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57 ABSTRACT

A vibratory gyroscope utilizing a frequency-based measure-
ment and providing a frequency output.
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VIBRATORY GYROSCOPE UTILIZING A
FREQUENCY-BASED MEASUREMENT AND
PROVIDING A FREQUENCY OUTPUT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a US National Stage of International
Application No. PCT/US2009/063124, filed 3 Nov. 2009,
which claims the benefit of U.S. Provisional Patent Applica-
tion Ser. No. 61/110,723 filed 3 Nov. 2008, which application
is hereby incorporated fully by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to rotation rate
sensors, and more specifically to a vibratory gyroscope uti-
lizing a frequency-based measurement, and thus providing a
frequency-modulated output.

2. Description of the Related Art

The vast majority of conventional vibratory gyroscopes
provide an output signal that is proportional to the amplitude
of the sense mode vibration. In such conventional gyro-
scopes, a mechanical structure with two independent and
perpendicular vibration modes is excited in one of the modes,
the so-called drive mode. An applied external rotation rate
generates a Coriolis force acting on the mechanical structure,
which is proportional to the cross product of the microstruc-
tures velocity and the applied rotation rate. This Coriolis force
induces a vibration in the second vibration mode, whereby the
established vibration amplitude is proportional to the applied
rotation rate. In other words, the Coriolis coupling causes an
energy transfer from the drive to the sense oscillation.

Conventional gyroscopes include those disclosed in U.S.
Pat. No. 7,284,430 wherein the gyroscope has an amplitude
output, i.e. the measured vibration amplitude is proportional
to the applied rotation rate. Yet, it would be beneficial to
provide a gyroscope where the resonance frequency becomes
afunction of the applied rotation rate. U.S. Pat. No. 6,360,601
discloses a conventional gyroscope implementation where a
signal amplitude (in this case a differential amplitude) is
proportional to the applied rotation rate. While the disclosure
introduces a feedback loop to null the sense amplitude, it
would be beneficial to have the vibration frequency modu-
lated by the applied rotation rate. U.S. Pat. No. 6,595,054
discloses a gyroscope providing a frequency output. How-
ever, the frequency output is solely a measure of the vibration
amplitude’s modulation by the applied rotation rate. Thus,
this gyroscope is just yet another example of a gyroscope
where the applied rotation rate modulates a vibration ampli-
tude. It would be beneficial to provide a system wherein the
applied rotation rate changes the resonance frequency of the
primary and/or secondary oscillations operated in closed
feedback loops.

Further, from A. A. Seshia, R. T. Howe, S. Montague, “An
integrated microelectromechanical resonant output gyro-
scope,” in Proc. 2002 IEEE MEMS Conference (MEMS
2002), pp. 722-726, it is also known to provide a gyroscope
with a frequency-output, wherein an amplitude-modulated
gyroscope is coupled to two double-ended tuning forks
(DETF) so that the sense mode vibration creates a (deflec-
tion-dependent) axial force acting on the DETF. Depending
on the sense mode vibration amplitude, this coupling results
in a frequency shift of the DETF. This design can be consid-
ered a gyroscope with an indirect frequency-output (using a
resonant strain gauge as an amplitude sensor). U.S. Pat. No.
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7,040,162 is based on two orthogonal modes of oscillation
that have a slight frequency offset, so that the nodal plane
rotates. This rotation rate becomes a function of the applied
angular rate and is measured. It would be beneficial if the
modes are matched and coupled so that the applied rotation
rate induces a frequency change that can be measured. U.S.
Pat. No. 7,159,461 discloses a conventional gyroscopes with
an amplitude output. It uses feedback loops to ensure that the
resonance frequency of the drive and sense modes are
matched, and thus the sensitivity is maximized. The output is
still an amplitude, and thus it would remain beneficial to
provide a system where the oscillation frequency is modu-
lated by the applied rotation rate.

It can be seen that there remains a need for a vibratory
gyroscope with a frequency output, that can be considered a
direct frequency-output, wherein the driving and the sensing
mode are each operated in a closed-loop configuration with
constant amplitude at their respective resonance frequencies
and wherein the applied rotation rate affects the frequency of
vibration. It is to the provision of such a system that the
present invention is primarily directed.

BRIEF SUMMARY OF THE INVENTION

Briefly described, in an exemplary form, the present inven-
tion is a vibratory gyroscope with a frequency-modulated
output. In contrast to the common amplitude-output gyro-
scopes, an applied rotation rate generates a Coriolis force,
which acts as an additional spring force on the sense resona-
tor, thus resulting in a measurable shift of the resonance
frequency of the sense mode. Both drive mode and sense
mode are operated in closed-loop configuration with appro-
priate controllers adjusting the drive mode frequency to that
of the sense mode while maintaining a 90° phase shift
between them.

The present invention has unique advantages over ampli-
tude-output operation schemes: wherein (i) the scale factor is
only determined by the ratio of the drive mode and sense
mode vibration amplitude and can thus be actively controlled
to increase the gyroscope’s dynamic range; wherein (ii) the
angle random walk is limited by the (excellent) short-term
frequency stability of the (crystalline) resonator, which has
been studied and optimized extensively for frequency/timing
references; and wherein (iii) the bias drift can be improved by
an intrinsic offset cancellation technique, enabling the mea-
surement of the resonance frequency without the influence of
the rotation rate.

Moreover, the general advantages of frequency-output sen-
sors apply, namely the possibility of reading a frequency
signal with high resolution and the ease of interfacing with
digital signal processing.

Thus, in an exemplary embodiment, the present invention
is a rotation rate sensor comprising at least one mass with two
perpendicular vibration modes, capable of vibrating along an
X axis at a resonant frequency f,, and capable of vibrating
along a y axis at a resonant frequency f, a first driving
mechanism that imparts a sense mode vibration having fre-
quency, amplitude, and phase to the mass along a sense mode
axis, being one of the x or y axes, a first feedback signal for
monitoring the sense mode vibration and making adjustments
to the first driving mechanism, and an output signal having a
default frequency, wherein upon rotation of the mass about an
axis orthogonal to the x and y axes, the variation in the output
signal from the default frequency is indicative of a rotation
rate of the mass.

The rotation rate sensor can further comprise a second
driving mechanism that imparts a drive mode vibration hav-
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ing frequency, amplitude, and phase to the mass along a drive
mode axis, being the axis perpendicular to the sense mode
axis. The rotation rate sensor can further comprise a second
feedback signal for monitoring the drive mode vibration and
making adjustments to the second driving mechanism. The
frequency of the drive mode vibration and the frequency of
the sense mode vibration can be approximately equal. The
phase of the vibration along the drive mode axis and the phase
of the vibration along the sense mode axis can be shifted
approximately 90 degrees from one another.

The first and second driving mechanisms can each be oper-
ated in a closed-loop configuration, and with constant ampli-
tude at their respective resonance frequencies. A constant
ratio can be maintained between the amplitude of vibration
along the sense mode axis and the amplitude of vibration
along the drive mode axis. Furthermore, the amplitude of the
frequency-modulated output signal can maintain a constant
level.

In another exemplary embodiment, the present invention is
amethod of detecting rotation rate from changes in frequency
comprising suspending a mass movable along or around one
or more axes, vibrating the mass along or around a first of the
one or more axes at an initial sense mode frequency by a sense
mode signal, obtaining a change in the sense mode frequency
from its initial sense mode frequency upon rotation of the
mass about an axis that does not coincide with the first of the
one or more axes, wherein the change of frequency of the
sense mode signal from the initial sense mode frequency is
indicative of a rotation rate of the mass.

In another exemplary embodiment, the present invention is
a method of detecting rate of rotation from changes in fre-
quency comprising vibrating a mass within a plane at an
initial frequency of vibration by applying force to the mass,
applying an additional force to the mass to restore the initial
frequency of vibration to the mass, wherein the additional
force is proportional to the rate of rotation of the mass, €2, and
measuring a deviation, Aw from the initial frequency of vibra-
tion due to a rotation of the mass about an axis orthogonal to
the plane. The mass can be vibrated along the x axis at an
amplitude X, and vibrated along the axis at an amplitude Y,,.
The deviation Aw can be approximately equal to (X,/Y).

In another exemplary embodiment, the present invention is
a rotation rate sensor with a frequency output comprising at
least one mass with two perpendicular vibration modes,
capable of vibrating along an X axis at a resonant frequency £,
and capable of vibrating along ay axis at a resonant frequency
f,, a first driving mechanism that imparts parts a drive mode
vibration, amplitude and phase to the mass along a driving
axis, being one of the x and y axes, a second driving mecha-
nism that imparts a sense mode vibration, amplitude and
phase of the mass along a sensing axis, being the axis perpen-
dicular to the driving axis, and a rotation-rate dependent
coupling between drive and sense mode vibration that
changes the frequency of either the sense or the drive mode.

The rotation-rate dependent coupling can comprise a con-
troller maintaining an approximately 90° phase shift between
the sense and drive mode vibrations, and adjusting the reso-
nant frequency f, to that of the resonant frequency 1. Alter-
natively, the rotation rate coupling comprises a controller
maintaining an approximately 90° phase shift between the
sense and drive mode vibrations, and adjusting the resonant
frequency {, to that of the resonant frequency f.

The first and second driving mechanisms can each be oper-
ated in a closed-loop configuration, and operated with con-
stant amplitude at their respective resonance frequencies.

In another exemplary embodiment, the present invention is
a rotation rate sensor with a frequency output comprising at
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least one mass with two perpendicular vibration modes,
capable of vibrating along an x axis at a resonant frequency f ,
and capable of vibrating along a y axis at a resonant frequency
f,, a driving circuit that controls a drive mode vibration,
amplitude and phase to the mass along a driving axis, being
one of the x and y axes, a sensing circuit that controls a sense
mode vibration, amplitude and phase of the mass along a
sensing axis, being the axis perpendicular to the driving axis,
and a rotation-rate dependent coupling between drive and
sense mode vibration that changes the frequency of either the
sense or the drive mode.

In another exemplary embodiment, the present invention is
a method of sensing rotation rate comprising providing at
least one mass with two perpendicular vibration modes,
wherein the mass is capable of vibrating along an x axis at a
resonant frequency f,, and capable of vibrating along a y axis
at a resonant frequency f,, providing a drive mode vibration,
amplitude and phase to the mass along a driving axis, being
one of the x and y axes, sensing a sense mode vibration,
amplitude and phase of the mass along a sensing axis, being
the axis perpendicular to the driving axis, and phase shifting
at approximately 90° the sense and drive mode vibrations.
The method can further comprise adjusting the resonant fre-
quency {, to that of the resonant frequency 1, or alternatively,
adjusting the resonant frequency T, to that of the resonant
frequency ..

These and other objects, features, and advantages of the
present invention will become more apparent upon reading
the following specification in conjunction with the accompa-
nying drawing figures.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 illustrates a schematic of the general principal of the
vibratory gyroscope with two perpendicular in-plane vibra-
tion modes.

FIG. 2 illustrates the working principle of the present
invention according to an exemplary embodiment, wherein a
frequency-modulated output gyroscope is provided with a
drive mode controller, a sense mode controller, a 90° phase
shift between drive and sense mode vibration, and Coriolis
coupling that affects the resonance frequency of the sense
mode. In this particular embodiment the drive mode fre-
quency follows the sense mode frequency.

FIG. 3 illustrates the working principle of the present
invention according to another embodiment, wherein a fre-
quency-modulated output gyroscope is provided with a drive
mode controller, a sense mode controller, a 90° phase shift
between drive and sense mode vibration, and Coriolis cou-
pling that affects the resonance frequency of the sense mode.
In this particular embodiment the sense mode frequency is
adjusted.

FIG. 4 illustrates a matched-mode silicon tuning fork gyro-
scope.

FIG. 5 illustrates the sense mode deflection as a function of
time as simulated with SIMULINK (X /Y ,=1000); blue line:
no rotation rate applied; red line: rotation rate of 100°/s
applied after 0.1 ms; sense and drive mode have both an
undistorted resonance frequency of 30 kHz; as expected from
the analytical model, the applied rotation rate results in a
frequency shift Af=300 Hz.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Although preferred embodiments of the invention are
explained in detail, it is to be understood that other embodi-
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ments are contemplated. Accordingly, it is not intended that
the invention is limited in its scope to the details of construc-
tion and arrangement of components set forth in the following
description or illustrated in the drawings. The invention is
capable of other embodiments and of being practiced or car-
ried out in various ways. Also, in describing the preferred
embodiments, specific terminology will be resorted to for the
sake of clarity.

It must also be noted that, as used in the specification and
the appended claims, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise.

Also, in describing the preferred embodiments, terminol-
ogy will be resorted to for the sake of clarity. It is intended that
each term contemplates its broadest meaning as understood
by those skilled in the art and includes all technical equiva-
lents which operate in a similar manner to accomplish a
similar purpose.

Ranges may be expressed herein as from “about” or
“approximately” one particular value and/or to “about” or
“approximately” another particular value. When such a range
is expressed, another embodiment includes from the one par-
ticular value and/or to the other particular value.

By “comprising” or “containing” or “including” is meant
that at least the named compound, element, particle, or
method step is present in the composition or article or
method, but does not exclude the presence of other com-
pounds, materials, particles, method steps, even if the other
such compounds, material, particles, method steps have the
same function as what is named.

It is also to be understood that the mention of one or more
method steps does not preclude the presence of additional
method steps or intervening method steps between those
steps expressly identified. Similarly, it is also to be under-
stood that the mention of one or more components in a device
or system does not preclude the presence of additional com-
ponents or intervening components between those compo-
nents expressly identified.

The present closed-loop frequency-modulated output
gyroscope is related to work done towards a resonant mag-
netic microsensor. See, R. Sunier, T. Vancura, Y. Li, K.-U.
Kirstein, H. Baltes, O. Brand, “Resonant magnetic field sen-
sor with frequency output,” IEEE J. Microelectromechanical
Systems, vol. 15, pp. 1098-1107, 2006. In the case of the
resonant magnetic sensor, a current proportional to the
microsensor’s deflection is applied to a current coil embed-
ded in the vibrating microstructure. This generates an (out-
of-plane) Lorentz force acting on the vibrating microstruc-
ture, e.g. a micromachined cantilever beam, which is
proportional to the magnetic induction B and the deflection x
of the cantilever. This way, the magnetic force acts as an
additional spring force and changes the resonance frequency
of the resonator.

A sensitivity of 60 kHz/T (for a resonator with a base
frequency of 180kHz) and a resolution of approximately 1 uT
has been achieved. By simply controlling the coil current, the
magnetic force can be switched on and off, yielding an effi-
cient offset compensation mechanism. The same basic prin-
ciple is applied to the present vibratory gyroscope, yielding a
micromachined rotation rate sensor utilizing a frequency
measurement.

The working principle of the present invention is briefly
explained, wherein a gyroscope structure (see FIG. 1) is pro-
vided with two perpendicular vibration modes with matched
resonance frequencies (f,=1,=f). A mass m is suspended from
a frame by means of springs, thus the mass possesses two
degrees of freedom along the x and y directions. The system
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may be considered as an assembly of two resonators having
eigenfrequencies or natural frequencies f, along x and f,
alongy. The mass m is excited at its natural frequency f, along
the x axis.

A drive oscillation is applied in x direction. When a speed
of rotation Q about the third, z axis, is present, the Coriolis
forces induce coupling between the two resonators, causing
the mass to vibrate along the y axis. The amplitude of the
movement alongy is then proportional to the speed of rotation
Q. This amplitude is also a function of the difference in the
natural frequencies f, and f, and maximum sensitivity is
achieved when the two natural frequencies are equal.

For ahigh-performance gyroscope, it is necessary to obtain
maximum sensitivity of the displacement relative to the speed
of rotation. It is therefore very desirable to make these fre-
quencies equal.

However, when the frequency equality condition is met,
the bandwidth ofthe gyroscope becomes small. To increase it,
the detection movement along y can be feedback controlled
by applying an electrostatic or electromagnetic force along
the y axis to the mass, which force counterbalances the force
created by the Coriolis coupling. There is no longer vibration
of'the mass along y, and it is then the feedback force propor-
tional to the speed of rotation €2 that is measured.

It is therefore desirable in vibrating gyroscopes of higher
performance for the movement along the y axis to be feed-
back controlled and for the frequencies £, and T, to be made
coincident.

In the present invention’s driving scheme (see FIG. 2), the
driving and the sensing mode are each operated in a closed-
loop configuration with constant amplitude at their respective
resonance frequencies. Moreover, a controller maintains a
90° phase shift between sense and drive mode vibration and
adjusts the resonance frequency of the drive mode to that of
the sense mode.

Operated in the closed-loop configuration, the driving
force compensates for the oscillator damping, maintaining a
constant vibration amplitude of the resonator. To a first order,
the equation of motion for the drive mode can thus be approxi-
mated by that of a simple mass-spring system

mE+k x=0 (1)

with mass m, spring constant k_ and deflection x. The
solution of this equation is a harmonic oscillation

*0)=Xo @

with amplitude X, (determined by the closed-loop control)
and resonance frequency

®

==

wo =2nf = i

m

In the presence of a rotation rate € (perpendicular to both
vibration axes), a Coriolis force F is acting on the reso-
nator mass

coriolis

Foorionis=2m(vxQ)=2m(imoXoe™ 0, x Q)=i2 mmoL2x 4

Because both vibration modes are driven with a 90° phase
shift and a pre-set amplitude ratio X,/Y,, (i.e. x=1(Xy/Y)y),
the Coriolis force acting on the sense resonator is propor-
tional to its deflection y, i.e. it acts like an additional spring
force.

The resulting simplified one-dimensional equation of
motion for the sense mode (again assuming that the driving
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force of the feedback-circuit cancels the damping force,
resulting in an oscillation with constant amplitude Y,,) is

. . Xo (5)
my +kyy + Feoriolis = my + kyy + meoﬂy—oy

Xo
=my+ |k, + meoﬂ—]y
Yo

=k eff

The Coriolis force, thus, modifies the resonance frequency
of the sense mode:

Wi = 27 fin 6)

kgjf

m

Xo

ky + 2mwod—

- Y
B m

Q Xo
+2— —
wo Yo

=wy, |1

Assuming,

the square root behavior can be linearized, yielding

Q X ) M

wmzw0(1+w—y—
o Yo

or the relative frequency change

Awg B Xo Q

Wy — Wo

®

[ o Yo wo

The resulting (dimensionless) scale factor S of the fre-
quency-output gyroscope is simply the ratio of the drive and
sense vibration amplitude

_Aw Xo

Q1

)

and can, thus, be adjusted via the feedback circuits for the
drive and sense modes. This active control of S can be used to
increase the dynamic range of the gyroscope without increas-
ing the intrinsic non-linearity implied by Eqn. (6).

Assuming a ratio of the vibration amplitudes X,/Y,=10 a
rotation rate of 1 deg/s yields a shift of the resonance fre-
quency of Af=2.8 Hz. With a typical resonance frequency
=10 kHz of resonators used in gyroscopes, the relative fre-
quency change would be Af/f=2.8x10~*.
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Drive Mode Frequency Controlled Gyroscope

The working principle of the present drive mode frequency
gyroscope is depicted in FIG. 2. The drive mode and the sense
mode are coupled via the Coriolis force induced by the angu-
lar rate input signal. The sense mode is driven by a controller
(y-controller) using a sense mode signal that holds a stable
amplitude Yy, but follows the resonant frequency of the oscil-
lator, i.e. it continuously detects the resonant frequency.

The drive mode is driven by a controller (x-controller)
using a drive mode signal that holds a constant amplitude X,
but follows the frequency of the sense mode controller with a
constant phase shift of 7w/2. The output signal is the resonant
frequency as measured by the sense mode controller.

This approach suffers from the fact that the drive mode
must be driven with a maximized amplitude in order to yield
a reasonable high Coriolis coupling. This circumstance is
limiting the range of adjustment of the drive mode. In order to
achieve a large range of frequency adjustment the adjusting
force must exceed the driving force, and for the design of this
project (and probably most gyroscopes) one already exploits
the full range of available forces for the driving. Another
structure with a tunable drive mode may provide a better basis
for such a device.

Sense Mode Frequency Controlled Gyroscope

A solution for the problem of tuning the drive mode over a
large frequency range is simply not to do it. Theoretically it is
possible to adjust the resonant frequency of the sense mode,
thus implementing a “Sense Mode Frequency Controlled
Gyroscope™.

The working principle of this type of gyroscope is depicted
in FIG. 3. A normalized target oscillation sin{wt+¢) is gener-
ated. Its frequency w is either fixed and chosen to be as close
to the resonant frequencies of both modes as possible, or it is
a measurement of the resonant frequency of one or both
modes that has been fed back to the generator of the target
oscillation (indicated for the drive mode by the dotted line
named “frequency”).

That target oscillation is multiplied by the desired drive
mode amplitude X, and fed to the drive mode controller
(x-controller) Likewise the target oscillation is phase shifted
by /2, multiplied with the desired sense mode amplitude Y,,,
and fed to the sense mode controller (y-controller). Both
controllers compare their input signals with the actual deflec-
tion of their oscillators and drive them such that the difference
between the input signal and the actual oscillation becomes
zero. In other words, the controllers make the oscillators
follow the target oscillation with individual amplitudes, a
constant phase shift, and identical frequency.

The difference to the Drive Mode Frequency Controlled
Gyroscope is that both oscillators are driven with a fixed
amplitude (X, and Y,), a fixed frequency (the common reso-
nant frequency of both modes), and a fixed phase shift (7/2).
This needs to be done by fast and accurate control systems.
This can be achieved by a simple PD-controller.

What happens when a disturbance from outside is acting on
one of the oscillations is that the controller will have to
counteract for this disturbance. The same happens for an
angular rate inducing a Coriolis force on the sense mode. As
for this case we can view the angular rate as a disturbance of
the system: The sense mode will suddenly have a different
resonant frequency because of the Coriolis force that is in
phase with its deflection acting as an artificial spring constant.
The sense mode will start oscillating slightly faster or slower,
inducing a difference to the target oscillation. The sense mode
controller will have to compensate for it. Thus, the resulting
sense mode signal (depending on the accuracy of the control-
ler) will be nothing else than the inverse of the Coriolis force:



US 8,763,459 B2

9

The output of the sense mode controller, the sense mode
signal, is a direct measurement of the Coriolis force.
Angle Random Walk

Gyroscopes with navigation-grade performance require an
angle random walk (ARW) better than 0.001 deg/(hr)/>=0.06
deg/hr/(Hz"?). The ARW of the present invention is limited
by the short-term frequency stability of the micromachined
(sense) resonator, specified as the standard deviation of the
fractional frequency fluctuations for a specific averaging time
(measured using the Allan variance method). Typical values
of the Allan variance for silicon-based resonators are 1 to 5
1072 for 1 sec averaging time.

With the above example (f=10 kHz, X/Y,=10) and using
Eqn. (8), an Allan variance of 10~® would result in an ARW of
0.1 deg/hr (noting that this requires an averaging time of 1 sec,
i.e. a bandwidth of 1 Hz).

Yo
wo X

ARW = Oy = (A_‘”) (10)

0 “min

Temperature stabilization enables further improvement of
the short-term frequency stability. As a reference, oven-con-
trolled crystal oscillators (OCXO) used as timing standards
achieve 1-sec Allen variances better than 1072,

Bias Stability

Gyroscopes with navigation-grade performance require a
bias drift stability better than 0.01 deg/hr. In the present
frequency-output gyroscope, the bias drift stability is related
to the long-term drift of the base resonance frequency, i.e. the
resonance frequency of the sense mode with zero applied
rotation rate.

With an amplitude ratio of X,/ Y,=10°, the required stabil-
ity translates into a resonance frequency drift of approxi-
mately 8 uHz/hr, or a frequency stability better than 10~°/hr
fora 10 kHz resonator. For comparison, oven-controlled crys-
tal oscillators (f=5-10 MHz) achieve long-term frequency
stabilities of <107'%/day.

While a timing reference requires an absolute frequency
stability, the present rotation rate sensor can tolerate a base
frequency drift, if this base frequency can be measured in
periodic intervals. The present sensing concept for vibratory
gyroscopes provides such an intrinsic offset cancellation by
disabling the Coriolis force acting on the sense vibration:
without drive mode oscillation, no Coriolis force is generated
and the sense vibration locks to the base frequency.

The present invention was prototyped, and in order to mini-
mize initial design and fabrication efforts, leveraged on exist-
ing amplitude-output vibratory gyroscopes. In particular,
electrostatic frequency-matched designs with frequency-tun-
able drive and sense modes (see e.g. FIG. 4) were used to
verify the feasibility of the present frequency-output gyro-
scope.

A prototype of the present frequency-output gyroscope
was verified by first SIMULINK simulations (see FIG. 5).
Here, the drive mode is controlled to follow the sense mode
frequency with constant amplitude and phase difference. The
sense mode is implemented as a lossless harmonic oscillator,
such that it oscillates freely without the need of compensating
for decreasing amplitude.

The phase and amplitude tracking is simulated by a simple
integration followed by a normalization of the amplitude, i.e.
the (phase shifted) oscillation of the sense mode as a target
signal for the drive mode was used. This signal is fed to the
drive mode controller, implemented as a simple PD-control-
ler. Note that in this simplified simulation the drive mode
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10

controller can have extremely high driving forces. Instead,
one could add a saturation block to simulate of a more real-
istic controller. It should further be noted that the application
of an angular rate is immediately seen in the sense mode
resonance frequency. The response time to signal transients is
important for many applications and a challenge in ampli-
tude-output gyroscopes with high Q-factors. Predictions of
the transient response time based on the simplified SIM-
ULINK model are difficult and the results must be verified
carefully by suitable experiments.

The present invention provides numerous advantages over
conventional gyroscopes.

1. Frequency Output: Frequencies are generally easier to
measure compared to amplitudes, which typically require
high-performance analog-to-digital converters. The minimal
detectable frequency change is limited by the short-term fre-
quency stability and the length of the counting period.

2. Adjustable Sensitivity: The sensor sensitivity is propor-
tional to the ratio of the drive and sense mode amplitude,
which are controlled by the closed-loop oscillation circuits
for both modes. This way the dynamic range of the gyroscope
can be adjusted by selecting proper amplitude ratios.

3. Automatic Offset Cancellation: The present sensing con-
cept for vibratory gyroscopes allows an intrinsic offset can-
cellation by disabling the Coriolis force acting on the sense
vibration—without drive mode oscillation, no Coriolis force
is generated and the sense vibration locks to the base fre-
quency. This way sensor drift can be automatically removed
by a simple differential measurement.

4.Phase detection: The electronics used to control the drive
and the sense mode are no longer dependant on a extremely
accurate measurement of the sense mode amplitude, the two
amplitudes just have to be held stable. One could even imag-
ine a tuning of one of the amplitudes in order to set the desired
resolution just by redefining the amplitude ratio. A critical
parameter is the phase difference between the two modes. A
change in the resonant frequency of the sense mode is first
detected by a slight phase shift between the two oscillations.

5. Response: The response of traditional gyroscopes to a
rotation is relatively slow because of the time constant T that
is proportional to the quality factor. The response of a fre-
quency based gyroscope does not depend on such a time
constant. The resonant frequency is instantly changed, and it
is only a matter of how fast the electronics can detect and
adapt to the new resonant frequency that determines how fast
the device can detect a rotation rate. Theoretically the new
resonant frequency is detectable after one oscillation, thus the
“time constant” of the frequency based gyroscope is in the
order of 1/, and thus roughly Q times faster.

Numerous characteristics and advantages have been set
forth in the foregoing description, together with details of
structure and function. While the invention has been dis-
closed in several forms, it will be apparent to those skilled in
the art that many modifications, additions, and deletions,
especially in matters of shape, size, and arrangement of parts,
can be made therein without departing from the spirit and
scope of the invention and its equivalents as set forth in the
following claims. Therefore, other modifications or embodi-
ments as may be suggested by the teachings herein are par-
ticularly reserved as they fall within the breadth and scope of
the claims here appended.

We claim:
1. A method of detecting rotation rate from changes in
frequency comprising:
suspending a mass movable along or around one or more
axes;
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vibrating the mass along or around a first of the one or more
axes at an initial sense mode frequency by a sense mode
signal;

vibrating the mass along a second of the one or more axes

at an initial drive mode frequency by a drive mode sig-
nal;

obtaining a change in the sense mode frequency from its

initial sense mode frequency upon rotation of the mass
about an axis that does not coincide with the first of the
one or more axes;

wherein the change of frequency of the sense mode signal

from the initial sense mode frequency is indicative of a
rotation rate of the mass.
2. The method of claim 1, wherein the initial sense mode
frequency is the resonant frequency of the mass along or
around the first of the one or more axes.
3. The method of claim 1, wherein the rotation rate of the
mass generates a force acting on the mass that has a compo-
nent that is proportional to an amount of deflection along the
first of the one or more axes.
4. The method of claim 1, wherein the initial drive mode
frequency is approximately equal to the initial sense mode
frequency.
5. The method of claim 1, wherein the initial sense mode
frequency is the resonant frequency of the mass along or
around the first of the one or more axes, and wherein the initial
drive mode frequency is the resonant frequency of the mass
along or around the second of the one or more axes.
6. The method of claim 1, wherein the first of the one or
more axes and the second of the one or more axes are perpen-
dicular to each other.
7. The method of claim 6, wherein the mass is rotated
around an axis perpendicular to the drive mode axis and
perpendicular to the first of the one or more axes and the
second of the one or more axes.
8. A rotation rate sensor comprising:
at least one mass with two perpendicular vibration modes,
capable of vibrating along an x axis at a resonant fre-
quency f, and capable of vibrating along a y axis at a
resonant frequency 1,

a first driving mechanism that imparts a sense mode vibra-
tion having frequency, amplitude, and phase to the mass
along a sense mode axis, being one of the X or y axes;
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a second driving mechanism that imparts a drive mode
vibration having frequency, amplitude, and phase to the
mass along a drive mode axis, being the axis perpendicu-
lar to the sense mode axis;

a first feedback circuit for monitoring the sense mode
vibration and making adjustments to the first driving
mechanism; and

an output signal having a default frequency;

wherein upon rotation of the mass about an axis orthogonal
to thex and y axes, the variation in the output signal from
the default frequency is indicative of a rotation rate of the
mass.

9. The rotation rate sensor of claim 8, further comprising a
second feedback circuit for monitoring the drive mode vibra-
tion and making adjustments to the second driving mecha-
nism.

10. The rotation rate sensor of claim 9, wherein the fre-
quency of the drive mode vibration and the frequency of the
sense mode vibration are approximately equal.

11. The rotation rate sensor of claim 9, wherein the phase of
the vibration along the drive mode axis and the phase of the
vibration along the sense mode axis are shifted approximately
90 degrees from one another.

12. The rotation rate sensor of claim 9, wherein the first and
second driving mechanisms are each operated in a closed-
loop configuration with constant amplitude at their respective
resonance frequencies.

13. The rotation rate sensor of claim 9, wherein a constant
ratio is maintained between the amplitude of vibration along
the sense mode axis and the amplitude of vibration along the
drive mode axis.

14. The rotation rate sensor of claim 9, wherein the ampli-
tude of the frequency-modulated output signal maintains a
constant level.

15. A method of detecting rate of rotation from changes in
frequency comprising:

vibrating a mass along or around a first axis at an initial
drive mode frequency by applying a force to the mass;

vibrating a mass along or around a second axis at an initial
sense mode frequency by applying a force to the mass;

applying an additional force to the mass to restore the
initial sense mode frequency of vibration to the mass;
and

measuring the additional force needed to restore the initial
frequency of vibration.
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