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Active Structural Error Suppression in MEMS
Vibratory Rate Integrating Gyroscopes

Chris C. PainterStudent Member, IEEBNd Andrei M. ShkelAssociate Member, IEEE

Abstract—Due to restrictive tolerancing in microfabrication,
structural imperfections that reduce performance of fabricated
micro devices are typical. In microelectromechanical vibratory
gyroscopes, feedback control is a common strategy in attempting
to correct the imperfections. However, a purely feedback control
can be insufficient for compensation of all the errors, requiring
post processing in the form of laser trimming to achieve higher
levels of performance. In this paper, we explore another alter-
native: the design and implementation of a dual stage control
architecture with self-calibration and feedback capabilities. The
self-calibrative portion of the control identifies and electroni-
cally “trims” large imperfections, while the feedback control
compensates for remaining small nonidealities and in-operation
perturbations. Presented here is an algorithm forin-situ imper-

fection identification based on the dynamic response of the device.

A realization of the dual stage control architecture is proposed for
a gyroscope using nonlinear electrostatic parallel plate actuators.
Modeling and simulation results which demonstrate successful
compensation of imperfections with the proposed architecture
for a device with 10% fabrication error appearing in the form
of stiffness nonidealities and subjected to further 1% in-run
perturbations are presented.

Index Terms—Error suppression, microelectromechanical sys-
tems (MEMS), rate integrating gyroscopes, smart MEMS.

. INTRODUCTION
S MICROELECTROMECHANICAL systems (MEMS)

trimming [5], ion beam milling [6], or selective material depo-
sition [7] and feedback control are required.

The demand for improved performance has also given rise
to a new paradigm of “smart” devices [9] with enhanced capa-
bilities, such as active structural compensation, self-calibration,
and signal processing integrated on the same chip. Under this
new paradigm, we present an alternative to potentially costly
and time consuming post processing of each individual device
by implementation of a dual stage architecture (Fig. 1) that uti-
lizes both self-calibrative capabilities for elimination of large
structural imperfections and feedback control for elimination
of smaller in-run perturbations. A gyroscope using this archi-
tecture would be fabricated with the self-calibration capabili-
ties built onto the same chip to enable in situ system identi-
fication, such as stiffness and damping parameters. From the
results of the self-calibration, the device would be capable of
electronically “trimming” the large imperfections in the form a
feedforward control with gains based off the anisoelasticity pa-
rameters. The feedforward control would work in tandem with
a feedback control which would compensate for small perturba-
tions arising during the normal operation of the device.

A prototype rate integrating gyroscope [8] (Fig. 2) is used as
an illustrative model to demonstrate the dual stage architecture
principles. Section Il of the paper describes the fundamental dy-
namical principles of single mass vibratory rate integrating gy-

inertial sensors have begun to proliferate more into ra1t8300pes. In Section Ill, we present the effect of anisoelasticity

and tactical grade application markets [1], the current demagg . roscope performance and the design of a purely feedback
is for inertial sensors with higher precision and long term pef'pe of control architecture. We show that when a device with
formance. In its current maturity, fabrication technologies fafl, e structural imperfections uses a purely feedback control,
below the tolerancing required for these demands, requiring gfis degrades the device performance. Section IV details the
ditional error suppression capabilities to achieve design goalgjinration algorithm used to identify anisoelasticity and Sec-
Currently, in order to operate with the highest precision, Vijon v/ describes the feedforward control implementation real-
bratory gyroscopes typically include active feedback control {geq using electrostatic parallel plates. Concluding remarks are
compensate for fabrication imperfections [2]-[4]. However, 8§ Section VI.
it will be illustrated in this paper, 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 interferences cause scafé Singlé mass vibratory rate integrating gyroscope can be

factor and drift errors in the gyroscope, resulting in degrad&gdeled as a lumped mass-spring system operating in its first

performance. In these cases, both post processing such as |%%Fundamental in-plane modes [Fig. 3(a)]. The lumped mass-

spring dynamics of an ideal system are expressed in the rotating
coordinate frameX, Y) by [10]
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Fig. 1. Smart MEMS gyroscope would include self-calibration capabilities built on-chip for detection and compensation of deterministidgesturbat

Drive/Sense
Electrodes

the orientation of the ellipse, giving the complete generalized
elliptical equations as
Supporting

Frame Proof Mass 2 =acos ¢cosh — bsin ¢sin f
Sense Axes y =asin ¢ cosf + bcos psin b
T = — wpacos¢sinfh — wybsin ¢ cosd
1 = — wpasin ¢ sin  + wy, b cos ¢ cos b 3)
Drive Axes
where
0 = wut + Yo.

Based off the position and velocity, the orientation angle can be

Suspension instantly calculated by

Drive/Sense 2 (w% zy + wy)

Electrodes tan2¢ = - —.

WE (22 —y?) + (@2 = 17)
Fig. 2. Studied rate integrating gyroscope [8] consists of a freely vibrati : : : -
proof mass attached to a concentric six-ring suspension. Stationary electro Qlle  and y are changlng very qUICkly over one perIOd of

interwoven throughout the mass sustain motion and allow measurement of @&Cillation ¢ 10,000 vibrations per second), the orbital param-
Coriolis-induced precession angle. The precession angle is proportional to dtersa, b, and¢ remain nearly constant over one period. Thus,
angle of rotation of the device. averaging techniques may be implemented to approximate the
long term behavior of the slowly varying orbital parameters.
velocity. In a nonrotating systeni(= 0), the solution is an el- This technique is useful in evaluating the effect of perturba-
lipse of semi-major axis lengih, semi-minor axis length, and tions on the gyroscopic system [12]. In the interest of space,
oriented at an anglé from the X-Y axes [Fig. 3(b)]. A con- a terse background is presented, a more general explanation of
venient way of expressing the trajectory of the system is usitigs technique can be found in [13] and in the scope of gyro-
these elliptical “orbital” variables [11]a b, and¢) which are scopic systems in [11] and [14]. The initial dynamic system in
common in orbital and celestial mechanics. If the ellipse is off1) can be presented in state form as
ented with theX-Y axes, the solution can be expressed by

Anchor

(4)

= Au+ f (u) )

@ =acos (wnt + o) whereu = {z,y,&,y} and f (u) are small perturbations such

y =bsin (wnt + o) (2)  as the Coriolis force, anisoelasticity, and damping. The homo-

, _— . ) ) geneous solution whefi(u) = 0 is
where~, defines the initial “orbital angle’, designating the

starting point of the mass on the ellipse. Angl@ccounts for u=g(z,1t) (6)
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Fig. 4. Anisoelasticities are an unavoidable byproduct of fabrication due to

PR ¥ tolerancing restrictions of optical lithography, deposition, and chemical etching.
- “\\\ In the gyroscope, one manifestation of this is nonconsistent geometry in the
, e el concentric ring suspension members.
/ g
P ‘\ ¢ If the only perturbations are the Coriolis force, then this process
' Ly leads to the orbital state equations given as [11]
X
. /
/ (l :0
p )
/ b :0
~ .
e ¢ = — Q
- Y =wn. (7)
Thus, we see that when the device is rotated at a constant ve-
®) locity €, the vibration pattern will precess with the same angular

Fig. 3. (a) Gyroscope is modeled as a two-degree-of-freedom lumpeelocity, but in the opposite direction with respect to a viewer in

mass-spring systenfi, j, k} is the inertial coordinate system afd’, Y, 7}  the moving frame. Assuming the oscillation pattern initially co-
is the coordinate system attached to the rotating device. (b) In the absence.

of rotation, the mass trajectory is an ellipse with semi-major axis length INcides with theX-Y coordinate systeny(= 0), the inclination
semi-minor axig, inclination anglep, and orbital angley. of the ellipsegp, which can be found at any given time by (4), is

exactly equal to the negative angle of rotation of the device

wherez = {a,b,¢,v} is an array of initial condition deter- t
¢ / Qdt 8)
0

A device operating on these principles mechanically integrates

mined constants. To solve for the particular solution, we use
variation of parameters, where = z (t). Differentiating (6)

gives any input angular rate and an output angular displacement can
w=g+Ji be resolved without integrating any electronic signals. An im-
dg portant property is that even(f varies in time, (8) is still valid.
Tz Since (8) is twice differentiable, it can be observed that the an-

gular acceleratiof of the vibration pattern precession is equal
Using the fact thaj = Ag and substituting back into (5) gives {4 the negative angular acceleration of the device. Thus, the cal-
T (2, 0) culated precession angle is invariant to changes in the angular
’ rate. Thisimportant property has also been observed in vibrating
h=f(g(z1)). shells [15].

Time averaging over one period of oscillatidnyields 1. ANISOELASTICITY

. o h(z,t) dt Anisoelasticities are an unavoidable byproduct of fabrication
T 0 “ due to tolerancing restrictions of optical lithography, deposition,
2m and chemical etching (Fig. 4). Anisoelasticities disrupt sym-

T T metry of the suspension, causing frequency mismatch and mode
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coupling. Assuming negligible nonlinear effects, the equatior Y A
of motion with these stiffness nonidealities become 2427/

M + kpe® + kzyy — 2mQy =0
my + kyyy + kyzx + 2mQz =0 9)

k
wherem is the lumped mass approximation for the gyroscog %’Wﬁﬁv
m

andkyz, kyy, kzy, andk,, are the nonideal stiffness terms (dut

to energy conservatiott,, = k,,). By the properties of ma- deal gyroscope Anisoelasticity in gyroscope
trices, the stiffness terms can be expressed as the sum of a diag-
onal, rotation, and skew-symmetric matrix Fig. 5. In the ideal gyroscope, the principal axes of elasticity have equal

stiffness £,,) and coincide with th&X-Y coordinate system, whe¢ andY

correspond to the intended reference frame of the gyroscope (defined by the
ke k.ry layout of the device). In the presence of imperfections, there is a mismatch in
k-ym kyy the principal stiffness valuesh = (K; — K») and an angular mismatch of

the principal axes from thE-Y coordinate system by an an
(9 +[e &)+l 4] e by enange
0 & & —&2 =& 07

for anisoelasticity while not interfering with the precession is
Here, if the stiffness matrix is symmetrig; is naturally zero. of the form [10]
Another convenient way of expressing anisoelasticity is in terms
of the principal stiffness value&’; and K-, and the angular F,
mismatch anglex of the principal axes of elasticity with the { F, }
X-Y coordinate system (Fig. 5), whekeandY correspond to
the intended reference frame of the gyroscope (defined by thRere~, is a constant gairfy is a unity gain 2« 2 skew sym-

layout of the device). In these terms, the stiffness nonidealitiggetric matrix, and® is angular momentum defined as
are written as [12]

:—WI-P-ST-{‘;} (13)

P = (zy —yi). (14)
51 :kn
&2 =hcos (2a) The underlying assumptions for this control is that anisoelas-
&3 =hsin (2a) (11) ticity is sufficiently small [e.g., = 10° and . corresponds

to 1% of the ideal stiffness, Fig. 6(b)]. For larger errors [e.g.,

wherek, is average of the principal axes stiffness valaes, = @ = 10" and / corresponds to 5% of the ideal stiffness,
(K: + K>), andh is the mismatch between the principal axeb19: 6(c)], the controller, while compensating for the errors,
stiffness values2h = (K1 — K). In the presence of small also interferes with the measured precession angle (demon-

anisoelasticities, the long term effect on the elliptical state equiated in Section V). One fabricated prototype gyroscope

tions can be approximated by [11] (Fig. 7) shows much Ia_rger errore & 45_ and}_l c_orresponds
to 72% of the ideal stiffness) and while this is an extreme
—b example and can vary from run to run and device to device,
a =5 (€a — &2 8in 2¢ + €3 cos 2¢) it illustrates that some level of structural imperfections will
. a always be present. Thus, it is necessary to “trim” the anisoe-
bZE (&4 — 25026 + £3 c08 2¢)) lasticites to a level where a feedback control can provide
) ab compensation. Besides post processing, this can be accom-
¢ = o (=09 (§2c082¢) + &35in 2¢) — plished electronically through the use of a feedforward type

1 control architecture where the control gains are set based on
o =55 (=& — & cos2¢ — E38in2¢) +w,.  (12) the anisoelasticity parameters.
We see that anisoelasticity interferes with the precession angle IV. IDENTIFICATION OF ERRORS
¢ while the device is driven with ellipticityl(# 0). However, by  The first step in implementing the system for electronic
running the device with as small ellipticity as possillle{0), “trimming” of the imperfections is to develop an algorithm
the effects of anisoelasticity on the precession will be elimitssed to determine the structural imperfections as part of a
nated. Based on this fact, the ideal gyroscope should be run wstif-calibration diagnostic test. Previous work on system identi-
as close to a linear oscillation pattern as possible [Fig. 6(a)]. Ftication has demonstrated a systematic approach to identifying
ther, by choosing a control effort with the same topology as tlamisoelasticity of a torsional “rocking” MEMS rate gyroscope
skew symmetric matrix(, # 0), the ellipticity can be driven to using model synthesis and Markov parameters [16]. However,
zero without interfering with the precession pattern. This is the linear mass gyroscopes, there are certain characteristics
basis of a feedback control system for structural error suppre$-dynamic motion that allow for a simpler algorithm for

sion. An appropriate feedback control which will compensatdentifying anisoelasticities. Here, we present this algorithm
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g Fig. 7. (a) Prototype surface machined rate integrating gyroscope was fabri-
g cated using JDS Uniphase’s MUMPS process. (b) In the prototype gyroscope,
> the stiffness along the four axes is estimated by observing the natural frequency

along each direction and knowing the ideal mass of the system. The plot of
stiffness magnitude along the four directions shows large mismatches between
the principal axis stiffnesses’; and K, (K1 — K>/ K, + K> = 72%) and
coupling (rotation of the stiffness axes by angle= 45).

A. Algorithm
x-position x10 Substituting (10) and (11) into (9) and solving ferandy
© assuming no angular rotatiof2 (= 0), no damping, and an

Fig. 6. (a) In the presence of an input angular rotation, the line of oscillatidnitial deflection ofzy andyy, yields
of an ideal gyroscope would be observed to precess by an angléith
respect to the rotating coordinate system. (b) With small anisoelasticities, the{ x }

line of oscillation is disrupted as it precesses. These anisoelasticities entel
into the equations for the measured precession angle, causing degradation o
performance. (c) Large anisoelasticities are even more disruptive, completely[ 14+cos 2a sin 2a ] { Zo

eliminating precession. = .
sin 2« 1—cos2a

of the device. —sin2a  1+cos2a

developed for identifying errors based off the dynamic response, [ l1—cos2a —sin2a ] {
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x10” PCA determined axes and that we have experimentally acquired covariances between
: ] x andy. A covariance matriXS can be expressed by

2
S = [srsrg] (16)
SaySy
wheres2 andsg are the variances efandy and the covariance
s s.y betweenx andy is given by
> n n n
noY TkYk — D Tk ) Yk
k=1 k=1 k=1
Spy = 17
i [n(n—1)] A7)

with the index of summatiok going over the entire sample size
n. The covariance matrix is a numerical measure of the coupling
between variables and in the case wBésdiagonal, the vectors
x-position X107 of V are uncorrelated, i.e., theposition has no influence on the

y position. Notice, when there is coupling through the stiffness
matrix between the andy position, the covariance matrix will

@

0.025 T ; ; also have coupling. Thus, a transformation that diagonalizes the
5 5 covariance matrix will also diagonalize the stiffness matrix. We
: : O now introduce a coordinate transformatipe: UTV whereU
0.02 |rererion i b TP { . . :
is a constant matrix of transformation. It can be shown that there
exists such an orthogonal transformatidrthat the covariance
0.015 ket e, i matrix S of this new coordinate system is [17]
= S=E(¢¢T) =UTsU. (18)
0.01 Jrovrirnn 1
We will assume that the transformati@his a unity gain rota-
: tion and soUT = U~1. With this assumption, we see that by
0.005 [ revvseseirinidissn s o 1 choosing the columns df to be the eigenvectorg{ ande,)
: : of the covariance matrix, we will achieve a diagonal form, thus
e the eigenvectors designate the basis vectors for the uncoupled
% 05 1 15 2>  space. Sinc® is Grammian, we are guaranteed of that eigen-
w(rad/sec.) x 10° vectors are orthogonal. From (15), we can see that a rotation
(b) transformation of the form
_Fig. 8._ (_a) Inthe abser_lce of_damping, thet_rajectory_ of the gyroscope will form { z } [cos a —sin a} { ¢ }
into elliptical type Lissajous figures. These figures will be bound by a rectangle = . (29)
oriented at an angle. PCA is used to determine the principal axes of elasticity, Y sma cos« q2

designated a¥ andY'. (b) The Fourier transform of the component of the

data reveals two peaks due to off diagonal coupling of the stiffness matrix. Frggill uncouple the dynamic system to the uncorrelated principal
this plot, theh parameter of the system can be extractetfas: m (w? — w3) . . . . :
wherew; andw, correspond to the frequencies of the maximum and secor"fB(IS coordmf_;\te SySterq; Itis necessary that .thIS tranSfor'mat'on
maximum peaks, respectively. must be equivalent tt/ * and so one expression for the eigen-

vectors representing the principal axes is [Fig. 8(a)]

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 [Fig. 8(a)]. Over time, it can be seen that the Lissajous .
figures will have trajectories bounded by a rectangle whose si\é/@ can then directly calculate the angiefrom the second
is defined byh and which is oriented at the anglefrom the eigenvector

coordinate axis. To determine the orientation of the principal . ) (

a = tan

e1 =(cosa)é€, — (sina) €,

ez =(sina) €, + (cos ) €. (20)

axes, we employ the statistical method of principal component
analysis (PCA).

Here, we will discuss the applications of PCA as it pertaingheree; , ande; , are thex andy components of the second
to this study; a more general explanation can be found in [1&igenvector, respectively.
In our case, we have two variables of interestxlp@sitionand ~ Based off the dynamic system in (15), if we restrict the initial
y position. Now consider a 2 1 vectorV = (z,y). We will conditions to only arx deflection {, = 0), then we are guar-
assume that andy have zero mean (centered about the origirgnteed of the system oscillating within a rectangle oriented in

2 ) @)

€2,y
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the boundaryr/4 > « > —x /4. Taking a Fourier transform of ~ Ambiguity of the Algorithm:In our derivation of the angle

(15) while considering only the position yields from (20), we initially neglected the fact that the eigenvectors
) are interchangeable in the transformation matrix. Thus, another
X (w) =5 (G () + 30) 76 (w — wr) possible rotation angle is
1 - x
+§ (G(a) —x0) T (w — wa) o = cot ! <L> (26)
€1,y
h
wi =w;, + m whereqs is the angle calculated if we were to use the first eigen-
s o h vector rather than the second. Hetg,is related to thev calcu-
Wy =Wn = - (22) |ated from (21) byws = a — sign {a} (7/2). Since the output

_ o o . from the PCA analysis is numerical values for the eigenvectors,
From (22), assuming the initigl deflection is zero, the ratio of it is impossible to tell if the output PCA angle is eitheror
the amplitudes of the two frequency components are o —sign {a} (7/2). However, we will show that even with this
ambiguity in the angle, we will still arrive at an equivalent so-
‘X (w1) cos (2a) + 1 gurty g a
X (w2)

=z (23) lution.
In this case, the highest peak in the frequency plot correspor?

cos (2a) — 1 From (23), if we make the substitution = o —
L {a} (7 /2), then the equation becomes

to thew; term and the second highest peak corresponds to;the X (w1) cos (2a) — 1

term [Fig. 8(b)]. Parametérand the ideal isotropic stiffnegs ’X @) = s @a) 1" (27)
are calculated a&h = m (wi — w3) and2k,, = m (w? + w3),

respectively. lfw; < ws, thenh < 0. We see that the conditions are changed andwgworresponds

At this point, the algorithm for determining andk,, is de- to the first maximum peak and, corresponds to the second
pendent on differentiating the two peaks in thérequency do- maximum peak. Now the algorithm will calculateh rather
main. As the errors, and hence the peak separation, tend to gid@n i If we substitute the two angle aridcombinations of
smaller, it becomes impossible to distinguish the two peaks afmd ) and ¢ — sign {a} (7/2), —h) into (11), we will arrive at
any numerical peak finding algorithm may result in erroneo@uivalent solutions. Thus, as long as the guess fetbetween
results. A more accurate method for determiningndk,, re- —7/4 andr /4, the algorithm will correctly identify the struc-
quires the calculated from the PCA analysis. Using the transtural nonidealities whether the initial guess fowas correct or
formation from (19), the equations in the transformed princip#lit was actuallya — sign {a} (7 /2).

coordinate space are )
B. Energy Compensating Controller

¢1 (t) = (2 cos a + 2yp sin «) cos wy1 t In reality, viscous damping will eventually deplete the energy
(24) of the system, resulting in a finite number of cycles from which
to obtain data. In relatively high quality factor systenis &
Thus, if we transform our data in this way and then take tH&0), there is sufficient energy to obtain enough data before the
Fourier transform, we see that there will be one pealgfand oscillation pattern dies out. However, in cases of low quality
¢2 at frequenciess,; andw,s, respectively. These frequenciesystems@Q < 100), there are not enough cycles to obtain an ac-

q2 (t) = (—2z¢ sin « + 2yg cos ar) cos wyat.

are curate calculation of the anisoelasticities. For example, §uch
values are indicative of operating microstructures in an ambient
wgl =w? + 12 atmosphere [18]. In these cases, a controller to compensate for
m energy losses is required. In the angular gyroscope, a controller
wgz =w? — % (25) of the form [10]

F, T

Then,h andk, are calculated simply & = m (w2 — w?,) { F, } =-72-AE- { j } (28)
and2k, = m (w2, +w2,), respectively. This result makes it ' o
easier to identify smaller errors since it is only necessary to iddfiimplemented into (9) that guarantees to maintain the energy of
t|fy the |argest peak in each frequency Spectrum rather than mé SyStem without interfering with the identification of anisoe-
largest two. lasticities. Herey, is a constant gain; andy are the velocities

The benefits of this algorithm is since the PCA and Fouriélong theX andY directions, and\ ¥ is the change in system
transforms take advantage of all the data, it is not necessanfftergy given as
have precise deflection information. T_h|s is esp_e(_:|ally advanta- w2 (m2 n y2) n (552 n ?./2)
geous in systems where small deflections are difficult to resolve AE = Fy —
due to noise in the sensing electronics. One of the shortcomings 2
of this algorithm is that systems with high damping reduce thvéhere £, denotes nominal energy of the system normalized
amount of data points, resulting in erroneous results. A solutiarith respect to the effective mass. In using the controller, we
to highly damped systems is vacuum packaging of the devieave assumed isotropic damping with no coupling. This con-
and also to employ an energy compensating controller. troller is based on small parameter variations [14] and in order

(29)
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g = 10, vk, = 0067661, 7, = 0.01

y-position
s ]
T

-4

-6+

* position %10

@
. o =10, Wk =-0.067961, v, = 0.01

T T f 1 T T T

| Y ﬁ
\

y-position
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-6 -4 -2 0 2 4 6
x-position %10”

(b)

Fig. 9. With the implementation of an energy compensating controller, the systems tends toward the principal axis with the lowest stiffnedshiskeatases,
« is the same, but the mismatch in the principal axis stiffness values is differeat:%a)) and (b)k < 0.

for the controller not to interfere with the measured parametefsee Fig. 4), which is misaligned from theaxis by the anglev

the gainy, must be sufficiently small. and is guaranteed of being oriented in the rangeof2 < « <
With the implementation of this controller, the oscillation ofr /2. Now, we consider the dynamics in the transformed prin-

the system tends to propagate toward the principal axis with ttipal axis coordinate system from (24). Taking the Fourier trans-

smallest stiffness (Fig. 9). We will assume that this is@texis form of ¢; andg. yields one peak for each at frequencigs and
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whereF. , andF. , are electrostatic forces expressed as
2Fe,L_q_N.] 2 q—i—N] 2

ot (d-i) " (d-i)? "
B Ty At A7)
(d+1) (d+1)
N 2 N 2
d_jVjJ o d—jVj’Z
N N
_ V2 V2.
d+_] ]73+d+j 7,4

Here,i = {x,y},j = {y,x}, N is the number of control elec-
trode sets (e.g., in Fig. 10§ = 1), ¢ is the structural thick-
ness,d is the parallel plate gap; is the total plate overlap
(g = Nxo = Nyjp), andeg is the permittivity of a vacuum. For
structural compensation, we use the following control voltages:

+

Vzr,l =Vpc + Vo + Vq + vy Vz,2 = Vpc + Uz — Vq + Uy
Vm,3 :VDC + Vg — Vg — Vg Vz,4 = VDC + Vge + Vg — Vg
q/y,l =Vbc +vyy —vg + vy Vy2 =Vpe +vyy +vg + vy
Vy_rg =Vpc + Vyy — Vg — Uy Vy’4 = Vpc + Vyy + Vg — Uy

Fig. 10. We use the inherent nonlinearity of the parallel plate actuators alon
thex andy directions in order to tune out the nonideal stiffness elements.

) L B 5 o
wq2, respectively. From (25) is given agh = m (%1 wq2) whereVpc is a constant bias voltage, is a constant feedfor-

andk,, is calculated bk, = m (w2, + w2,). The difference bt
. . g a2 . ward misalignment control voltage,, andwv,, are constant

between this and the algorithm of the previous section is that w .
stiffness mismatch control voltages, angd and v, are state

2;6355_;??'”? 222}\,\"‘; agvlvssysst:]hazgmssg\ztg tlrnﬁitse rgi‘gebsetiit'ﬁ'dependent feedback control voltages. We determine the volt-
' a1 y 92! 9 ages for the feedforward control by first assuming zero feed-
back ¢, = v, = 0). The nonlinearity of the parallel plates

always less than zero. However, with the new limitsxdfom
—m/2 a”d”/?’ we he_lve F:ompensated for this rest_ncuonlon leads to a nonzero first derivative of the electrostatic force with
and the algorithms will still correctly calculate the stiffness non-

idealities when substituting into (11). respect to position, which can be interpreted as an electrostatic

The advantaaes of this methodoloay are the same as the S er_ing [2], contributing to the overall system stiffness. Addi-
vious al orithmgin Section VA witr?{he addition of ener Qlonally, the net forces and moments are zero, so the stiffness

gon . : 9ean be tuned without deflecting the structure. In order to find a
compensation. As a result, systems with l@ucan still be an-

alyzed to determine the structural anisoelasticities. In additiocrlosed_form approximation for the control voltages, we assume
Y ) small deflections and combine the ide;], nonideal ),

no initial deflection is required and the controller will tend to . . -

. : d electrostaticK.) matrix contributions together to form the
drive the system to a predetermined energy level. The caveat tQ . o

. . . overall stiffness realization
this method is that the chosen gain of the energy compensation

controller must be sufficiently small to avoid interfering with K=K, + K, + K.
the measurement of the anisoelasticity. k, 0
Ki=10 &
V. DUAL STAGE ELECTROSTATIC CONTROL hecos(2a)  hsin(2q)
. . . - K, = .
Having obtained the anisoelasticity parameters from the al- ’ [hsm (2a)  —hcos (2a)]

is applied to a feedforward type architecture using electrostatic K. Dy B

e
nonlinear parallel plates.
(I)l = — % ((VDC + ’Uzr)z + ’UZ)

gorithm of the previous section, we now demonstrate how this 4eot [q,l (1,2]

A. Elec;r:rstatlc 1:|mmng X X ) ; By =0, (Vbe + vaw) + (Ve + yy))
Two different physical mechanisms have been reported in g 2 9
MEMS for active frequency tuning: thermal compensation [19] @3 =— d ((VDC o)+ vq) ’ (31)

and electrostatic tuning [2]. Since the angular gyroscope With any arbitrary dc voltage, there exist different sets of control
lizes parallel plate electrodes for drive and sense, we fOCUS\Rﬂtagesmq, V4, @anduy, to cancel the off-diagonal terms of the
using the inherent nonlinearity of the electrostatic forces to tuggffness matrix and set the on-diagonal stiffness terms equal to
out the nonideal components of the stiffness matrix (Fig. 1Qach otherk, ,.q). Setting the off-diagonal terms equal to zero

The nonideal dynamics of the gyroscope, including the electigads to the following constraint on the the misalignment control
statics, can be expressed by voltagev,:

mi + (k, + hcos2a) z + (hsin2a)y =F. , -1 hd? sin 2
mi + (hsin2a) z + (k, — hcos2a)y =F.,  (30) Ve = €otN (Vb + vaz) + (Ve + vyy))

(32)
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Gyroscope Dynamic Response (k,=1.55, h/l(n =0, hz/k" =0,a=0) Gyroscope Dynamic Response (kn =1.55, hlk" =0.1, "z"‘n =0,a=10) Gyroscope Dynamic Response (kn =1.55, hlkn =01, hz/k" =0,a=10)
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Gyroscope Dynamic Response (k" =155, h/krl =0.1, hz/k,| =0, x=10) Gyroscope Dynamic Response (k" =155, hlk,| =0.1, hz/k'| =0.01,x=10)
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(d) (e) ®

Fig. 11. (a) In the absence of imperfections, the line of oscillation precesses normally bygaimgthe presence of an input angular rotation. (b) Large
anisoelasticities due to fabrication imperfections interfere with the ideal operation of the device, eliminating the precession. (c) Thecteedidacsed to
compensate for these large imperfections also interferes with the precession pattern, reducing the precession angle from thegideal .ajI8y using a
feedforward control, large structural anisoelasticities can be eliminated while maintaining the ideal precession of the device. (e) Whilentverdeszhtrol
can compensate for constant structural imperfections, it is invariant to small perturbation that arise during normal operation of the delieetgetliermal
fluctuations), which disrupt the line of oscillation. (f) A dual-stage feedforward/feedback architecture can compensate for both struaferctiompand small
perturbations without interfering with the precession.

There are several ways of choosing andwv,,, which are con- and must be solved for numerically. Even with an optimal choice
strained by the fact that the on-diagonal terms must be iddor voltages, invariably a practical limit is reached where errors
tical and that voltage values must be real. One way is to set t@nnot be compensated for without resulting in system insta-
voltage which influences the smallest of the on-diagonal stiffility. This occurs when the compensated on-diagonal terms are
ness terms equal to zero and use the second voltage to tundehe than or equal to zero.

larger stiffness term to match. This gives the following set of

control voltages foh cos 2ac > 0: B. Feedback Control
hd3 cos 20 While the feedforward control can compensate for large con-
Ve = — Vbc + [\ [ Ve + BT stant structural imperfections, it is also necessary to implement
0%g a feedback control to correct for small fluctuations that arise
Vyy =0 (33) during the normal operation of the device. For the feedback con-
and forh cos2a < 0 trol, we implement state dependent control voltageandv,
Vpg =0 — d? (NdvgFy + Fr9g (Vbc + vzz))
,  hd3cos2a 34 “ deot (92 (Vbe + aa) (Vbe + vyy) — N2d?v?)
Vyy = — VDC + | VDC - 26—0tg . ( ) ) d2 (NquFz + Fyg (VDC + 'Uyy))
Y

= 2 55y (39)
Since the on-diagonal electrostatic stiffness term is always neg- deot (9 (Voo + vaz) (Voo + vyy) = N?d7)
ative, the tuned on-diagonal stiffness valug..q will always where F,, and F,, are the control forces based off the skew
be less than the original ideal stiffnegs . f..a < k»). To take symmetric control architecture given in (13). This architecture
this into account, a good strategy is to design the gyroscope sissguaranteed of compensating for small perturbations without
pension to be stiffer than desired. A theoretical limit is reachéuterfering with the Coriolis induced precession. With the ad-
when these stiffness terms become negativg.(a < 0) and dition of the feedforward control voltages, the complete dual
the system becomes unstable. Thus, an optimal dc bias voltagatégie architecture is capable of “trimming” large structural im-
one that maximizes the trace of the stiffness matrix subject to therfections while compensating for small perturbations. Com-
constraint that,, v,., andv,, must satisfy (32) and (33)/(34). puter simulations are presented to demonstrate the effectiveness
A closed form solution is not readily available for this voltagepf this control strategy.



PAINTER AND SHKEL: ACTIVE STRUCTURAL ERROR SUPPRESSION

C. Numerical Simulation
All simulation parameters are based off a realistic impleme
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such as thermal tuning or postprocessing. Future work includes
gtudy of additional capabilities for identification and suppres-

tation of a surface micromachined rate integrating gyroscopi?n ©f damping and experimental demonstration of the dual
(Fig. 7). The mass of the device is 4.400~1° kg and the stage architecture using a DSP implementation.

isotropic stiffnessk,, is 1.55 N/m, giving a natural frequency
of 9.8 kHz for the system. The total parallel plate overlgis
1200um, the parallel plate gag is 2 um, and the permittivity — [1]
€0 IS 8.854x 10~ 12 F/m.The simulations based off the nonlinear 2
equations of motion (30) are run for 10 ms, assuming an ini-
tial  deflection of .1 microns to satisfy the small deflection as- [3]
sumption. For a chosen set of large structural anisoelasticities
(h/kn = 10%,0c = 10°), an optimal dc bias voltage which max- 4]
imizes 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

¢ [Fig. 11(a)]. With large structural anisoelasticitigs/ k,, [6]
10%, oo = 10°) and without compensationf = v, = vy,
v, = v, = 0), the system oscillates about the principal axes of [/]
elasticity and there is no precession [Fig. 11(b)]. A purely feed-
back control using control voltages andv, as calculated from
(35) is then attempted, which eliminates the quadrature error
but also interferes with the precession angle [Fig. 11(c)]. Next,
appropriate compensating feedforward control voltages, ...,
andv,, are chosen based off the assumption thaindh are
well known. The purely feedforward contral( = v, = 0) is
used to eliminate the quadrature error, which restores ideal prétl]
cession of the line of oscillation [Fig. 11(d)]. However, based
on simulation of the PCA and Fourier anisoelasticity finding al-[12]
gorithms from Section Ill, the anisoelasticity parameters are ac-
tually calculated to béh/k.,,)..,. = 10.23%,ac.c = 10.16.

To realize the effects of this error, as well as other small perturfi3]
bations that could arise during normal operation, we add sm I14]
anisoelasticitiesiz /k,, = 1%) to the system that cannot be
compensated for by the feedforward control. This results in def5]
struction of the precession pattern [Fig. 11(e)]. The state d 6]
pendent voltages are then included to compensate for these pér-
turbations while still allowing the undisturbed precession pat-
tern [Fig. 11(f), note that the precession angle is the same 4y’
Fig. 11(a) and Fig. 11(f)]. (18]

(8]
19]

[10]

VI. CONCLUSION

In this paper, we have demonstrated the necessity for a du%l9
stage control architecture comprising feedforward and feedback
control systems in order to compensate for fabrication imper-
fections and in-operation perturbations prevalent in microma-
chined gyroscopes. We have shown how this control can be re-
alized in a gyroscope using electrostatic parallel plate actuatc
The successful application of feedforward control was shown
a device with large structural imperfections of 10% of the ide.
stiffness where a purely feedback control would interfere wit
the performance of the device. Additionally, the feedback pc
tion of the control was shown to compensate for a further 1
error to the stiffness as a result of small perturbations arisi
during normal operation. This type of compensation is limite
by the stability of the device, as large voltages will result in
unstable system. In the case of devices with imperfections
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