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(7) ABSTRACT

Due to restrictive tolerancing, structural imperfections that
reduce performance of fabricated micro gyroscopes are
typical. While feedback control is normally used to com-
pensate for these imperfections, there are limitations to how
large of errors for which this strategy can compensate
without interfering with the performance of the sensor. A
multi stage control architecture comprising in situ self-
diagnostic capabilities, electronic “trimming” of errors, and
feedback control allows for the compensation of all magni-
tudes of errors without interfering with the performance of
the device. The self-diagnostic capabilities include an algo-
rithm for determining structural imperfections based on the
dynamic response of the system. The feedforward portion of
the control is used to “trim” large imperfections, while the
feedback portion compensates for the remaining non-
idealities and small perturbations. A control architecture is
shown in a gyroscope using nonlinear electrostatic parallel

plate actuation.
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MULTT STAGE CONTROL ARCHITECTURE
FOR ERROR SUPPRESSION IN
MICROMACHINED GYROSCOPES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to MEMs gyros and in particular to
a method of suppressing errors.

2. Description of the Prior Art

As MEMS inertial sensors have begun to proliferate more
into rate and tactical grade application markets, the current
demand is for inertial sensors with higher precision and long
term performance. Currently, there are no MEMS based
gyroscopes on the market capable of navigation grade
inertial sensing, mainly due to inadequate drift and noise
performance that result in large attitude errors upon integra-
tion of rate signals to obtain orientation. One of the con-
tributing factors to this degradation in gyroscope perfor-
mance is structural imperfections as a result of tolerance
errors in the fabrication of the device. As all MEMS devices
are built using photolithographic processes, the relative
tolerances are on the order of 10% or more. Currently, in
order to operate with the highest precision, vibratory gyro-
scopes typically include active feedback control to compen-
sate for fabrication imperfections. However, as will be
illustrated in this disclosure, when imperfections are large
compared to the measured Coriolis force, compensation
cannot be achieved with a purely feedback control without
interfering with the Coriolis measurements. These interfer-
ences cause scale factor and drift errors in the gyroscope,
resulting in degraded performance. In these cases, both post
processing such as laser trimming, ion beam milling or
selective material deposition and feedback control are
required. The disadvantage is that this type of post process-
ing is done exclusively by the manufacturer, usually under
ideal laboratory conditions. As a result, the end-user is still
required to calibrate the device prior to use and then once the
device is in use in the end-user’s application, typically no
additional calibration is possible.

With the continuing improvements of CMOS compatible
MEMS processes, the prospect of enhanced microdevices
capable of computationally intensive integrated control sys-
tems is fast becoming a reality. In light of this fact, the
demand for improved inertial sensor performance gives rise
to a new paradigm of “smart” devices with enhanced
capabilities, such as active structural compensation, self-
calibration, and signal processing integrated on the same
chip. Under this new paradigm, what is needed is an
alternative to the potentially costly and time consuming post
processing of each individual device.

BRIEF SUMMARY OF THE INVENTION

The invention is a multi stage architecture that integrates
self-calibrative capabilities for identication of errors, active
electronic “trimming” in the form of a feedforward control
for elimination of large structural imperfections, and feed-
back control for elimination of smaller perturbations. Such
a control architecture signicantly reduces the time and cost
for sensor calibration and potentially improves long term
performance by allowing for rapid in-run diagnostics.

The invention is thus defined as a method for error
suppression in a micromachined gyroscope comprising the
steps of self-calibrating the gyroscope to identify structural
errors based on the dynamic response of the system; actively
trimming the gyroscope by using feedforward control in
response to large structural imperfections based on the
structural errors identified during the self-calibration; and
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2

eliminating small errors and in-run perturbations in the
gyroscope by feedback control.

The step of self-calibrating the gyroscope to identify
structural errors based on the dynamic response of the
system comprises the step of using principal component
analysis (PCA) and Fourier transforms to make the identi-
fication.

The step of actively trimming the gyroscope comprises
the step of using electrostatic parallel plates to apply a
feedforward error suppression signal to the gyroscope.

The step of eliminating small errors and in-run perturba-
tions in the gyroscope comprises the step of using electro-
static parallel plates to apply a feedback error suppression
signal to the gyroscope.

The step of self-calibrating the gyroscope to identify
structural errors based on the dynamic response of the
system comprises the steps of exciting the gyroscope with an
initial impulse response and allowing it to freely oscillate;
recording the x and y deflections of a sensing mass in the
gyroscope; determining statistical variances s>, and Szy and
covariances s, for the x and y deflections and an angle of
misalignment o by

2s

@ =tan! d
52—s2+4f(s2~ s§)2 +4s2,

transforming the x and y deflections to decoupled positions
q, and q, using the transform

g,=X COS Q+y sin a

g,=—x sin a+y cos &

obtaining a frequency spectrum of the q, and g, positions by
Fourier transforms; determining frequencies w,, and w,,
corresponding to the highest deflections of q; and q.,
respectively, using a peak finding routine; and identifying
anisoelasticity parameters h and k,, as

m
h= E(‘”‘?’ —wg2)

m
k, = E(Q)q] + Wg2).

The step of actively trimming the gyroscope by using
feedforward control comprises trimming large anisoelastic-
ity of the stiffness of the gyroscope to an order where
feedback control can compensate therefore.

The step of trimming comprises making a constant change
in the stiffness based structural errors identified by self-
calibrating the gyroscope.

The step of trimming comprises electrostatic tuning using
a nonlinear “negative spring” effect inherent in electrostatic
parallel plates to change the stiffness.

The gyroscope is characterized by a stiffness matrix
K=K+K, +K_, where (K),) is the contribution from an ideal
gyroscope, (K,) is the contribution from a non-ideal
gyroscope, and (K,) is the contribution from the electrostatic
negative spring. The step of trimming comprises applying
electrostatic control voltages which maximize the trace of
the stiffness matrix, K.

The step of eliminating small errors and in-run perturba-
tions in the gyroscope by feedback control comprises the
step of compensating for small perturbations without inter-
fering with the Coriolis induced precession.

The step of compensating for small perturbations without
interfering with the Coriolis induced precession comprises
the step of driving undesirable ellipticity with the form



























