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57 ABSTRACT

A sensor is fabricated with micron feature sizes capable of
simultaneously measuring absolute angles of rotation and
angular rotational rates. The measurements are made
directly from the position and velocity of the device without
the need for electronic integration or differentiation. The
device measures angle directly, avoiding the integration of
electronic errors and allowing for higher performance in
attitude measurement. These performance improvements
and flexibility in usage allow for long term attitude sensing
applications such as implantable prosthetics, micro-vehicle
navigation, structural health monitoring, and long range
smart munitions. Through the fabrication of the device using
lithographic methods, the device can be made small and in
large qualities, resulting in low costs and low power con-
sumption.

26 Claims, 11 Drawing Sheets
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METHOD OF SIMULTANEOUSLY AND
DIRECTLY GENERATING AN ANGULAR
POSITION AND ANGULAR VELOCITY
MEASUREMENT IN A MICROMACHINED
GYROSCOPE

RELATED APPLICATIONS

The present application is related to U.S. Provisional
Patent Application Ser. No. 60/527,419, filed on Dec. 4,
2003, 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 is in the field of MEMS gyroscopes capable
of simultaneous measurement of angular position and angu-
lar rate.

2. Description of the Prior Art

All micromachined gyroscopes are vibratory in nature,
measuring either angular rates by detecting energy coupled
between orthogonal vibration modes due to Coriolis force or
angle of rotation through the precession of an oscillation
pattern. In a rate gyroscope, a structural element is forced
into oscillation in one principle structural mode, designated
the “drive” mode. The presence of rotation induced Coriolis
force couples the sustained oscillation into an orthogonal
structural mode, designated the “sense” mode. The magni-
tude of vibration induced in the sense mode is proportional
to the rotation rate of the device.

However, these devices require integration of the elec-
tronic output signal to obtain orientation, magnifying drift
and noise errors causing reduced performance. Prior work in
the state of the art has produced a micromachined angle
measuring gyroscope. However, the prior art control elec-
tronics of the gyroscope does not allow for the simultaneous
detection of angular position and angular velocity. At
present, no micromachined angle measuring devices exist on
the market since designers are focused exclusively on the
design of micromachined rate measuring gyroscopes. These
devices require integration of the electronic output signal to
obtain position, magnifying drift and noise errors which
results in reduced performance.

BRIEF SUMMARY OF THE INVENTION

In the illustrated embodiment a sensor is fabricated with
micron feature sizes capable of simultaneously measuring
absolute angles of rotation and angular rotational rates. The
measurements are made directly from the position and
velocity of the device without the need for electronic inte-
gration or differentiation.

The gyroscope of the invention measures angle directly,
avoiding the integration of electronic errors and allowing for
higher performance in attitude measurement. The capability
to simultaneously measure angular rate allows flexibility for
the end user who can use the device for rate and angle
measurement without additional electronics. These perfor-
mance improvements and flexibility in usage would allow
for long term attitude sensing applications such as implant-
able prosthetics, micro-vehicle navigation, structural health
monitoring, and long range smart munitions. Through the
fabrication of the device using lithographic methods, the
device can be made small and in large qualities, resulting in
low costs and low power consumption.
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2

The invention is an improvement in a method for con-
trolling a micromachined gyroscope which is comprised of
a substrate, a proof mass coupled to the substrate by an
isotropic suspension such that the proof mass can move in
any direction in a working plane, one or more drive elec-
trodes configured to cause the proof mass to oscillate in the
working plane in a precessing elliptical path, and one or
more sense electrodes configured to sense the motion of the
proof mass in the working plane. The improvement com-
prises the steps of measuring the angle of precession of the
elliptical path in the working plane from which an angle of
rotation of the gyroscope is determined or is inversely
equivalent and simultaneously measuring the angular rate of
rotation of the gyroscope.

The steps of measuring the angle of precession or angle of
rotation of the gyroscope and simultaneously measuring the
angular rate of rotation of the gyroscope comprise measur-
ing the position and the velocity of the proof mass in the
working plane and generating the angle of precession and
the angular rate of rotation of the gyroscope therefrom.

More specifically, the step of generating the angle of
precession or angle of rotation of the gyroscope comprises
generating an angle of precession signal according to:

2whxy +X)

I a
gb_ztan -

W =y + (F —5H]

where x and y are the position of the proof mass in the
working plane, X and ¥ are the velocity of the proof mass in
the working plane, w, is the natural frequency of the
gyroscope, where ¢ is the angle of precession and where Q
is the angle of rotation of the gyroscope.

The step of measuring the angular rate of rotation of the
gyroscope comprises the steps of generating an angular
momentum signal of the proof mass from the position and
velocity of the proof mass in the working plane, synchro-
nously demodulating the angular momentum signal, filtering
the demodulated angular momentum signal to remove all
frequencies higher than the fundamental frequency of the
gyroscope, and generating a signal corresponding to the
angular rate of rotation of the gyroscope according to

—2H"w?
E

= |Q|cosw,

where H* is the demodulated angular momentum signal,
w,, is the natural frequency of the gyroscope, E is the mass
normalized energy of the gyroscope as a function of the
position and velocity of the proof mass and ,, the natural
frequency, and o, is the frequency of sensed rotation and
where w_<<w, and where H*<<E.

In the illustrated embodiment, the steps of measuring the
angle of rotation of the gyroscope comprises the step of
generating the generating an angle of precession signal in
analog hardware, although the invention also contemplates
digitally performing each of the method steps as well.

In the same manner in the illustrated embodiment, steps
of generating an angular momentum signal of the proof mass
from the position and velocity of the proof mass in the
working plane, synchronously demodulating the angular
momentum signal, filtering the demodulated angular
momentum signal to remove all frequencies higher than the
fundamental frequency of the gyroscope, and generating a
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signal corresponding to the angular rate of rotation of the
gyroscope comprise the steps of generating an angular
momentum signal in analog hardware, synchronously
demodulating the angular momentum signal in analog hard-
ware, filtering the demodulated angular momentum signal in
analog hardware, and generating a signal corresponding to
the angular rate of rotation of the gyroscope in analog
hardware, although again the invention also contemplates
digitally performing each of the method steps as well.

In the illustrated embodiment the step of sensing the
position and velocity of the proof mass comprises the step
capacitively sensing the position and velocity of the proof
mass.

The invention can be alternatively defined as an improve-
ment in a method for controlling a MEMS gyroscope
comprised of vibrational lumped mass system rigidly
attached to a substrate via suspension members which are
attached to a proof mass on one end and anchored to the
substrate through the anchors, the suspension members
allowing isotropic compliance of movement of the proof
mass within a working plane while restricting motion along
an axis of rotation, electrostatic forces being used for the
vibrational actuation of the gyroscope by means of fixed
electrodes wherein position and velocity of the proof mass
are detected by an output current induced by the motion of
the gyroscope. The improvement comprises the step of
driving the gyroscope in a mode where the equations of state
for detected positions of the proof mass as a function of time
form an elliptical orbit which is characterized after time
averaging by orbital parameters including an inclination ¢ of
the elliptical path from a fixed inertial reference frame
wherein the rate change of the inclination ¢ is physically
equal and opposite to the input rotation Q of the gyroscope

¢=Q

and where the magnitude of the inclination ¢ is physically
equal to the negative angle of rotation of the gyroscope

:—fﬂdr.
0

The improvement may then be defined as further com-
prising the step of measuring the angle of rotation of the
gyroscope or angular inclination ¢ of the gyroscope by
measuring the detected position and velocity of the proof
mass and generating ¢ according to:

Awpxy + i)
R T S T
wi(x? =y + (& =37)

The improvement is still further defined as comprising the
step of measuring the angular velocity Q of the gyroscope by
measuring the detected position and velocity of the proof
mass and generating Q according to

—2H"w?
E

=[Q|cosw,

where w,, is the natural frequency of the proof mass, w, is
the input frequency applied to the gyroscope, where H* is
the mass normalized angular momentum which as been

4

demodulated at by multiplying by cos 2m,,t and removing all
high frequency components above a predetermined cutoff
frequency, so that

(@ =10

> F
- il

H =- cosw, where (@ -v*) = >
wn
g ey & +3

B 2

where E is the normalized system conserved energy, thus
resulting in an angular rate Q given by

15
—2H"w?
7 =Qcoswg.
20 It is also expressly understood that the invention includes

within its scope also the apparatus in which the above
improved methodologies are performed.

While the apparatus and method has or will be described
for the sake of grammatical fluidity with functional expla-
nations, it is to be expressly understood that the claims,
unless expressly formulated under 35 USC 112, are not to be
construed as necessarily limited in any way by the construc-
tion of “means” or “steps” limitations, but are to be accorded
the full scope of the meaning and equivalents of the defi-
nition provided by the claims under the judicial doctrine of
equivalents, and in the case where the claims are expressly
formulated under 35 USC 112 are to be accorded full
statutory equivalents under 35 USC 112. The invention can
be better visualized by turning now to the following draw-
ings wherein like elements are referenced by like numerals.

30

35
BRIEF DESCRIPTION OF THE DRAWINGS
FIGS. 1a and 15 are perspective diagrammatic depictions
2 of gyroscopes developed according to the invention to

facilitate a full three degree of sensing attitude system. FIG.
1a shows a z-axis integrating gyroscope design and FIG. 16
shows an x/y rate integrating gyroscope design. Each device
comprises a mass-spring system vibrating along an elliptical
trajectory in a “working” plane orthogonal to the desired
sense axis. The devices are actuated through electrostatic
force by applying voltages between the fixed electrodes and
the proof mass.

FIG. 2a is a diagram showing how the gyroscope is
modeled as a two degree of freedom lumped mass-spring
system. {i, j, k} is the inertial coordinate system and {x, y,
z} is the coordinate system attached to the rotating platform.

FIG. 24 is a diagram that shows in the absence of rotation,
the mass trajectory is an ellipse with semi-major axis length
55 4@, semi-minor axis b, inclination angle ¢, and orbital angle
¥

FIG. 2c¢ is a graph of the y and x positions which shows
that with an input angular velocity, the line of oscillation
precesses, giving a measure of the angular position of the
o device.

FIG. 3 is a microphotograph of a gyroscope which com-
bines the designs of FIGS. 1la and 16 in a three axis
gyroscope.

FIG. 4 is a schematic of an angular pickoft control circuit
or methodology.

FIG. 5 is a schematic of an angular rate pickoff control
circuit or methodology.

65
























