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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
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where F, and F, are the driving forces in the x and y
directions respectively, x and y are the planar positions
of the driven mass of the gyroscope, y, is a constant
gain, S is a unity gain 2x2 skew symmetric matrix, and
P is angular momentum defined as

P=(xy-y#)

The invention also contemplates being defined as an
apparatus for performing each of the steps in the combina-
tions recited above. The apparatus may take the form of an
on- or off-chip conventional digital processing circuit, either
fixed in hardware and controlled as claimed by firmware or
a general purpose software controlled computer.

While the apparatus and method has or will be described
for the sake of grammatical fluidity with functional
explanations, 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.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(a) is a block diagream of the dynamic system of
a micromachined vibratory gyroscope. In a rate gyroscope,
device is constantly driven with an input sinusoidal force
along the x direction and motion-proportional to input
angular rate is measured along the y direction.

FIG. 1(b) is a graph of the y and x positons in the gyro of
FIG. 1a. In rate integrating gyroscopes, there is ideally no
input force Fd and the mass is initially in free oscillation
along the x axis. The line of oscillation precesses with an
input Coriolis force by an angle ¢, which is proportional to
the angular deflection

FIG. 2a is a diagram of an ideal gyroscope, where the
principal axes of elasticity have equal stiffness (k,,) and
coincide with the x-y coordinate system. In the presence of
imperfections, there is a mismatch in the principal stiffness
values, 2h=(K,-K,) and an angular mismatch of the prin-
cipal axes from the x-y coordinate system by an angle a.

FIGS. 3(a)-3(d) are graphs of the y position relative to the
x position. In FIG. 3(a) the presence of an input angular
rotation, the line of oscillation of an ideal gyroscope would
be observed to precess by an angle ¢ with respect to the
rotating coordinate system. In FIG. 3(b) with small
anisoelasticities, the line of oscillation is distrupted as it
precesses. These anisoelasticities enter into the equations for
the measured precession angle, causing degradation of per-
formance.

In FIG. 3(c) large anisoelasticities are even more
disruptive, completely eliminating precession.

FIG. 4 is a conceptual block diagram of the error correc-
tion system of the invention. Under the paradigm of “smart”
MEMS gyroscopes, the invention is a multistage control
architecture which consists of the following: (1) Self-
calibrative capabilities for identifying structural errors,
which includes a novel error finding algorithm designed by
the inventors, (2) a feedforward control which “trims” large
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4

structural imperfections based on the structural nonidealities
parameters identied during the self-calibration test, and (3)
a feedback control which eliminates small errors and in-run
perturbations.

FIG. 5(a) is a graph of y position to x position in the
absence of damping, where the trajectory of the gyroscope
will form into elliptical type Lissajous figures. These figures
will be bound by a rectangle oriented at an angle .. A
Principal Component Analysis (PCA) is used to determine
the principal axes of elasticity, designated as X and Y.

FIG. 5(b) is a graph of the Fourier transform of the x
component of the data reveals two peaks due to on diagonal
coupling of the stiffness matrix. From this plot, the h
parameter of the system can be extracted as 2h=m(w?>,-»7,)
where ®; and , correspond to the frequencies of the
maximum and second maximum peaks, respectively.

FIG. 6 is a schematic of one realization of the feedforward
portion of the control is through electronic trimming using
the “negative spring” effects of nonlinear electrostatic par-
allel plates.

FIG. 7(a) is an artist’s depiction of a circular MEMs gyro.
To demonstrate feasibility of the control architecture, simu-
lation is run based on a design previously conceived by the
inventors. The studied rate integrating gyroscope is com-
prised of a freely vibrating proof mass attached to a con-
centric six ring suspension. Stationary electrodes interwoven
throughout the mass sustain motion and allow measurement
of the Coriolis induced precession angle. The precession
angle is proportional to the angle of rotation of the device.
The simulation is run using parameters based on a realistic
implementation of a surface machined rate integrating
gyroscope, fabricated using JDS Uniphase’s MUMPS pro-
cess.

FIG. 7(b) is a microphotograph of the actual device of
FIG. 7(a).

FIGS. 8(a)-8(f) are graphs of the Y position verses the X
position of the gyro. In the absence of imperfections, the line
of oscillation precesses normally by angle ¢ in FIG. 8(a) in
the presence of an input angular rotation.

FIG. 8(b) shows that large anisoelasticities due to fabri-
cation imperfections interfere with the ideal operation of the
device, eliminating the precession.

FIG. 8(c) demonstrates that the feedback control used to
compensate for these large imperfections also interferes with
the precession pattern, reducing the precession angle from
the ideal angle ¢ to y.

FIG. 8(d) shows that by using a feedforward control, large
structural anisoelasticities can be eliminated while maintain-
ing the ideal precession of the device.

FIG. 8(e) shows that while the feedforward control can
compensate for constant structural imperfections, it is
invariant to small perturbation that arise during normal
operation of the device (e.g., due to thermal fluctuations),
which disrupt the line of oscillation.

FIG. 8(f) shows that a dual-stage feedforward/feedback
architecture can compensate for both structural imperfec-
tions and small perturbations without interfering with the
precession.

The invention and its various embodiments can now be
better understood by turning to the following detailed
description of the preferred embodiments which are pre-
sented as illustrated examples of the invention defined in the
claims. It is expressly understood that the invention as
defined by the claims may be broader than the illustrated
embodiments described below.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Gyroscope Principles

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.

In a rate integrating gyroscope, the structural element is
sustained in free oscillation and the presence of Coriolis
force causes precession of the oscillation pattern, which is
proportional to the angle of rotation of the gyro. As an
illustration, consider a structural mass 12 attached to a frame
10 free to move in inertial space (i,j) as diagrammatic shown
in FIG. 1. In the coordinate frame (X,Y) of the moving
device or mass 12, the equations of motion, assuming the
operating 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, k, and k;, 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 in rate gyroscopes are typically designed to
be the same (k,=k,=k) and the system is driven at its
resonant frequency using a harmonic excitation force F,
(where F=F, sin w,t and

The measured sense acceleration a, is proportional to the
input angular velocity

a ~QX,w, cos 0, (©)]
where X, is the magnitude of vibration in the x direction. In
rate integrating gyroscopes, the drive force is zero (F,=0)
and the system is ideally freely oscillating (energy compen-
sation is necessary in an actual device to compensate for
damping losses). Under the assumption that an input angular
velocity is much less than the oscillation frequency, the line
of oscillation will precess by an angle ¢ which is equal to the

negative angle of rotation. The angle can be directly iden-
tified by

2wlxy + i) “)

tan2¢p = ————
¢ W2 - y2) + (7 - §P)

In this previous section, we have assumed the operation of
an ideal device that has isotropic stiffness (stiffness identical
in x and y). However, in every fabricated device, there is
some level of imperfections which cause deviations from the
ideal stiffness values, or anisoelasticities.
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Anisoelasticity
In the presence of linear anisoelasticities, the equations of
motion appear as

mi+k, ok, y-2mQy=F,

mi+k, y+k, o+ 2m Q=0 O]

where m is the lumped mass approximation for the
gyroscope and k,, k., k, , and k,, are the non-ideal stiffness
terms (by symmetry k, =k ). A convenient way of express-
ing the non-idealities is in terms of the principal stiffness
values K, and K, and the angular mismatch angle o of the
principal axes of elasticity with the x-y coordinate system as
shown in the comparison of an ideal gryo in FIG. 2a and an
imperfect one in FIG. 2b. The non-idealities written in this
form are

ko =k, +h cos (2a)
k,, =k, +h cos (20)

ky=k,+h sin (20) (6)

where 2k, =(K;+K,) and h is proportional to the stiffness
mismatch between the principal axes, 2h=(K,-K,). Ani-
soelasticity has two possible effects on the performance of
the system. Firstly, when errors are small (smallness defined
as h/k,<<1) the line oscillation precesses with developing
undesirable ellipticity as depicted in FIG. 3a. This ellipticity
enters in to calculations for angular rate and angle of
rotation, causing bias and scaling errors. Since the errors are
small, a feedback controller which drives ellipticity to zero
can be implemented which won’t interfere with the mea-
surements as depicted in FIG. 3b. However, if errors are
large, then the precession pattern without compensation is
completely eliminated as depicted in FIG. 3b and any
attempts at feedback interferes with the precession angle as
shown in FIG. 3d.

The most commonly used method for eliminating the
large errors to the region where a feedback control can be
used is through post processing where errors are identified
using exterior calibration equipment and laser trimming the
imperfections. The entire process is costly and time con-
suming compared to the cost for the fabrication of the
sensor. Thus, a more advantageous and cost effective
method is to integrate error identification, trimming, and
feedback control on the same chip.

FIG. 4 is a block diagram showing the conceptual context
of the invention. Gyro 16 is provided with a drive or input
angular velocity by conventional drive 22. A conventional
sensor 24 measures position and/or velocity of sense mass
12. The output signals are conditioned by conventional
signal conditioning circuit 26 and provided as available
output signals in a conventional output circuit 28, which
may include a computer or other processing circuit. The
influence of regular perturbations such as arising from
structural imperfections or dissipation is dynamically rep-
resented by block 18. Nonregular perturbations influencing
gyro 16, such as arising from Johnson noise, flicker noise
and shot noise, is dynamically represented by block 20. The
solution of the invention to the challenge of structural error
suppression is the following:

1. A potentially on-chip multi-stage control architecture 36
illustrated in FIG. 4 comprises the following elements:
Self-calibration capabilities 32 for identifying structural

errors 18 in gyro 16.

A feedforward control 30 coupled to gyro 16 which
actively “trims” large structural imperfections based on
the structural non-idealities parameters identified dur-
ing the self-calibration test.
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A feedback control 34 which eliminates small errors and
in-run perturbations.

2. The Painter-Shkel Anisoelasticity Identification Algo-
rithm (PS-AIA) for identifying structural imperfections
based on the dynamic response of the system using
principal component analysis (PCA) and Fourier trans-
forms.

3. A method of implementing both the feedforward and
feedback control using electrostatic parallel plates (not
shown, but typically included within the structure of gyro
16).

Self-Calibration Algorithm Summary
Consider the algorithm developed for identifying errors

based on the dynamic response of the system. Before

describing the details of the algorithm, a summary is pre-
sented here:
1. The device is initially deflected or excited with an
initial impulse response and allowed to freely oscillate.
The x and y positions are recorded into arrays.

2. The statistical variances s, and szy and covariances s,
are calculated for the x and y deflections and the angle
of misalignment a is calculated directly by

2s

(@)
@ =tan! d
f 2
52 =52+ 4/ (s2 = s2)" +4s2,

3. The x and y positions are transformed to decoupled
positions q, and g, using the transform

g,=X COS Q+y sin O

go=—x sin 0+y cos O (8

4. The frequency spectrum of the q, and g, positions are
obtained by performing a Fast Fourier Transform (FFT)
on the q; and g, positions. From here, the frequencies
o, and , corresponding to the highest deflections of
q; and q,, respectively, are obtained using a peak
finding routine.

5. Anisoelasticity parameters h and k, are identified
directly as

®

m
h= E(M‘ﬂ - Wg2)

m
ky = E(Mql +Wg2)

The following section presents details to justify the steps
taken in the algorithm.
Self-Calibration Algorithm Principles

Substituting Equation (6) into Equation (5) and solving
for x and y assuming no angular rotation (Q=0), no damping,
no input force F,=0, and an initial deflection of x, and y,
yields

sin2a (10)

X h
cos (wﬁ + —] I+
1—cos2a || yo m
—sin2a

MENCE
cos, [lw2i——|r1
14cos2a | | yo m

We see that each position is comprised of the summation
of two different sinusoidal functions due to the stiffness
coupling. A plot of the time response of the system is a
family of Lissajous figures as shown in FIG. 5a. Over time,

14 cos2a

sin 2

{1}-

[1—0052{1

—sin2a
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8

it can be seen that the Lissajous figures will have trajectories
bounded by a rectangle whose size is defined by h and which
is oriented at the angle o from the coordinate axis. To
determine the orientation of the principal axes, we employ
the statistical method of principal component analysis
(PCA). Here we will discuss the applications of PCA as it
pertains to this study.

In our case, we have two variables of interest, the x
position and y position. Now consider a 2x1 vector V=(x, y).
We will assume that x and y have zero mean (centered about
the origin) and that we have experimentally acquired cova-
riances between x and y. A covariance matrix S can be
expressed by

an

where s?_ and szy are the variances of x and y and the
covariance between x and y is

n n

”Zxkyk —Zxkzn:yk

k=1 k=1 k=1

[n(n - 1)]

(12

Sxy =

with the index of summation, k, going over the entire
sample size, n. The covariance matrix is a numerical mea-
sure of the coupling between variables and in the case when
S is diagonal, the vectors of V are uncorrelated, i.e. the x
position has no influence on the y position.

Notice, when there is coupling through the stiffness
matrix between the x and y position, the covariance matrix
will also have coupling. Thus, a transformation that diago-
nalizes the covariance matrix will also diagonalize the
stiffness matrix.

We now introduce a coordinate transformation {=U’V
where U is a constant matrix of transformation. It can be
shown that there exists such an orthogonal transformation U

such that the covariance matrix S of this new coordinate
system is
SE(TLN=UTSU (13)
We will assume that the transformation U is a unity gain
rotation and so U7=U~'. With this assumption, we see that
by choosing the columns of U to be the eigenvectors (e, and
e,) of the covariance matrix, we will achieve a diagonal
form, thus the eigenvectors designate the basis vectors for
the uncoupled space. Since S is Grammian, we are guaran-

teed that these eigenvectors are orthogonal. From Equation
(6), we can see that a rotation transformation of the form

X cose —sina |( g1
y | | sine cosa || g2

will uncouple the dynamic system to the uncorrelated
principal axis coordinate system. It is necessary that this
transformation must be equivalent to U” and so one expres-
sion for the eigenvectors representing the principal axes is as
depicted in FIG. 5a

(14

e;=(cos a)é,~(sin @)e,

e,=(sin a)é,~(cos )2, (15)
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We then directly calculate the angle o from the second
eigenvector

w:tan’l(ez—'x] (16
€2,y

where e, and e, , are the x and y components of the
second eigenvector. Based on the dynamic system in Equa-
tion (10), if we restrict the initial conditions to only an x
deflection (y,=0), then we are guaranteed of the system
oscillating within a rectangle oriented in the boundary
w/4>a>-m/4. Taking a Fourier transform of Equation (10)
while considering only the x position yields

1 mn
X(w) = E(G(w) + X0)70(w — wy) +

1
5(G(@) = xo)rdlew — w2)

h
w} =Wk +—

2 _ 2
wy =W,

Sl 3

From Equation (17), assuming the initial y deflection is
zero, the ratio of the amplitudes of the two frequency
components are

18)

X(wy) _ cos(2a) + 1
|X(w2) =% cos(2a) — 1

In this case, the highest peak in the frequency plot
corresponds to the m, term and the second highest peak
corresponds to m, term as shown in FIG. 5b. Parameter h
and the ideal isotropic stiffness k, are calculated as 2h=m
(w?,—0?,) and 2k, =(w*,+®>,), respectively. If w,<w,, then
h<0. The algorithm for determining h and k, is dependent on
differentiating the two peaks in the X frequency domain. As
the errors tend to grow smaller, it becomes impossible to
distinguish the two peaks and any numerical peak finding
algorithm may result in erroneous results.

Amore accurate method for determining h and k,, requires
the calculated o from the PCA analysis. Using the transfor-
mation from Equation (14), the equations in the transformed
principal coordinate space are

q1(H)=(2x4 cos a+2yq sin @) cos 0 7

@>(H)=(=2x sin a+2y, cos a) cos !

19

Thus, if we transform our data in this way and then take
the Fourier transform, we see that there will be one peak for
q, and g, at frequencies w,; and w,,, respectively. These
frequencies are

h (20)
2 _ o 2e
Wap = Wy n
h
2 _ 2 N
War = Wy n

Then, h and k,, are calculated simply as 2h=m(u)2ql—u)2q2)
and 2k,=m(w’ ,+0° ,), respectively. This result makes it
easier to identigy smaller errors since it is only necessary to
identify the largest peak in each frequency spectrum rather
than the largest two.

The benefits of this algorithm is since the PCA and
Fourier transforms take advantage of all the data, it is not
necessary to have precise deflection information. This is
especially advantageous in systems where small deflections
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are difficult to resolve due to noise in the sensing electronics.
One of the shortcomings of this algorithm is that systems
with high damping reduce the amount of data points, result-
ing in erroneous results. A solution to highly damped sys-
tems is vacuum packaging of the device and also to employ
an energy compensating controller.

Feedforward Control

The second part of the controller is the feedforward
portion which “trims” large anisoelasticity to the order
where a feedback control can compensate successfully. The
gains of the control architecture are chosen based on the
results from the self-calibration test. In general, the feed-
forward control would seek to make a constant change in the
stiffness. There are two popular mechanisms for accomplish-
ing this in MEMS. The first is thermal tuning where the
suspension members of the device can be pre-stressed under
Joule heating, causing a change in stiffness. Another mecha-
nism is electrostatic tuning where the nonlinear “negative
spring” effect inherent in electrostatic parallel plates is used
to change the stiffness. As electrostatic actuation is com-
monly used in MEMS inertial sensors, this is what we have
used as a basis for the feedforward control realization.

Electrostatic “Trimming”

Since all vibratory gyroscope utilize electrostatic actua-
tion and specifically, all rate integrating gyroscopes utilize
parallel plate electrostatic actuation, for drive and sense, we
focus on using the nonlinear “negative spring” effect inher-
ent in parallel plate actuation to tune out the non-ideal
components of the stiffness matrix as depicted in FIG. 6. The
non-ideal dynamics of the gyroscope, including the
electrostatics, can be expressed by

mi+(k,+h cos 20)x+(h sin 2a)y=F
my+(h sin 200x+(k,~h cos 2a)y=F, , 21

where F, , and F, , are electrostatic forces expressed as

2F,« _ g-Nj 2 g +Nj V2 —
et (d-iF "t d-ip *
g-Nj _2_g+Nj 2
@+ 2 @i 4
N N
2 2
g Vi g Vi
N N
A v SRR 723
dvj P d+j

Here i={x, y}, j={y, x}, N is the number of control
electrode sets (e.g., in FIG. 6, N=1), t is the structural
thickness, d is the parallel plate gap, g is the total plate
overlap (g=Nx,=Ny,), and €, is the permittivity of a
vacuum. For structural compensation, we use the following
control voltages

Vx,1=VDC+Vxx+Vq+VxVx,2=VDC+Vxx_Vq+Vx

Vx,3=VDC+Vxx+Vq+VxVx, 4=VDC+vxx—vq+vX

—V Vv

Vo 1=Voctvy, tV v,V o=Vpetvy, v, +v,

Vis=VoctV, 1V, v, V, =Vpctv, v +v,

where V- is a constant bias voltage, v, is a constant
feedforward misalignment control voltage, v, and v, are
constant stiffness mismatch control voltages, and v, and v,
are state dependent feedback control voltages. We determine
the voltages for the feedforward control by first assuming
zero feedback (v,=v =0). The non-linearity of the parallel
plates leads to a non-zero first derivative of the electrostatic
force with respect to position, which can be interpreted as an
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electrostatic spring, contributing to the overall system stiff-
ness. Additionally, the net forces and moments are zero, so
the stiffness can be tuned without deflecting the structure. In
order to find a closed-form approximation for the control
voltages, we assume small deflections and combine the ideal
(K,), non-ideal (K,)), and electrostatic (K,) matrix contribu-
tions together to form the overall stiffness realization

K=K +K,+K, (22)
k, 0O
K=
5 .
[hcos(Zw) hsin(2a) }
B hsin(2a) —hcos(2a)

dept[ D) Dy
T d | b, B

g
@) = E((VDC +un) +02)
D2 = vy ((Vbe + v) + (Vpe +vyy))

&g
@5 = S (Vpe + )+

With any arbitrary DC voltage, there exists different sets
of control voltages v, v, and v, to cancel the on-diagonal
terms of the stiffness matrix and set the on-diagonal stiffness
terms equal to each other (k,,..,). Setting the on-diagonal
terms equal to zero leads to the following constraint on the
misalignment control voltage v,

-1 hdsinda 23)
Vg = —
77 4 egiN((Vpe + ) + (Vpe +vyy))
There are several ways of choosing v, and v, which are

constrained by the fact that the on-diagonal terms must be
identical and that voltage values must be real. One way is to
set the voltage which influences the smallest of the
on-diagonal stiffness terms equal to zero and use the second
voltage to tune the larger stiffness term to match. This gives

the following set of control voltages for h cos 2a=0

vl v s hdPcos2a 24

Use = = VDC DC 2eolg

vy =0

and for h cos 2020
Uy =0 25)
2 hdPcos2a
Uy = Voo + VDC - W

Because the on-diagonal electrostatic stiffness term is
always negative, the tuned on-diagonal stiffness value k,,,,,..,
will always be less than the original ideal stiffness
(K,.neq<k,,). To take this into account, a good strategy is to
design the gyroscope suspension to be stiffer than desired. A
theoretical limit is reached when these stiffness terms
become negative (K,,,..,<0) and the system becomes
unstable. Thus, an optimal DC bias voltage is one that
maximizes the trace of the stiffness matrix subject to the
constraint that v, v, and v, must satisfy (23) and (24)/(25).
A closed form solution is not readily available for this
voltage, and must be solved for numerically. Even with an
optimal choice for voltages, invariably a practical limit is
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reached where errors cannot be compensated for without
resulting in system instability. This occurs when the com-
pensated on-diagonal terms are less than or equal to zero.

Feedback Control

The final portion of the controller is a feedback control
which compensates for small errors not picked up by the
self-calibration and in-run perturbations that arise during
operation. Under the assumptions that the errors are small,
the feedback control seeks to drive undesirable ellipticity
with the form

{5} {)

where y, is a constant gain, S is a unity gain 2x2 skew
symmetric matrix, and P is angular momentum (angular
momentum is zero when the ellipticity is zero) defined as

(26)

P=(xy-y%) @7
As an illustration of applying this control in a realistic
context, we again use the example of a device using elec-
trostatic parallel plates. Carrying through the variables from
above, we implement state dependent control voltages v,
and v,
_ dE(NdvyF, + F.g(Vpe + i) (28)
" 4eot(g2(Vpe + v ) (Ve + vyy) = N2d202)

VX

V- d*(NdvyF, + F,g(Vpc +v,,))
77 4egt(g2(Vpe + v ) (Ve + vyy) = N2d202)

where F, and F, are the control forces based on the skew
symmetric control architecture given in (26). This architec-
ture is guaranteed of compensating for small perturbations
without interfering with the Coriolis induced precession.

With the addition of the feedforward control voltages, the
complete dual stage architecture is capable of “trimming”
large structural imperfections while compensating for small
perturbations.

Simulation of Complete Control System

An existing rate integrating gyroscope design as shown in
FIG. 7a is used as a test bed to demonstrate the performance
of the control architecture. The demonstrate feasibility of the
multi stage control system, simulations are run using param-
eters realistic implementation of a surface micromachined
rate integrating gyroscope as shown in FIG. 7b. The mass of
the device is 4.10x107'° kg and the isotropic stiffness k, is
1.55 N/m, giving a natural frequency of 9.8 kHz for the
system. The total parallel plate overlap g is 1200 um, the
parallel plate gap d is 2 microns, and the permittivity €, is
8.854x107'* F/m. The simulations based on the non-linear
equations of motion (21) are run for 10 ms, assuming an
initial x deflection of 0.1 microns to satisfy the small
deflection assumption. For a chosen set of large structural
anisoelasticities (h/k,=10%, a=100), an optimal DC bias
voltage which maximizes the trace of the stiffness matrix is
calculated to be 4.20 V, which will remain constant for each
simulation presented here. Under this bias voltage and in the
absence of imperfections (h=0, a=0), the line of oscillation
precesses by an angle ¢ as shown in FIG. 8a. With large
structural anisoelasticities (h/k,=10%, a=10°) and without
compensation (v, =v,=v =v =v =0), the system oscillates
about the principal axes of elasticity and there is no preces-
sion as shown in FIG. 8b. A purely feedback control using
control voltages v, and v, as calculated from (28) is then
attempted, which eliminates the quadrature error, but also
interferes with the precession angle as shown in FIG. 8c.
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Next, appropriate compensating feedforward control volt-
ages v, v, v, are chosen based on the assumption that a
and h”are well known. The purely feedforward control
(v,=v,=0) is used to eliminate the quadrature error, which
restores ideal precession of the line of oscillation as shown
in FIG. 84.

However, based on simulation of the PCA and Fourier
anisoelasticity finding algorithms above, the anisoelasticity
parameters are actually calculated to be (b/k,,)....=10.23%,
o, ,;.=10.16°. To realize the effects of this error, as well as
other small perturbations that could arise during normal
operation, we add small anisoelasticities (h,/k,=1%) to the
system that cannot be compensated for by the feedforward
control. This results in destruction of the precession pattern
shown in FIG. 8e. The state dependent voltages are then
included to compensate for these perturbations while still
allowing the undisturbed precession pattern as in FIG. 8f,
where the precession angle is the same as (a) and (f).

Many alterations and modifications may be made by those
having ordinary skill in the art without departing from the
spirit and scope of the invention. Therefore, it must be
understood that the illustrated embodiment has been set
forth only for the purposes of example and that it should not
be taken as limiting the invention as defined by the following
claims. For example, notwithstanding the fact that the ele-
ments of a claim are set forth below in a certain combination,
it must be expressly understood that the invention includes
other combinations of fewer, more or different elements,
which are disclosed in above even when not initially claimed
in such combinations.

The words used in this specification to describe the
invention and its various embodiments are to be understood
not only in the sense of their commonly defined meanings,
but to include by special definition in this specification
structure, material or acts beyond the scope of the commonly
defined meanings. Thus if an element can be understood in
the context of this specification as including more than one
meaning, then its use in a claim must be understood as being
generic to all possible meanings supported by the specifi-
cation and by the word itself.

The definitions of the words or elements of the following
claims are, therefore, defined in this specification to include
not only the combination of elements which are literally set
forth, but all equivalent structure, material or acts for
performing substantially the same function in substantially
the same way to obtain substantially the same result. In this
sense it is therefore contemplated that an equivalent substi-
tution of two or more elements may be made for any one of
the elements in the claims below or that a single element
may be substituted for two or more elements in a claim.
Although elements may be described above as acting in
certain combinations and even initially claimed as such, it is
to be expressly understood that one or more elements from
a claimed combination can in some cases be excised from
the combination and that the claimed combination may be
directed to a subcombination or variation of a subcombina-
tion.

Insubstantial changes from the claimed subject matter as
viewed by a person with ordinary skill in the art, now known
or later devised, are expressly contemplated as being equiva-
lently within the scope of the claims. Therefore, obvious
substitutions now or later known to one with ordinary skill
in the art are defined to be within the scope of the defined
elements.

The claims are thus to be understood to include what is
specifically illustrated and described above, what is concep-
tionally equivalent, what can be obviously substituted and
also what essentially incorporates the essential idea of the
invention.

We claim:

1. A method for error suppression in a micromachined
gyroscope comprising:
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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

correcting for small errors and in-run perturbations in the

gyroscope arising from structural errors and that occur
in the gyroscope by feedback control.
2. The method of claim 1 where self-calibrating the
gyroscope to identify structural errors based on the dynamic
response of the system comprises using principal component
analysis (PCA) and Fourier transforms to make the identi-
fication.
3. The method of claim 1 where eliminating small errors
and in-run perturbations in the gyroscope by feedback
control comprises compensating for small perturbations
without interfering with the Coriolis induced precession.
4. A method for error suppression in a micromachined
gyroscope comprising:
self-calibrating the gyroscope to identify structural error
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

eliminating small errors and in-run perturbations in the

gyroscope by feedback control,

where actively trimming the gyroscope comprises using

electrostatic parallel plates to apply a feedforward error
suppression signal to the gyroscope.
5. The method of claim 4 where eliminating small errors
and in-run perturbations in the gyroscope comprises using
electrostatic parallel plates to apply a feedback error sup-
pression signal to the gyroscope.
6. A method for error suppression in a micromachined
gyroscope comprising:
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

eliminating small errors and in-run perturbations in the

gyroscope by feedback control,

where eliminating small errors and in-run perturbations in

the gyroscope comprises using electrostatic parallel
plates to apply a feedback error suppression signal to
the gyroscope.
7. A method for error suppression in a micromachined
gyroscope comprising:
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

eliminating small errors and in-run perturbations in the

gyroscope by feedback control,

where self-calibrating the gyroscope to identify structural

errors based on the dynamic response of the system
comprises:

exciting the gyroscope with an initial impulse response an

allowing it to freely oscillate;

recording the x and y deflections of a sensing mass in the

gyroscope;
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determining statistical variances s>, and szy and covari-
ances s, for the x and y deflections and an angle of
misalignment o by

2s.
a=tan! i
s2—52 44/ (s2 - s§)2 +4s2,

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

g,=X COS Q+y sin O

g,=—x sin O+y cos a

obtaining a frequency spectrum of the g, and q, positions
by Fourier transforms;

determining frequencies w,, and w,, corresponding the
highest deflections of q, and q, respectively, using a
peak finding routine; and

identifying anisoelasticity parameters h and k,, as

m
h= E(M‘ﬂ - Wg2)

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

8. A method for error suppression in a micromachined
gyroscope comprising:
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

eliminating small errors and in-run perturbations in the

gyroscope by feedback control,

where actively trimming the gyroscope by using feedfor-

ward control comprises trimming large anisoelasticity
of the stiffness of the gyroscope to an order where
feedback control can compensate therefore.
9. The method of claim 8 where trimming comprises
making a constant change in the stiffness based structural
errors identified by self-calibrating the gyroscope.
10. The method of claim 8 where trimming comprises
electrostatic tuning using a nonlinear negative spring effect
inherent in electrostatic parallel plates to change the stift-
ness.
11. The method of claim 8 where the gyroscope is
characterized by a stiffness matrix K=Ki+Kn+Ke, where
(Kj) is the contribution from an ideal gyroscope, (Kn) is the
contribution from a non-ideal gyroscope, and (Ke) is the
contribution from an electrostatic negative spring, and
where trimming comprises applying electrostatic control
voltages which maximize the trace of the Stiffness matrix, K.
12. A method for error suppression in a micromachined
gyroscope comprising:
self-calibrating the gyroscope to identify structural error
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

eliminating small errors and in-run perturbations in the

gyroscope by feedback control,

where eliminating small errors and in-run perturbations in

the gyroscope by feedback control comprises compen-
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sating for small perturbations without interfering with
the Coriolis induced precession,

where compensating for small perturbations without inter-
fering with the Coriolis induced precession comprises
driving undesirable ellipticity with the form

e} {l)

where F, and F, are the driving forces in the x and y
directions respectively, x and y are the planar positions of
the driven mass of the gyroscope, y, is a constant gain, S is
a unity gain 2x2 skew symmetric matrix, and P is angular
momentum defined as

P=(p-yi).

13. An apparatus for error suppression in a microma-
chined gyroscope comprising:

means for self-calibrating the gyroscope to identify struc-
tural errors based on the dynamic response of the
system,

means for 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

means for correcting for small errors and in-run pertur-

bations in the gyroscope by feedback control.

14. The apparatus of claim 13 where the means for
self-calibrating the gyroscope to identify structural errors
based on the dynamic response of the system comprises
means for making the identification using principal compo-
nent analysis (PCA) and Fourier transforms.

15. The apparatus of claim 13 where the means for
eliminating small errors and in-run perturbations in the
gyroscope by feedback control comprises means for com-
pensating for small perturbations without interfering with
the Coriolis induced precession.

16. An apparatus for error suppression in a microma-
chined gyroscope comprising:

means for self-calibrating the gyroscope to identify struc-

tural errors based on the dynamic response of the
system,

means for 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

means for eliminating small errors and in-run perturba-

tions in the gyroscope by feedback control,

where the means for actively trimming the gyroscope

comprises electrostatic parallel plates and means for
applying a feedforward error suppression signal to the
electrostatic parallel plates.

17. The apparatus of claim 16 where the means for
eliminating small errors and in-run perturbations in the
gyroscope comprises means for applying a feedback error
suppression signal to the electrostatic parallel plates.

18. An apparatus for error suppression in a microma-
chined gyroscope comprising:

means for self-calibrating the gyroscope to identify struc-

tural errors based on the dynamic response of the
system,

means for 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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means for eliminating small errors and in-run perturba-
tions in the gyroscope by feedback control,

where the means for eliminating small errors and in-run
perturbations in the gyroscope comprises means for
applying a feedback error suppression signal to the
electrostatic parallel plates.

19. An apparatus for error suppression in a microma-

chined gyroscope comprising:

means for self-calibrating the gyroscope to identify struc-
tural errors based on the dynamic response of the
system,

means for 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

means for eliminating small errors and in-run perturba-
tions in the gyroscope by feedback control,

where the means for self-calibrating the gyroscope to
identify structural errors based on the dynamic
response of the system comprises:

means for exciting the gyroscope with an initial impulse
response and allowing it to freely oscillate;

means for recording the x and y deflections of a sensing
mass in the gyroscope;

means for 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
s2—52 44/ (s2 - s§)2 +4s2,

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

g,=x cOS Q+y sin o

g,=—x sin O+y cos a

means for obtaining a frequency spectrum of the q, and g,
positions by Fourier transforms;

means for determining frequencies w,, and w,, corre-
sponding to the highest deflections of ¢, and q,,
respectively, using a peak finding routine; and

means for identifying anisoelasticity parameters h and kn
a

m
h= E(M‘ﬂ - Wg2)

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

20. An apparatus for error suppression in a microma-
chined gyroscope comprising:
means for self-calibrating the gyroscope to identify struc-
tural errors based on the dynamic response of the
system,
means for actively trimming the gyroscope by using
feedforward control in response to large structural
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imperfections based on the structural errors identified
during the self-calibration; and

means for eliminating small errors and in-run perturba-
tions in the gyroscope by feedback control,

where the means for actively trimming the gyroscope by
using feedforward control comprises means for trim-
ming large anisoelasticity of the stiffness of the gyro-
scope to an order where feedback control can compen-
sate therefore.

21. The apparatus of claim 20 where the means for
trimming comprises means for making a constant change in
the stiffness based structural errors identified by self-
calibrating the gyroscope.

22. The apparatus of claim 20 where the means for
trimming comprises means for electrostatic tuning using a
nonlinear negative spring effect inherent in electrostatic
parallel plates to change the stiffness.

23. The apparatus of claim 20 where the gyroscope is
characterized by a stiffness matrix K=Ki+Kn+Ke, where
(Ki) is the contribution from an ideal gyroscope, (Kn) is the
contribution from a non-ideal gyroscope, and (Ke) is the
contribution from an electrostatic negative spring, and
where the means for trimming comprises means for applying
electrostatic control voltages which maximize the trace of
the stiffness matrix, K.

24. An apparatus for error suppression in a microma-
chined gyroscope comprising:

means for self-calibrating the gyroscope to identify struc-

tural errors based on the dynamic response of the
system,

means for 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

means for eliminating small errors and in-run perturba-

tions in the gyroscope by feedback control,

where the means for eliminating small errors and in-run

perturbations in the gyroscope by feedback control
comprises means for compensating for small perturba-
tions without interfering with the Coriolis induced
precession,

where the means for compensating for small perturbations

without interfering with the Coriolis induced preces-
sion comprises means for driving undesirable ellipticity
with the form

{0

where F, and F, are the driving forces in the x and y

directions respectively, x and y are the planar positions of
the driven mass of the gyroscope, y, is a constant gain, S is
a unity gain 2x2 skew symmetric matrix, an P is angular
momentum defined as

P=(p-yi).



