion oscillator can be used. For the theoretical studies of
Seotions 2 and 3, the oscillating elements are assumed infinitely rigid and to
have their ocentres of mass exaoctly coincident with the axis of torsional
osoillation, while the torsion stems are assumed to have zero mass. Whilst
such assumptions camot be made to hold in a practical instrument, the conolusions
reached from the theory are largely valid in praotice.

In Seotion 4 are desoribed some possible ways in which practical instruments
oan be designed. It must be emphasised that no attempt is made in this Note to
oonsider the problems of measurement of the torques generated by the oscillator;
the methods used ror this messurement in tuning-fork gyroscopes have been
desoribed elsewhere's3, and similar methods will almost certainly be used for
torsion-oscillator gyrosoopes.

Consider a rigid body in which a set of body axes 01,2,3 is defined. It
is assumed that this body exeoutes small angular osoillations sbout its 03 axis
relative to a set of axes Ox,y,s as shown in Fig.1, The angle of oscillation is
defined as ¢, measured about the Os axis which is coinoident with 03, and when
¢ 1s zero then Ox,y,s and 01,2,3 are coinoident.

-3
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The Ox,y,z set of axes may have instantaneous angular velooities Wy s "’]'
w relative to inertial space measured about the Ox, Oy, Os axes respeotively.,

The angular velooitles of the 01,2,3 axes measured about those axes are then

w, = wxoos¢+wyain¢

w, = -wxsin¢+wyooa¢ (1)
wy = w.#é .

The torques whioh have to be exerted on the body in order to maintain
these motions will be caloulated, If these torgques ocen be measured, it is
possible knowing the oscillation ¢ to deduce one or more of the angular
velocities w, and a type of gyroscope ocan be construoted, Ideally Ox, Oy, Os
sre the axes of the ocase of the gyroscope, but in practioce the measurement of
torque introduces a further angular motion between the body and the case. It
will be assumed here that the probleas arising from this additional motion ocan
be overoome, and only the simple model of a rigid body having one small
oscillatory motion ¢ relative to the case will be oonsidered.

Let the body have moments of inertia 11, 12 and I

J23 and J31 relative to the body axes 01,2,3.

The angular momenta in the 01,2,3 axis aystem are:-

3 and produots of inertia
420

\
H1 = I1 w, -J’12 w2-J1} m,

Hy = Tywp=Jp oy =Jpywy | (2)

H3 = I}“}'J31w1"’32°’2 .

J

In practice it will be necessary to measure torques in the Ox,y,s case
axes, and it is convenient to calculate the angular momenta in these axes, Then

H = H' oos¢-Hznin¢
H = H, sin ¢ + H, cos ¢ (3)

H..HS.
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Substituting for H1, Hz, HS' Wy, W, and wj, and since J12 = J2, eto.,
H = o Icoaz¢+I ain2¢+2J sin ¢ cos ¢
x| ™1 2 12

+ “’y [11 - I2 sin ¢ cos ¢ + J12 ain! ¢ - ooa! ¢:|

+ (w‘ + &) [st sin ¢ - J13 cos ¢]
H = wx{.11-12 ain¢coa¢¢J12 ai_n§¢-oosz¢—]
+ao | I ain2¢+I 0092 -2 J,, 8in ¢ cos ¢

v it 2 ¢ 12

- (0, + 3) [J” 2in ¢ + J,, cos ¢]

H = wx[J32 sin¢ - J

54 908 ¢] - w, [JSZ cos ¢ + J}1 sin ¢] + Is(w’ + @)

ese (lb)

The torques acting on the body due to these rates of turn are calculated using
Euler's equations:

dH
M = =84+ H -w H
s Yy

x at y s
a :
uy = -d-.zz + o Hx - o, H' L (5)

dH
4 -
I’ * T +o)xﬂy myl‘lx . ]
Even with no case rotation rates, it may be seen that H s ocontains the large
fluctuating term 13 ¢, 8o that the torque N, sbout the 03 axis includes the term
I3 ¥. This tern is s0 large in any practical system compared with the usable

terms that it is imposasible to use the torque measured sbout the Oz axis as a
neasure of input rate, One of the Ox or Oy axes orthogonal to Oz must be used,
and since by symmetry the charaoteristics of the torques measured about either
axis aust be similar, the Ox axis ia chosen for convenience,

- 5 -
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Expanding the expression for "x in terms of the input rates,
I I dw
. § £ (1. ~X
= [2 (1 + cos 2¢) + > (1 - cos 2¢) + Jyp 8in 2¢ |

0 b dw
1 Y
+ [-é- sin 2¢ - -52 sin 2¢ - J12 cos 2¢] at

+ [J25 ai.n¢-.ll13 cos ¢] C—::" +

+ [-I1 sin 2¢ + I, sin 2¢ + 2 J,, oos 2¢) awx

12

+ [13* I, cos 2¢ - L, 008 2¢ + 2 J,, sin 2¢] ia}

sin ¢ + J,, cos ¢) 23«).

* Dy 23
+ [J” sin ¢ + J2) cos ¢) 52

I I -
0[-?1 sin 2¢ +-} sin 2¢ + J“2 cos 2¢—lw‘ w

1
+|:1, -?‘(1 - oos 2¢) -% (1 + cos 2¢) + J,, sin 2¢]~,~

+ [st sin ¢ - J13 cos ¢] oy

2

. [.725 oos ¢ + J,y 8in ¢ (uf - o’) . (6)

The above expression has made no restriotions on ¢. If it is now assumed that
¢ is small and oscillatory, and has the form ¢ = ¢° sin nt, then "x oan be

expanded in powers of ¢°. Powers of ¢° higher than the first are saall and

diffiocult to use in a practical gyrcscope, and it is therefore necessary, in
order to work with a torque proportional to one of the input rates, to select a
tera proportional to $o° Such a term 1s necessarily at the same frequency n/21t

as ¢, and the only other terms at this frequency are those due to odd powers of
¢, Such as ¢) eto. These are negligibly seall,

It is therefore realistic to make the approximations sin ’4 ¢, cos ¢ » 1,
and ignore powers of ¢ higher than the first. ‘rhen equation (6) simplifies to

—6-
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Mx = <2J12wx+13+11-Izwy+2J25wz>¢onooant

) e aaaas—aull .
+ 2J12wx+11-1 y+J n)

+(12-I1)wxw’+2J12w wz*"Z}“’x“’y ¢, 8in nt
2 2
+J13(w' wy)
+J n2¢ sin nt
13 o

+ I1 wx-J12 wy-J‘lS W

2 2
* w0 ¢ (I3 - 12) @, w, - J13 w, @y + .723 (w. - wy) . &)

Considering in turn the components of the torque “x' the first bracket

contains terms due to Coriolis acceleration, being the produot of angular
velooity of the Ox,y,s axis system and the angular velooity of the body within
those axes, The second term is due to angular acocelerations of the body. The
tern J

13 n2 ¢° sin nt is a funotion only of the osoillatory motion; in any
practiocal system it is necessary that Js 3 be made very small so that this torque

is negligibly small since it can represent steady error, being at the frequency
of oscillation n/2x, The remaining terms are the normal rigid-body torques
which are independent of the osocillatory motion ¢.

The first set of terms is proportional to the steady input angular
velocities, and may be regarded as the useful input torque. By choosing
different body shapes, any one of the three torques may be used, giving the
gyroascope sensitivity to rotation about any of the three Ox,y,s axes.

In practice it is only possible to make a working system having two bodies
whioh are oscillating in antiphase, supported at a nodal point. If this is not
80, reaction torques at the base will be so large that although the torque-
measuring axis is nominally orthogonal to the axis of oscillation, very large
torque errors would result. Consider therefore two bodies A and B which osoillate

through angles

$, = ¢ sinnt
A %

¢B = ¢ sinnt ®
%
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about a common Oz axis. The total reaction torques when the Ox,y,s axes are
stationary, are:

> 2

“xhn = (.713A ¢°A + JUB ¢ n sin nt
> 2

"yMB = (J',‘,’A ¢°A + JZ’B ¢ n- sin nt

2
¥ - + 1 in nt . (9)
504B <3A ¢°A 3p ‘“n)n e

Each of these is ideally sero, and for any practical instrument must be
made somall, This implies a balance between the A and B bodies suoch that the
point of support is a nodal point of the oscillatory mode.

The useful Coriolis torque for two osocillatory masses is

pr— -

| s [2(J +J ¢°B> w

X)48 (12A Yop 12, x \

+ (I, +I, =1, ¢ +I_ +1I, -1 ¢°A)w n oos nt
(3A W QT R Ty Ty y

+ 2 (st‘ ¢°A + J23B ¢°B> 0. (10)

e

and if from equation (9)

J25A ¢°A + J23B ¢°B = 0
I ¢ +1 ¢ s 0
3% B %
equation (10) reduces to
— -~
Y T |2 (J12A Yo, * N1z ‘°a> “x
+ (I, - ¢ +I -1 ’°b)” noosnt . (11)
( "'z, % B % y
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There are thus only two basic types of instrument which appear to have
any praotical possibility of success. The first of these uses the first term

in equation (11), and by measuring oscillatory torque about the Ox axis measures
the angular velooity w, about the same axis. The second type uses the second

expression and measures angular velocity wy about the Oy axis which is

orthogonal both to the torque-measuring axis Ox and the oscillation axis Os.
The two types are shown in Figs.2 and 3, and will be oconsidered in more detail.

An 1deal instrument of the type shown in Fig.2 has the following
properties:

(11 - I2)A = (I1 -IZ)B = 0

J, s J = J

UA 133 = J

23y
I, ¢ +I, ¢
30 °% 3 s

Substituting these values into equation (7), the torque about the Ox axis
due to both masses A and B is

M = 2(J ¢ +J ¢ )l—w nocosnt +& +wmsinntJ
X)+B (12A o 12B X x y s

+ (I, +1I @ -(J +J )d)

(1A 15) x 12A 12 Yy

+ <J12A + J123) w, W+ <I3A - I2A + I’B - IZB) Wy @y (13)

Of these torques, the firat set are due to the oscillatory motions ¢°A

23,\ s 0

s 0 . (12)

and ¢°B' and form the signal torques. The second set are not a funotion of the

oscillations. Provided the gyroscope is protected from input angular velooities

W “’y’ Wy which have components at frequencies near the oscillation frequenoy

n/2x, these latter torques should not be important and the torque-measuring
tranaducer will be able to disoriminate againat thea.

The signal torque is very similar to that produced by a tuning-fork gyro-

socope and which has been exanined by Huntl and others, For a tuning-fork whose
moment of inertia about the Ox axis is (Io + I, sin nt), this torque is

-9 -
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. %[(Io + I, sin nt) wx]

" Iowx+1‘(wxnooant+éxainnt) .

The additional term in equation (13) proportional to wyw  sin at would be

found also for a tuning-fork if a modulation of the moment of inertia about the
Oy axis were considered. It ocan be seen from Fig.3} that such a modulation is
effeotively given by this type of torsion osocillatar systenm.

The prinoipal error torques with this oscillator arise since the oonditions
of equation (12) are not oxaotly maintained. In particular, if J, 13 and J, 13,
A

are not exaotly zero, a torque

| o2 sin nt (14)

Yep (J13A o * 13y °B)

will result. This torque has a phase difference of 90° relative to the steady-
state aignal torque, It is exactly equivalent to the torques produced by a
tuning-fork gyrosoope when this hu mass asymmetries in the x,s plane; such
torques have been exanined by Hobbs! and by Stratton and Huntd,

The second principal error may arise if the torque-measuring axis is not
exaotly orthogonal to the axis of osoillation Os. If this condition exists,
then a small ocoamponent of the ll' torque will be measured. The largest of the

ll' torques will be due to the term

u'ma ) (31\ o " "’a)n sin m (12)

which is ideally made sero by the conditions of equation (12). This comdition
oalls foran exact relationship between the magnitudes of osocillation of the two
masses A and B, which is a funotion of the coupling between them., This coupling
will be examined in the next seotion.

The seoond type of oscillator is shown in Fig.3. This ideally is designed
for the following conditions to hold:

J = JZB = 32’8 L J”A = J"B = 0
I + 1 a 0 , 16)
3% " T3y Yoy (
-10 -
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Substituting these values into equation (7), the output torque about the
Ox axis ia

M =’_f -I, ¢ +1I -1 ¢B—l[w ncosnt +& -wwainnt]
Xp4B I ’A 2A °% 18 2B (4 y Yy X

° - - . 1
+ <I1A + I1B> wx + (ISA I,,:.A + I5B IZB) wy u)z ( 7)

This equation is very similar to equation (13), with the principal
difference that the signal torque is due to rotations about the Oy axis, so that
the behaviour is in some ways similar to a conventional rotating-wheel gyroscope.
The error torques are identical to those already discussed and will not be
examined further,

3 CADY-STATE 0SC IONS OF A ON OSCILLATOR S

A torsion oscillator of the most simple form may be considered as made up
of the 3 parts shown in Fig.4, the two masses A and B which will oscillate in
antiphase, and the oentral mass C which is ideally at rest, The masses A and
B are Jjoined to C by means of torsion stems, and C is supported by a mount
relative to the case of the instrument.

The following parameters are defined:-

Moment of inertia of mass A about torsion stem axis = IA
Moment of inertia of mass B about torsion stem axis = IB
Noment of inertia of mass C about torsion stem axis = Ic
Twist of A relative to C about torsion stem axis = ¢A
Twist of B relative to C about torsion stem axis = ¢B

Twist of C relative to instrument case (assumed fixed in inertial space) = $c

Elastio stiffness ccefficient of left-hand torsion stem = kA
Damping stiffness coeffioient of left-hand torsion atem = W
Elastio stiffness coeffiolent of right-hand torsion stem = kB
Damping stiffness coeffiolient of right-hand torsion stem =y
Elastio atiffness coefficient of mount of C = kc
Damping stiffness coefficient of mount of C =

The equations of motion are then derived by oonsidering in turn the torques
aoting on the three masses A, B and C about the common torsion axis. Products
of inertia are assumed sero.

CONFIDENTIAL
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Torquea on A:
IAWA + ¢'c) + “A &A + kA ¢A = 0 (18)

Torques on B:

Lp(f + %) vup g v ko ¥ = O (19)
Torques on C:

Iofp v do v kg ooy 8y -0, ¢y g dy-lgey = 0 . (20

The stiffness of each torsion stem may be charaoterised by the natural frequency
of oscillation of the corresponding mass. Thus we may put

1
k, - niIA, By = EAQ';'A (21)
T (22)

where nA/zx and n{h are the natural frequencies of oscillation of A and B
separately, QA and QB the "quality factors" of those oscillations.

Let the ateady-state oscillations only be considered, and let these be at
a natural frequenocy «&/2x. Then equations (18) to (20) become

b * (&é ) 2t | (23)
) im)
= (o2 ) to QB ' ‘B (20)

B 2 —‘nz Jn 2 J
. 2,20 2, 32
kc’“j“"%“’{! (2 mQA)I LT (wz mQB)IB‘B
e

vee (25)

The three equations (23) to (25) ocontain four unknowns, ®, $p0 g a2 9§,

and & non-trivial solution can be found for the angles of oscillation. The
solution of the equations is simplified by the substitutiona

- 12 -
CONFIDENTIAL




CONFIDENTIAL

Teohnioal Note No., IEE 32

n2 Jn
SA = (:;%-\) *."’_Qi (26A)
S PR EL
= - + 6
- (3 ‘) “ % (ze2)

where SA and Sp are oomplex numbers which become small when the frecuency of

oscillation is nearly equal to the two natural frequencies, and the Q's are
1“8‘.

Then by putting
K = kc+pcjw-wz(IA#IB+Ic) (27)
equations(23) and (24) become

% = 5,9 = 3¢ (28)

and equation (25) is then

2
b = 2 I_B)[(SA”)IA‘A’(SB*')IB”B]

K+ “‘2(1.& +

whioh using equations (28) then transforms to

¢c -Q?-(IA¢A*IB¢B) o (29)

One of the most oritical properties of the torsion osoillator used as a
gyrosooplo element is the net torque whioh it exerts on its aount when it is not
rotated in inertial space, Ideally this torque is sero, but as mentioned in the
previous section a torque does exist with a praoctical instrument.

The reaction torque due to the motions of the three masses A, B and C is
N = -[IA(,YA +§) + (g + ) + I, ’c]
and from equations (18) to (20) this 1s
N = [kc + L b] ¢c (30)

-13 -
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Thus tc pust be fourd from equations (29) in order to evaluate the net

torque. As a measure of the quality of the oscillator it is beat found in terms
of the useful osoillation of the masses A and B, As no restrioction has been
placed in this theory on the shapes of the masses, they may be of the type shown
in either Fig.2 or Fig.3, where the output signal sensitivity would be
proportional to

3. ¢ +4 ¢a) and (1 T +ITT ¢°5>
(12A o * Y125 %o N IzA R

respectively. In the two oases, the coeffioients J1 and J1ZB, and I, ~1I
A

2 1 2
A A
and I‘ - 12 are of opposite sign. Thus without making any further restriotion
B B

on the shapes of the masses A and B, it is most convenient to consider as the
useful osoillation the value of

(I, 9y = Ty #p)

where IA and IB are neoessarily positive,

The equations (29) are therefore transformed into the alternative form
2
b » T (0T (1)

A B @ Do n] o

Gﬁ"%)(ﬁﬁ*ln‘n)’G::’hl;)uA‘A'IB’B) = 0 (33)

from which, by eliminating (IA ) ¢ IB ¢B)p

2 ;A*'sz
b = -(‘",,-) ﬁ (I, ¢, - Iy ¢) (3)
I, L
and
-l -
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(ﬁ#%)[fs:_@,%ﬂ +<fﬁ-§§)2 -0 . (35)
I, I/| K T\I, , I, I

Equation (34) provides the required relationship between ¢ and (IA T IB ¢B)'
provided values of SA and SB are found. The latter are contained in equation (35),
whioh does in faot determine the frequency of oscillation w/2x. However an

exact solution for w is not possible and an aporoximation method will be used.

If the frequency difference between the two sides of the oscillator is
small, then the resultant natural frequency w/2x of the system will be nearly
equal to the individual frequencies. If also the damping of each side is small
80 that QA arnd QB are large, then SA and SB will both be small, Under these

oonditions, and if K is not exocessively large,

2
N ]
a7 IR
A 1B

and equation (35) may be approximated to

hz 2
Gf,.‘?;).#éf-%) .0 (36)

from which equation (34) becomes

1

S
A .2)
¢, ® —(s - (1 ¢, - ) . (37)
c " WL, ") A Ta %
It may be noted that this approximation is equivalent to neglecting the last
tern of equation (32).

If the differences between the natural frequencies of the two halves and
the resultant natural frequency are expressed as

n,-w = AA
(38)
np-w = AB .

then provided these differences are small (less than 13%) » the values of SA and
SB are approximately
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2A 2
a —A,d sB:-—f,ﬁw-L (39)

If these values are substituted into equation (35), and powers of A and 1/Q
and their products higher than the first are neglected, then

2A 2
iy W e WY
T QL "Te QL °

from which by separating real and imaginary parts,

A

B o (o)
1 1
GLRE "0 )

The first equation (40) effectively defines the resultant frequency w/2x,
and may be reduced to

+ I

Equation (41) 1s the condition for sustained osoillation. It may be noted
that either both sidecs of the oscillator have sero damping, or else the positive
damping of one side must be opposed by negative damping or driving of the other.

If the values of S, and S, are now substituted into equation (37), we find

" -[1(& QA A Qn ](I %)

r?»(hi'f (QA T E'BL‘](IMA"-B%) (43)

and hence the net residual torque is

- 16 -
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By = 9 1\
LS E oz R e Sl | EXRLEN

where
L9 = -~ - (k)

Referring now to the axis system of Fig.! and Section 2, this torque is
ideally about the Oz axis, and the torques due to innut rates are detected about
the Ox axis, In practice due to errors in construction a small amount of this
torque may be measured and will give a spurious output, Such a torque is of
partioular importance if it is in phase with the output torque produced by a
true input rate, equivalent to a torque in quandrature with (IA ¢A - IB ¢B)‘

Prom equation (44), this quadrature component is

cOfEE R R ETR] e e - W

The torque is thus produced by a combination of differential damping of
the two masses combined with the stiffness of the ocentral mount, and a combina-
tion of differential frequency of the two masses combined with the damping of
the central mount, Of the two terms it is generally easier to adjust the second
to be small, Reduotion of the first term depends effectively on aocurate balance
of driving and damping tarques on each of the two masses which is not easily
oarried out since it is not practicable to experiment on the two masses
oscillating separately.

Other torques may be generated about the torque-meas axis due to the
motions of A and B, in particular those described by equation (14) of Section 2

which are due to asymmetries of the oscillating masses in the x,s plane. Any
such tarques are proportional to the amplitudes of osoillation ’A and ¢B’ and in

general can be expressed in the form
o= ALy ¢y - Ty dp) + B(I, ¢+ Ty ¢p)

where A and B are real quantities,

From equations (31) and (43) this beoomes

2—-——-——
N = A¢3<§9*U-"2IJ*{5‘I§> nI- ,4(-4-1-...’_I;.)
w NA’ “QAA QB

X [IA -1 ‘n]
eos (46)
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In addition, torques may arise dus to asymmetries of the central maes C,
which in general will oscillate through the small angle ¢c; such torques will

be of a form similar to that of equation (45).

The number of possible asymmetries and mechanisms for producing torques is
too great to oonsider in detail any further, but some general conclusions may be
deduced from equations (45) and (46). To minimise torques which are in-phase
with the torques developed by a rate of turn, damping mechanisms in the oscillater
systea must be minimised so that 1/QA and 1/QB become very small, and external

danping of the mounting of the central mass, represented by Hee muat also be made

small., In addition, since one of the largest terms is multiplied by the stiffness
of the mount kc, this should also be minimiaed,

b PRACTICAL DESIGNS OF TORSION OSCILLATOR GYROSCOPE
4! Single torpion axis

The simplest type of balanced torsion oscillator is shown in Fig.L, and
oonsists of the two o0socillating elements each at the end of a torsion stem, the
ocentral mass joining the other ends of the stems. It has been demonstrated that
there are two arrangements of the osoillating masses which can be used to form
a gyroscope; these are shown in Figs.2 and 3. The most simple torsion
osoillator gyroscope is then formed by adapting the oscillator of Fig.lh to
these arrangements, and the resultant gyroscopes are shown in Figs.5 and 6. In
each case the masses osoillate about the Os torsion axis, and the torques are
measured about the Ox axis; no details of the method of measuring these torques
will be disoussed, but the most likely arrangement is to measure the resulting
aaplitude of oscillation in a tuned torsion stem.

Three major diffioulties are present with this type of oscillator, They
are:

(a) The oentres of mass of the oscillating elements do not lie in the
Ox,y plane oontaining the output torque axis, and the elements are therefore
likely to have large .71 3 produots of inertia which will give large error torques.

(b) The masses are at the free ends of the torsion steas, and accelera-
tion or gravity fields may give large bending of these stems whioh will result
in displacements of the oentres of mass and corresponding error torques,

(6) In arder to minimise error torques it has already been shown in
Seotion 3 that the torsional stiffness of the mounting of the centre mass should
be small, With the arrangement shown this also implies that lateral stiffness to
Oy sooceleration shall be small, and this will again give high sensitivity of the
error torques to acceleration fields.

It may be possible to overcome the first of these diff'ioulties by using
the arrangement shown in Fig.7 for one of the osoillating masses; suoh an
arrangement oould be applied to either of the types shomm in Fig,5 or Pig.6.
By suitable design the ocentre of mass of the osoillating element could be made
to lie on the Ox axis.

- ‘8 -
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To overoome the second diffioculty, it 1s possible to make the oscillating
masses each supported by two torsion stem seotions, which gives a considerable
inorease in lateral stiffness against acoeleration. Such an arrangement is
shown in Fig.8, and it is seen that the oentral mass C of Pig.4 has now become
of the form of a oradle or gimbal. Beocause of the different arrangement of
torsion stems oompared with Fig.h, the theary of Seotion 2 is no longer directly
applicable. It oan be shown that the coupling between the two oscillating
elements is now muoh improved compared with the simple oscillator of Fig.h, but
the diffioulty of the required low torsional stiffness of the mount of the centre
mass remains, It is possible to provide the equivalent of such low stiffness by
making the outer torsion stems much less stiff than the inner one, but this
again introduces problems of lateral stiffness. Again the oscillating masses can
be arranged to have the shapes shown in Fig.2 or Fig.3.

A more attraotive alternative is shown in Fig.9. In this case there are
two oscillating masses of different shape, a oentral solid mass and an outer mass
in the form of a picture frame, There are now two equivalent central masses C
at the nodal points of the torsion stems, and these may be joined together in
the form of a oradle or gimbal,

Such an arrangement allows the centres of mass of both the osoillating
elements A and I to coinocide with the Ox axis, and does give good support of
these elements since the torsion stems are not effectively "free-ended". One
major problem is that the masses are now of completely different shape, and
henoe the problem of driving and damping these in a symmetrical way to make both
VQA and ‘I/QB zero becomes much more difficult, In addition there is still the

problem of providing effeotively small torsional restraint on the centre masses
while maintaining good lateral stiffness.

An oscillator of this type formed the basis of two experimental torsion-
oscillator gyrosocopes developed at R.A.E. These were known as TG! and TG2, and
the oscillator and output torsion system of each are shown in Figs.10 and 11
respeotively.

TG1 was fitted with a balanced-torsion output aystem which was of similar
form to the toraion oscillator shown in Fig.8. The two outer ends P and Q were
Joined together by a massive frame whioh was then rubber mounted to the instru-
ment oase. The torsion counterbalance R had fixed to it two additional masses
so that its moment of inertia about the output torsion axia was equal to that of
the elements A and B and the central element C whichwas in the form of a gimbal
frane,

Praoctiocal tests quickly demonstrated that TG! was a complete failure. The
principal problem was that the frame C was not suffiolently rigid so that
oonsiderable torsional flexure about the Ox axis was possible. This completely
spoiled the charaoteristios of the output torsion aystem, and no realistio testing
was possible,

Due to the failure of TG1, a seoond gyro number TG2 was constructed with
a much more rigid frame C, and this is shown in Pig.11. The output torsion
system was changed to a balanced, nodally mounted fora, basically of the type
shown in Fig,9. The wegkness of TG1 was found to be completely overcome, and the
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output torsion system worked satisfaotorily. It was, however, quiokly found that
the large stiffness and inertia of the frame C effeotively prevented adequate
ooupling between the osoillating elements A and B, and that consequently their
relative amplitudes were very muoh dependant on their damping and driving. The
error torques produced by the osoillations were in fact very much larger and
more variable than with ocomparable tuning-fork gyroscopes. This corresponds to
large values of the stiffness k, term of equation (45), and the resultant large

variation of M with (‘I/QA I, - '/Qn IB).

A modification to TG2 was then made to inorease the torsional freedom of
the torsion-stem mount and reduce the effective masses of the mount and the
oorresponding moments of inertia Ic. This wes done by spark-machining the

gimbal frame near the roots of the torsion stem as shown in Fig.12, Such an
arrangement allows oonsiderable freedom of the torsion stem while still providing
oonsiderable lateral stiffness and also maintaining the torsional stiffness of
the gimbal frame C about the Ox axis. Due to the shape of the element of Fig.i1,
it was not possidle to perform this machining by normal cutting or grinding
aethods.

The imsmediate result of this modification was sucoessful, and the coupling
between the A and B elements much inoreased. However, no further detailed tests
were oarried out on this instriment due to deficiencies in the design of the
drive of the elements A and B and in the output torsion pickoffs.

k.2 Double torsion axis

Some of the diffioulties experienced with the practiocal design of torsion
osoillator discussed in Section L.t can be overcome by mounting the two elements
A and B on separate axes of torsional oscillation. The two axes are necessarily
parallel so that for a perfectly balanced pair oscillating in antiphase, no
external torques are generated. The equations of Sections 2 and 3 do in faot
still apply to this arrangement,

A number of alternative arrangements are possible, but those shown in
Figs.13 and 14 would appear to be the most promising. In caoch case it will be
seen that the Fig.2 type system is used; the Fig.] systea is necessarily
asymmetrio with two torsion stems, and does not appear to have any possible
advantage.

It will be notioced also that in both Pig.13 and Pig,14 the oentres of mass
of the elements A and B both lie in the Ox,y plane, and that the elements are
both supported at both sides on torsion stems. The only likely major problea with
such systeas will be the diffioulty in providing effeotive ooupling between the
elements A and B; the centre mass C is neoessarily large and stiff, and it will
not be easy to give it significant torsional freedom about the Os axis,

Another problea with this type of oscillator is the diffioulty of aoccurate
oonstruction. This is a problem which it shares with the other types disoussed,
as will be seen also from Figs.10 and 11, Although it is possible that
suffioiently accurate forms can be made by hand on a 1-off basis, the probleas
of machining this type of osocillator in production appear formidable. This
thought has led to another oonoept of torsion oscillatars disoussed in
Seotion 4.3,

-20 -
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Experiments are ourrently in progress by Prof, Karolus in Zlirich working
under M.0.A. contraot on an instrument of the type shown in Fig.14.

4.3 ing-ste oil r

By oomparison with the forms of torsion osoillator already discussed, the
tuning-fork is easy to machine and can therefore be made with extreme acouracy.
The principal reason for this is that starting with a reoctangular block of
material of aocurate dimensions, virtually all the machining is of surfaoces
normal to one of the rectangular faces, and the shape can be designed so that
the whole of the final maci.ining can be performed using one cutter and not
removing the workpiece from the machine, This makes possible the use of
automatically-controlled machining.

A form of oscillator having similar constructional properties is shom in
Fig.15. It will be seen to conaist of the two elements A and B, each mounted
on a leaf-spring relative to the ocentral mass C. The feature of this design is
that the leaf-aspring aots as a hinge, allowing A and B to oscillate in the Ox,y,
plane, and that the effective hinge-point which 1s the centre of any such
rotational oscillation is designed to be colnoident with the centre of mass of
the element. The elements should therefore behave exactly as those of Figs.13
and 14, and therefore as examined theoretically in Section 2. The shane of the
element is designed to give the correot position of the centre of mass, and to
maximise the product of inertia J12.

Relative to the tuning-fork gyroscope, whioch it closely resembles,it has
the potential advantage that the elements are rigid and not flexible tines, and
that sinoce the oentres of mass are at the hinge-points it should not be possible
to exocite osoillations of the elements by lateral vibration. In addition the
faot that the centres of mass do not move may provide greater stability of sero
signal.

One osocillator of this type, number A7, has been oonstruoted at R.A.E.
Preliminary tests show that the coupling between the A and B elements is small
due to the large and stiff mass C, and a satisfaotory ooupling mechanism will
have to be devised before oonstruotion of a oomplete gyroscope is undertaken,

5  CONCLUSIONS

A number of alternative forms of osoillator have been described, esach of
whioh oould be made to operate satisfaotorily as an osocillator, Their applica-
tion to a gyroscope is not easy, prinoipally due to problemas of mounting of the
central mass, lateral flexure of the torsion stems, and the maintenance of
symmetrical oscillation of the two elements. In addition, the struoctures of the
oscillators are in general so oomplex compared with a tuning-fork that it is
unlikely that they oan be manufaotured to the same high standards of acouraocy.

The only two torsion oscillator gyroscopes constructed at R.A.E. were of
unsatisfactory design, and it cannot be deduced from their failure that the basioc
concept of such an instrument is unsound,

-2 -
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