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This invention relates to an inertially stable reference
apparatus and more specifically to means for torquing a
string type oscillatory stable reference apparatus.

In United States Patent No. 3,106,847, dated Oct. 15,
1963, to Mullins et al., there is disclosed a vibratory string
type stable reference apparatus. In copending applica-
tion, Ser. No. 422,995, entitled Stable Reference Ap-
paratus, filéd Jan. 4, 1965 in the name of W. H. Quick
and assigned to the assignee of the present application
there is disclosed a means for torquing the vibratory plane
of the vibrating string of the above mentioned patent.
The embodiment of the invention disclosed in the present
application includes -an improved method of torquing
such a vibrating string reference apparatus.

An object of the invention is to provide a new and im-
proved torquing means for torquing a vibrating string
stable reference apparatus.

Another object of the invention is the provision of a
torquing means for providing variable torquing of a vi-
brating string reference apparatus.

A still further object of the invention is to provide a
high speed detector type circuit for accurately controlling
the torquing of a vibrating string reference apparatus.

In order to accomplish the above objects, a unique
torquing device is employed which produces a plurality of
torquing signdls for torquing a vibratory string reference
apparatus in one direction. By so doing, the string can
be selectively torqued at a fine or a coarse rate.

Othér objects of the invention will become apparent
from the following description taken in conjunction with
the drawing.

The above mentioned patent and patent application il-
lustrate a vibrating string type reference apparatus de-
scribing means for vibrating the string apparatus and
‘means-for torquing the vibrating string. In the present
invention, the vibrating means for the string is by way
of example similar to that described in the above identi-
fied patent. The embodiment of the present invention
employs such a vibrating means, however, other vibrating
mechanism could be used with the torquing of the present
invention,

More specifically with reference to the drawing, which
illustrates the functional interrelation of the electrical,
mechanical and magnetic aspects of a preferred embodi-
ment of the invention, the disclosed vibrating string gyro
comprises a fine gold-plated quartz fiber 11 which is
stretched to the limit of practicable tension and secured
at two points thereof to a pair of vibratory end bars or
diaphragms 12 and 13 which are fixedly secured to each
other in the illustrated mutually spaced relationship by
means to be described more particularly hereinafter. The
string or fiber 11 is preferably of circular cross-section
and may be on the order of one to three mils in diameter,
having a length of one to two inches. The diaphragms 12
and 13, both of which are formed integrally with a quartz
supporting body, as described more fully in the above
identified patent, may be of a thickness on the order of
*60 mils and are caused to vibrate in opposition so as to
move the ends of the string precisely axially, that is, both
.diaphragms move inwardly together and outwardly to-
gether. -

. Thé vibrating system thus formed is dynamically bal-
anced:so that:the resulting Q is high. A high degree of
symmetry of the vibrating diaphragms 12, 13 is employed
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to insure that the motion of the string end points is sole-
ly axial. For purposes of maintaining stability of the refer-
ence plane of a device of this nature, it is desirable that
the variation in tension of the string during its vibration
is held to a minimum. For example, despite all precau-
tions, some transverse vibration of the support will be
imparted to the string support points in such a way as to
produce an elliptical vibratory string path, With such an
elliptical path, a variation in tension of the string due to
nonlinearity will give rise to undesired precession, that
is, rotation of the plane of vibration. By proper choice
of initial tension and the dimensions determining fre-
quency, and by controlling the amplitude of the end mo-
tion, the tension variation can be greatly reduced. The
amplitude of the end motion is governed by the operation
of the longitudinal driving system which will be described
below, together with the dimensions of the vibratory
diaphragms. The thickness and distance between support-
ing points of such diaphragms will govern the resonant
frequency thereof at which they are driven. The frequency
of the resonant drive is twice that of the string. The string
mass per unit length together with the tension is ap-
propriately adjusted for the desired amplitude length
ratio. Such a ratio is the ratio of the amplitude of trans-
verse motion of the string to the length of string between
support points. By means of a slight trimming of the
driving oscillator amplitude, the minimum tension varia-
tion condition will be achieved with the amplitude length
ratio very close to the desired value.

 The resonant system comprising the quartz string vi-
brating bars or diaphragms 12 and 13, together with the
body which forms the support therefor, may be sealed
in a case evacuated to a degree that the Q ofthe resonant
bars or diaphragms is exceedingly high, on the order of
100,000, and small driving forces are required to main-
tain oscillation. With the small driving force required,
vibration can be imparted to the resonant system by ap-
plying an A-C voltage across the capacitor gap to pro-
vide an electrostatic drive.

The electrostatic drive comprises a closed loop oscilla-
tor including an electrode 14 plated on or otherwise se-
cured to the outer surface of vibratory diaphragm 13
and a capacitive pickoff plate 15 secured to a case in which
the instrument is to be mounted. Pickoff device 14, 15
provides a signal indicating amplitude and phase of the
driving motion which is amplified by amplifier 17, the
gain of which is controlled by a thermistor 16 in its feed-
back circuit, and applied to a power amplifier 18. The
signal output of the power amplifier 18 is fed to an elec-
trostatic drive comprising the electrode 14 plated on
the diaphragm 13 and a second plated electrode 19 fixed
to the instrument case. A D-C bias voltage from a source
23 is applied to electrode 14 in order to excite the pick-
off and forcing sections, thereby greatly enhancing the
efficiency of the A-C voltage in driving the resonator.
Thus, it will be seen that there is provided a feedback
oscillator including the vibratory diaphragm 13 as a fre-
quency controlling element thereof which applies a driv-
ing voltage at twice the string frequency to the diaphragm
13 across the gap between electrodes 14 and 19.

The thermistor 16, having a resistance which decreases
with temperature, will operate normally to limit the signal
flowing in the driving oscillator circuit, and thus tend to
maintain a constant amplitude of vibration. This thermis-
tor has a second significant function which arises by rea-
son of the desire for operating the string in the desired
constant tension condition. For operation in such a con-
stant tension condition difficulties are normally encoun-
tered in starting vibration when an end drive is employed.
For this reason, the thermistor 16 is utilized to cause the
starting end motion amplitude to be substantially greater,
on the order of approximately 75 percent greater, than the
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normal operating amplitude. The increased starting am-
plitude is-caused by the thermal characteristics of the
thermistor 16 which when cold has a relatively high re-
sistance, thereby allowing a larger signal to flow through
the driving oscillator circuit. Shortly after the vibration
is started and the thermistor heats up, its resistance de-
créases thereby decreasing the gain of amplifier 17 and
the signal flow in the driving oscillator eircuit is decreased
to .a point where it. maintains a steady level.

A torquing current is supplied from the detector circuit
to pass through the vibrating string 11. This torquing
curfent cooperates with a magnetic field passing through
the plane of vibration to rotate the plane of vibration.
The magnetic assembly 20 shown in the drawing, creates
this field by way of magnets 21 and 22. Preferably, these
magnets are positioned midway between the ends of string
11. Since thé action of the current in the string 11 and
this magnetic field to produce a torque is described in the
above patent and patent application, details thereof will
not -be disclosed herein. In addition, it will be readily
understood that the torquing presented in this embodi-
ment ¢ould be done by way of inducing a current in the
string 11 as shown in the above identified patent or by
other means such as electrostatically.

An electrostatic pickoff assembly 30 is employed to
produce a signal current that varies as a function of the
velocity of -the vibrating string 11. This pickoff assembly
includes c¢onicave capacitive plates 31 and 32 which are
positionéd concentric and concave of and with the neutral
position. of stririg 11 as illustrated in the drawing. Pref-
erably, these plates are located midway between the ends
of strinig 11, A véltage is maintained between the ground-
ed string 11 and the platés 31 and 32 by way of a voltage
souice 35 which is applied to these plates through high
resistances 33 and 34 Thus, paths between plate 31 and
the string 11 and plate 32 and the string 11 are connected
to 4 low impedancé A=C differential amplifier 36. The
cutrént iato this amiplifier varies as the velocity of the
string 11. That is, when the strifig 11 approaches plate
31, the capacitafice theréof will incréase while the capac-
jténcs Between plate 32 and the string will decrease. Simi-
laily as thé steing 11 approaches plate 32, the capacitance
between thereof will also incréase Whlle the capacitance
between plate 31 and the string will décrease. This will
be reflected as & viriation in the ¢urrent through the plates
31 and 32, The signal fiom plate 31 is applied to the
negative input 364 of differentidal amplifier 36. The signal
from plate 32 is sapplied to the positive input 365 of
differential amplifief 36. The ciirfent signals at inputs 36a

and 36b are 4 function of the velocity of the string 11
and ate 180 degrees oiit of phase with each other. The
differential amplifict 36 is used in order to suppress véria-
tionis ih Tesistor valués: and supply voltages. Suppression
of second harmoiii¢ i dlso acécomplished. Differential
amplifier: 36 has a stable closed lo6p gain. The degree of
stability of amplifier 36 directly détermines the accuracy
to-‘which a vibratiiig strifig can be forqued.

The 6iitpiit 36c of thié amplifier 36 will be & continu-
-Ous wave which i§ appliéd to an AND gate G, The
output 364 will also bé a cofifimions wave applied to
AND gate Gys. At the inpiit of amplifier 36, these con-
tiniotis waves are a function of the pickoff curfent from
the plites 31 and 32 and aré 180 degreés out of phase
with each other. Thesé contifiuotis wéves applied to AND
gates Gi; and G; form the basis for the waveform to
be applied fo string 11 fo rotaté its plane of vibration
in either a clockwise or countef clockwise direction.

The -output 36c of amplifier 36 is applied through an
amplifier. 41 to a4 zeéro crossing detector 42. The signal
-applied to the zéro crossing detector 42 is an A-C wave.
When this A-C wave goes from a negative value to a
positive value, there will be-a pulse at the output of
detector 42, which is applied t6- AND gate Gy. Thus,
the -pulses from detector 42 are separated by the time
lerigth of 360 degrees of vibration of string 11.
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AND gates Gy and Gy; determine the direction of ro-
tation that the torquing signal will rotate the plane of
vibration. If there is a one on the input of left AND
gate Gy, the plane of vibration will be rotated to the left.
If there is a one on the input of right AND gate Gqy,
the plane of vibration will be rotated in the opposite direc-
tion, to the right. The last command from the computer
to these gates will determine the direction of torguing.
Preferably some mieans should be éniployed to prevent
ones simultaneously occurring on both the left and the
right gates G1 and Gy;y.

If there is a one input from the computer on Gy, an
RS flip-flop F; will have a true output having a oné at
its upper output which is applied to gate Gy If there is
a one input on gate Gy, a one will be applied to the
reset input of F; and the flip-flop F; will be false with
a one on the lower output of Fy: This oné would bé ap-
plied to AND gate Go. The AND gates G, and Gpg and
flip-flop F3 determine the time width of the torquing sig-
nal and the repetition rate of the torquing signal that is,
the torquing rate. The RS flip-flop Fs must réceive a com-
mand from the computer in order for the torquing signal
to be applied to the string 11:. Normally from an initial
condition, the RS flip-flops Fs and F4 are false having a
zero at the upper output and a one on the lower output.
When a one command is applied to the set input of Fy,
the output of Fy becomes true so that AND gate Gy will
pass the next pulse from detector 42 which is representa-
tive of the negative to positive going signal from oitput
terminal 36c. When this pulse proceeds through AND
gate Gy, it renders RS flip-flop Fs true. The AND gate
Gy is connected to the complementary input of RS flip-
flop F4. When thete is a oné on the complémentary input
of Fy, flip-flop Fs will switch states regardless of thé
preceding state. When flip-flop F; goes true, it will apply
a one to the AND gates G and Giy over liné Fy. De-
pendent upon whether a left or right sighal has been
applied to AND gates G, or Gy, one of the AND gates
G; or G,3 will be turned on. On the next successive pulse
from detector 42, the flip-flop F; goes false.

The lower output F3""’ produces a pulse when flip-flop
Fy goes from true to false. This pulse renders flip-flop
F, false. This is an indication that one complete torgie
pulse has been applied to the string 11 and the flip-flop
Fs; is ready to accept the next torque command.

The one so produced at the output of either gaté G; or
Gjis will open either AND gate Gz or AND gaté Giy re-
spectively. If AND gate Gy; is opened, its otitput will be
applied to both AND gates Gi4 and G, Likewise, if AND
gate Gj is opened, its output will be applied to AND gates
G4 and Gs. The AND gates G; and G5 have a relatively
high gain whereas AND gates G4 and Gi4 havé 2 relative-
ly low gain. If a one is present on the coarse input termi-
nal 43, either the output of AND gate Gz will be passed
through AND gate G5 or the output of AND gate Gj;
will be passed through AND gate G;. Likewise if a one is
present on the finé input terminal 44; either thé torquing
signal frofii Gy will be passed through gate Gjg or the
torquing signal from gate G; will be passéd through the
AND gate G, The outputs of the AND gates Gy, G, Gig
and Gy are connected through an OR gate Gy to the
vibrating string 11 so as to torque the plane of vibration' of
the string 11. Hence, it may be said that the torquing of
G, and Gy, varies as a function of a constant K; with the
torquing of Gj and G5 varying as a function of a larger
constant Ky, .

Hence, it is seen that if it is desired; for éxamiple; to
pass a relatively large torquing signal to torqué thé plane
of vibration to the left, a one is applied to the input of left
gate G; and a one is applied to the coarse terminal 43. If
it is desired to pass a fine or a relatively small torquing
signal to the left, a one occurs on Gy and also the fine ter-
minal 44. If a fine or coarse signal is desired to rotate the
plang to the right, a one is applied at the input of right gate
Gy; and depending upon fine or coarse outpit, ones are
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applied to 43 and/or 44. Thus, it is seen that either fine,
coarse, or fine and coarse left torquing can be achieved.
The same is true of a right direciion torquing. Thus, the
string can be torqued the desired amount quickly and ac-
curately.

By the circuitry illustrated, the torquing signals passed
through gates G; and Gys and consequently through the
string 11 can only be discrete signals that have a time
width of 360 degrees of vibration of the spring 11. The
reason for this is that the pulse from Gy; complements
flip-flop Fs. The first pulse from Go; sets Fj to true. The
second such pulse will always switch the flip-flop F; from
true to false. As the result, the upper output Fp” will be-
come zero, closing AND gates G; and G;p and also as a
result, effect closing of AND gates Gy and Giy. Thus, it
is seen that a complete cycle and only a complete cycle
starting at a zero crossing can be passed at one time. A
failure circuit, employing a single shot or monostable
multivibrator F; and an AND gate Gag, is included. The
single shot F, provides a 1¥4 torque period delayed signal
triggered by signal on Fj”. The delayed F;” signal is
compared with the output F3 at gate Gyy. If the output of
F, is still true when the delayed Fj’’ arrives at gate Gay,
an alarm signal resets Fg to zero thereby inhibiting con-
tinuous unintentional torquing due to a malfunction.

It will be understood that such a torquing signal R
which would be 180 degrees out of phase with the torquing
pulse L is available at the output of gate Gy3. Pulse R is
in phase with the velocity of the string whereas pulse L
is 180 degrees out of phase with the velocity. This phase
relationship enables torquing of the plane of vibration of
the string in opposite directions due to the opposite torqu-
ing effective between the magnetic field and the current
through the string.

Although the invention has been described and illus-
trated in detail, it is to be clearly understood that this is by
way of illustration and example only with the spirit and
scope of the invention being limited only by the terms of
the appended claims.

We claim:

1. A spatial direction indicator comprising support
means, a string mounted between two points of said sup-
port means, means for effecting vibration of said string at
a predetermined frequency in a vibratory plane, magnetic
means providing a magnetic field around said plane of vi-
bration, means for providing a first alternating current
signal having an amplitude which varies in accordance
with the vibrations of said string times a factor K;, means
for providing a second alternating current signal having an
amplitude which varies in accordance with the vibrations
of said string times a factor Ky wherein K; and X, are not
equal, and means for selectively conducting said first or
said second signal through said string to effect rotation of
said vibratory plane.

2. A spatial direction indicator comprising support
means, a string mounted between two points of said sup-
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port means, means for effecting vibration of said string at
a predetermined frequency in a vibratory plane, magnetic
means providing a magnetic field around said plane of vi-
bration, means for providing a first alternating current
signal having an amplitude which varies in accordance
with the vibrations of said string times a constant Kj,
means for providing a second alternating current signal
having an amplitude which varies in accordance with the
vibrations of said string times a constant K, where K, is
smaller than K;, and wherein said first and said second sig-
nal have the same time width and phase and means cou-
pling said first and said second signals to said. string to
effect rotation of said vibratory plane.

3. A spatial direction indicator comprising support
means, a string mounted between two points of said sup-
port means, means for effecting vibration of said string
at a predetermined frequency in a vibratory plane, mag-
netic means providing a magnetic field around said plane
of vibration, means for providing a first alternating current
signal having an amplitude which varies as a function of
the vibrations of said string times a factor X,, means for
providing a second alternating current signal having an
amplitude which varies as a function of the vibrations of
said string times a factor Ky wherein K; is less than K;
and wherein said first signal and said second signal are of
the same phase, means for providing a third alternating
current signal having an amplitude which varies as a func-
tion of the vibrations of said string times the factor K;,
means for providing a fourth alternating current signal
having an amplitude which varies as a function of the vi-
brations of said during the factor K, wherein said third
and said fourth signals have the same phase, and wherein
said third and said fourth signals are opposite in phase to
said first and said second signals, and means selectively
cpupling said first, said second, said third, or said fourth
signals to said string so as to selectively effect coarse or fine
rotation of said vibratory plane in a first direction by said
first or said second signal respectively and in a second di-
rection by said third or said fourth signal respectively.

4. A spatial direction indicator as set forth in claim 3
wherein said first and said second signals are in phase with
the velocity of said string and wherein said third and
said fourth signals are 180 degrees out of phase with the
velocity of said string.

5. A spatial direction indicator as set forth in claim 4
wherein the time width of said first, second, third and
fourth signals is 360 degrees of vibration of said string,
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