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DYNAMICALLY AMPLIFIED
MICROMACHINED VIBRATORY ANGLE
MEASURING GYROSCOPES,
MICROMACHINED INERTIAL SENSORS
AND METHOD OF OPERATION FOR THE
SAME

RELATED APPLICATIONS

The present application is related to U.S. Provisional
Patent Application Ser. No. 60/426,772, filed on Nov. 15,
2002, which is incorporated herein by reference and to
which priority is claimed pursuant to 35 USC 119.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to micromachined gyroscopes and
in particular to two-mass angle measuring gyroscopes.

2. Description of the Prior Art

All non-micromachined angle measuring gyroscopes are
expensive due to the necessity of precision machining to
produce each individual device. Previous micromachined
implementations of angle measuring gyroscopes used either
a single shell or single proof mass as a drive and sense
element. These implementations require nonlinear electro-
static actuation, which greatly complicate control, sense, and
error suppression.

All micromachined rate gyroscopes are also vibratory in
nature, measuring angular rates by detecting energy coupled
between orthogonal vibration modes due to Coriolis force. A
structural mass is forced into oscillation in one principle
structural mode, designated the “drive” mode. The presence
of a rotation induced Coriolis force couples the sustained
oscillation into an orthogonal structural mode, designated
the “sense” mode. The magnitude of vibration induced in the
sense mode is proportional to the rotation rate of the device.
An example is shown in U.S. Pat. No. 6,481,285, incorpo-
rated herein by reference.

As an illustration, consider a structural mass attached to
a frame free to move in inertial space (i,j) as schematically
shown in FIG. 1. In the coordinate frame of the moving
device (X,Y), the equations of motion, assuming the oper-
ating frequency is much greater than the rotation rate

are

mi+k x-2mQy=F ,(t) @

my+k,y+2mQx=0 2

where m is the lumped mass of the system, kx and ky are the
x and y stiffness values, respectively, and €2 is an input
angular rate. To achieve highest sensitivity, the stiffnesses
between x and y are typically designed to be the same
(kx=ky=k) and in this case, the system is driven at its
resonant frequency using a harmonic excitation force Fd
(Fd=FO sin wt, and w=V(k/m). The measured sense accel-
eration ac is proportional to the input angular velocity

a~82.X,m, cos ot

©)

where X0 is the magnitude of vibration in the x direction.
However, no micromachined rate gyroscope has been suc-
cessful as a long term navigation grade sensor due to
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amplification of errors that arise from the necessity of
integrating the angular rate signal to obtain attitude.

BRIEF SUMMARY OF THE INVENTION

The invention is a micromachined angle measuring gyro-
scope using a dual mass architecture. Angle measuring
gyroscopes, in general, can be used in long term navigation
scenarios, as they can avoid integrating drift errors charac-
teristic of rate gyroscopes. By using two coupled masses,
one mass can be driven with small amplitudes of motion,
ideal for linear control algorithms, while the second mass is
amplified at much higher amplitudes of motion, ideal for
performance of the sensor.

In contrast to the prior art single mass angle measuring
gyroscope, a dual mass architecture or dual mass angle
measuring gyroscope is able to decouple the drive and sense
elements from each other. The drive element can be driven
with small amplitudes, allowing designers to use linear
control methodologies, while the slave element is dynami-
cally amplified to higher amplitudes of motion, allowing for
higher performance of the device.

Such a device can be implemented in applications requir-
ing long term navigation sensing. An example of applica-
tions include virtual reality systems, micro satellite
navigation, micro vehicle guidance systems, directional
drilling systems, and stabilization systems. In each case, the
device would provide high accuracy attitude sensing.

More particularly the invention is defined in one embodi-
ment as an angle measuring gyroscope comprising a sub-
strate having a first surface, a first movable drive mass
coupled to the substrate through a first suspension which
restricts the range of motion of the drive mass to maintain
movement of the drive mass within a linear regime, a second
movable slave mass coupled to the drive mass through a
second suspension which allows amplification of movement
of the slave mass with respect to the drive mass, drive
electrodes coupled to the drive mass and defined in a plane
above the substrate; sense electrodes coupled to the slave
mass and defined in the same plane as the drive electrodes.

The angle measuring gyroscope further comprises a con-
trol means for maintaining oscillation of the slave mass
without interfere with the measured precession pattern of the
slave mass, the control means being coupled to the sense and
drive electrodes.

The control means drives the slave mass at a constant
amplitude at the first resonant frequency of the gyroscope.
The first resonant frequency of the gyroscope corresponds to
the first slave mass deflection peak and is approximated as
the first system eigenfrequency ;. The drive mass and slave
mass are substantially decoupled from each other.

In one embodiment the drive mass is an outer drive mass
and the slave mass is an inner slave mass as defined by the
layout geometry of the gyroscope.

In another embodiment the drive mass is an inner drive
mass and the slave mass is an outer slave mass as defined by
the layout geometry of the gyroscope.

The drive mass is fabricated to lie in a plane and has at
least one window defined therein, and where the drive
electrodes are disposed in the at least one window and in the
plane of the drive mass.

Similarly, the slave mass is fabricated to lie in a plane and
has at least one window defined therein, and where the sense
electrodes are disposed in the at least one window and in the
plane of the slave mass.

The sense and drive electrodes each have a gap spacing
between adjacent electrodes, and where the gap spacing for





















