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Adaptive Control for the Conventional Mode of
Operation of MEMS Gyroscopes
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Abstract—This paper presents adaptive add-on control algo-  Traditionally, mechanical or electrical balancing has been
rithms for the conventional mode of operation of MEMS z-axis gy- used to cancel parasitic effects [3]-[5]. Although this procedure
roscopes. This scheme is realized by adding an outer loop to acon-raquces the effect of a certain amount of imperfections, it is

ventional force-balancing scheme that includes a parameter esti- fi . . d difficult t f I
mation algorithm. The parameter adaptation algorithm estimates Ime consuming, expensive and difficuft to pertorm on smal,

the angular rate, identifies and compensates the quadrature error, Nail-size gnm level) gyroscopes. An open-loop scheme [3] and
and may permit on-line automatic mode tuning. The convergence a feedback controller [6] for the quadrature error compensation

and resolution analysis show that the propqsed adaptive_ add-on were proposed for an open-loop mode of operation. Both of
control scheme prevents the angular rate estimate from being con- e ge methods utilize the fact that the responses of the Coriolis
taminated by the quadrature error, while keeping ideal resolution acceleration and the quadrature error are 90 degree out-of-phase
performance of a conventional force-balancing scheme. [838] - q 9 p
with respect to each other. For a closed-loop mode of oper-
ation, two feedback control methods have been presented in
the literature that compensate fabrication imperfections and
measure angular velocity. One is a Kalman filter based preview
|. INTRODUCTION control [7] and the others are force-balancing feedback control
OST MENS gyroscopes sre viratoryrte gyrosconSETETTE 5 (9] Mthough hese feechack contechriques
that have structures fabricated on polysilicon or cryst%rf y ; 9 (NE gyroscop
yond the open-loop mode of operation, they still are sensitive

silicon, and mechanical main component is a two degree- £ o )
. . o o 0 parameter variations, and angular rate estimate may be
freedom vibrating structure, which is capable of oscillating on )
ntaminated by the quadrature error.

o ) ) . L 0
two directions in a plane. Their operating physics is based on t% n this paper, we develop an adaptive add-on control scheme

Corlo_l Is effect. V_Vh_e n the gyroscope is subjected to an ang_u}g; operating a MEMS z-axis gyroscope in conventional force-
velocity, the Coriolis effect transfers energy from one wbratmg

. . lancing mode. This adaptive algorithm estimates the angular
mode to another. The response of the second vibrating mc}él g b d d

_ _ _ _ ) fe and, at the same time, identifies and compensates quadra-
provides information about the applied angular velocity. Ideally, .o error, and may permit on-line automatic mode tuning. In the

in the conventional mode of operation, the ylbrat|ng modes RExt sections, the dynamics of MEMS gyroscopes is developed
a MEMS gyroscope are supposed to remain mechanically Wq analyzed, by accounting for the effect of fabrication imper-
coupled, their natural frequencies should be matched, and fBgions. The closed-loop mode of operation is reviewed in Sec-
gyroscope’s output should only be sensitive to angular velocifyan, |1, In Section IV, an adaptive add-on control approach is
In practice however, fabrication imperfections and environmegéyeloped as an extension of conventional force-balancing con-
variations are always present, resulting in a frequency of oscillgo| scheme, and the convergence and resolution analysis of the
tion mismatch between the two vibrating modes and a coupligoposed adaptive add-on controlled gyroscope is presented. Fi-
between the two mechanical vibration modes through off-diagally, computer simulations are performed in Section V.
onal terms in the stiffness and damping matrices. These imper-
fections degrade the gyroscope’s performance and cause a false
output [1], [2]. As a consequence, some kind of control is es-
sential for improving the performance and stability of MEMS Common MEMS vibratory gyroscope configurations include
gyroscopes, by effectively cancelling “parasitic” effects. a proof mass suspended by spring suspensions, and electro-
static actuations and sensing mechanisms for forcing an oscil-
latory motion and sensing the position and velocity of the proof
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proof mass of the gyroscope, the nondimensionalization of (2)
can be done as follows [11]:

w.’lf - - .
i+ ot Qo) + W20 + Wy =T, + 20,9
T w,

y

whereQ, andQ, are respectively theandy axis quality factor,

Wy =/ km/(mwg)l Wy =/ kyy/(mw(%)v Way = kwy/(mw(%)'

Aoy — dyy/(mwp), Xz — Q. /wo, o — 7o/(mwiqo), and
Ty < Ty/(m‘*’g(IO)-

I1l. CLOSED-LOOPMODE OF OPERATION
A. Strategy and Previous Work

Conventional mode of operation is classified by an open-loop
mode and a closed-loop mode. The measurement strategy of
both the open-loop and closed-loop modes is based on the same
physics, i.e. generating a Coriolis acceleration by driving a proof
mass in a constant amplitude oscillation along the drive axis and
inducing an oscillation along the sense axis, which is propor-
tional to the applied angular rate. The major difference between
Fig. 1. Model of a MEMS z-axis gyroscope. the closed-loop and open-loop mode of operation lies in that
in the former the displacement of the sense axis is controlled

by applying counter-control forces, then the equation of motida zero, while in the latter it is measured. The benefits of a

of a gyroscope is simplified as follows. closed-loop operation are more scale factor stability, higher lin-
. . 2 2 . earity and higher bandwidth, thus achieving better performance
mi+dii+ (ki —m(Q, +Q5))z+mQ Qyy =7o+2m.y than that in the open-loop mode of operation. However, the ef-

mij+dag+ (ke —m(Q2+Q2))y+mQ, Qe =1, —2mQ.4 (1) fectof the asymmetric damping term is not distinguishable from

wherez andy are the coordinates of the proof mass relative 1Ige Coriolis acceleration term. Thus, this term still creates an
inherent zero-rate output as in the case of the open-loop mode

the gyro framed, », k1 » are damping and spring coefficients, tion. Th f tional mode of tion i
Q. .. are the angular velocity components along each axis %fropgra '?Q' ¢ IT Process o t.con.ven 'onal mode of operation IS
the gyro frame, and, , are control forces. The two last termsIoase on the foflowing equation:
in (1), 2mQ. ¢ and2mS2.y, are due to the Coriolis forces and & = Xo sin(w,t)
are the terms which are used to measure the angulaftate L Wy
" As seeln in (tl), Iin antli}ieal_ g)(llroscope, onlé/ the c_ompon?nt of y+ Q_y
e angular rate along theaxis, 2., causes a dynamic coupling . . L _
between ther andy axes, under the assumption trﬁﬁﬂ ~ whereX is the amplitude of:-axis oscillation.
Q.Q, =~ 0. In practice, however, small fabrication imperfec:
tions always occur, and also cause dynamic coupling between _ o
the z andy axes through the asymmetric spring and damping The force-balancing control strategy was originally devel-
terms. Taking into account fabrication imperfections, the dgped for MEMS accelerometer control [12], where it has been

"/ + wgy = 7-'y - wzym - (dzy + ZQz)z (4)

Force-Balancing Control

namic (1) are modified as follows [10]. successfully applied, and it has been extended to MEMS gyro-
. . . ) scopes [8], [9]. The basic idea behind the force-balancing con-
ME + dex® + doyl) + Koo + oyl = 7o + 2m8L.7 trol strategy is that, if the sense mode amplitude is regulated to

MY + dpy® + dyy ) + keyw + kyyy =7, — 2mQ.2. (2) zero by feedback control action, then, sitice § ~ y ~ 0, (4)

Equation (2) is the governing equation for a MEMSXis gyro- ylelds in steady-state response,

scope. Fabrication imperfections contribute mainly to the asym- Ty = Way® + (duy + 20 (5)
metric spring and damping terms,, andd,,,. Therefore these
terms are unknown, but can be assumed to be smallzErel  This implies that applied angular rae. can in principle be
y axes spring and damping terms are mostly known, but haéerred from the sense axis control outpyt under the as-
small unknown variations from their nominal values. The progumption thatd,,, = 0. The force-balancing control strategy
mass can be determined very accurately. The components off@quires that the sense axis closed loop system be robust to pa-
gular rate along: andy axes are absorbed as part of the springgmeter uncertainties and variations, and have minimal phase
terms as unknown variations. Note that the spring coefficiersbift so that the response of the system to the Coriolis accel-
k.. andk,, also include the electrostatic spring softness.  eration and quadrature error can be distinguishable. A block
Based onm, gy andwg, which are a reference mass, lengtldiagram of a sense axis force-balancing control is shown in
and natural resonance frequency respectively, wherss a Fig. 2. G(s) is the sense axis gyroscope dynami&gs) is
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Fig. 2. Block diagram of the force-balancing control.

the compensator which will be subsequently designeds where

—.2sz1X0 c.os(th) — Wy Xo 'Sir}(wrt)is the modulated input Ucori(t) = — XoweQaoTcorit co8((wy £ 8)t + Peorit)
signal resulting from the Coriolis acceleration and quadrature

error,u = 7, is the control outputy is the measurement noise, Uquaa(t) = = Xow”’”z‘l“ad sin(wat —Z Pquad)
andb is the Brownian input noise. Fig. 2 also includes a demod- uy ~ (0,03) ,un ~ (0,07)
ulation block, which will be defined subsequently. The closeand
loop sensitivity transfer functions far andy are given by Tcorit =|T(8)|s=j(woxs)s Tquad = |T(8)|s=jwn
u(s) =T(s)(r +b)+ S(s)n bcorix = Z(T(ts))s:j(wle:&)-/ Pquad = A(T<S))s:jwm
y(s) =V(s)(r+b)—T(s)n (6) where itis assumed th&t. = ., cos(6t). Suppose that the
where phase delay is small, i.@cori quada = 0 around the anticipated
K(s)G(s K(s) drive frequency region. Then, the angular rate and quadrature
T(s) = TTR()G0)’ S(s) = T K(5)G(5) error may be demodulated from the control output by multi-
G(s) plying this signal bycos(w,;) andsin(w,;), and filtering the
V(s) resulting signals with a low-pass filter. The demodulated sig-

L K(9)G(s) nals become

The control design goal is to flatten the gain of the complemen- 0. —F
z = t)- s
tary sensitivity functionZ’(s) for « around the drive axis fre- Ler(u(t) - cos(wat)

1
guencyw,, i.e. = - §XOWITC0ri:I:Qz0 cos(+0t + ¢corix + PLPF)
. 1
|T(]w)| ~ CO’I"LSt./ fOT' w e [wz - Awywx + Aw] - §X0wmquuad Sin(¢quad + ¢)LPF) + Up f + Un f

The compensatoK (s) may be designed by various methods @y = Frpr(u(t) - sin(wst)
such asu-synthesis andi°° for stability robustness, or usin 1 .

classich C())/ntrol synthesis technique;/. If the magnitude ofgthe = 5 XowaTcorix 2:0 sin(+6t + dcoriz + dLPF)
closed-loop complementary transfer functibs) from the an- _ lX
gular rate to the control output is flat around the drive axis fre- 2
quency, the gyroscope’s scale factor will remain constant in tidere¢pr is the phase delay due to the low-pass filtgy; =
presence of drive or sense axis frequency variations. Moreoverpr (cos(wxr) - up) andu,y = Frpr(cos(wst) - u,). Notice

the gyroscope’s bandwidth can be increased up to the drfyewever that, unless thg,,..4 is exactly zero, the estimation of
axis frequency. The dynamic range and linearity are also ifangular rate is contaminated by the unknown quadrature error
proved to the extent of the control authority, since the magrfioupling termw,,,. Unfortunately, usually the quadrature error
tude of the sensitivity transfer functidri(s) from the angular is three or four orders of magnitude larger than the angular rate.
rate to the sense axis displacement is almost zero. Since, by f8hough the quadrature error term can potentially be cancelled
the steady-state control signatontains both the Coriolis and OUt by initial calibration, it may vary during the operation of
quadrature error signals, ademodulation is needed for extractii§ gyroscope. In the force-balancing approach, sense and drive
angular velocity information from the control signal. Eventul€Sonance frequency mismatch is not as critical a problem as
ally, the overall gyroscope performance will depend on the di§-in the open-loop operation, unless the gyroscope closed-loop

Ow.T,quuad COS(QZSquad + ¢LPF) + Ub f + Un f

modulation method used. bandwidth is much larger than in the open-loop mode. Fig. 3
The steady state response of the control output of (6) is giV@ﬁplains this fact graphically. When high resolution is required,
by resonant mode matching is important to attain a consistent reso-

lution performance. However, in this case the bandwidth of the
w(t) =ucori(t) + Uquad(t) + up(t) + un () (7) gyroscope will be small. This is also the case in the open-loop
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Theorem 1: Assume thaf). andw,, are constant. Suppose
that a conventional force-balancing closed loop system is stable
with a controllerK (s). If a band-pass filter is designed such that
the phase delay from the modulated input signta the output
of a band-pass filter is less thanofor a drive axis frequency
w,, and the parameter estimafé§ andw,, are updated by the
following adaptation laws:

signal signal

additional amount "

noise noise ;QZ - mefx
(a) (b) Wey = — YUFT (12)

Fig. 3. Mode mismatch does not have large effect on the resolution of a Ial%leen the angular ra@z and quadrature errar,, can be esti-

bandwidth system [see case (a)], but has a large effect on a small bandwidtated correctly, i.eQ. — 0, &, — 0, whereyq and~,, are
system [see case (b)]. positive adaptation gains.

Proof: Since the propagation equation of the stochastic
mode, where mode matching is important in order to attainexpectation has the same form as the deterministic counterpart,
consistent scale factor. However, as opposed to the open-leggp can consider the deterministic case, b.es 0 andn = 0.
operation mode, it is very difficult to tune the sense axis restisually,7'(s) andTspr(s) are not SPR (strictly positive real),
nant frequency, since phase information for mode matchingss it is difficult to prove the stability of the closed-loop system

lost in closed-loop operation mode. with an adaptation loop. Here, we make use of the fact that the
driving signal is a single frequency sinusoid, and take an aver-
IV. ADAPTIVE ADD-ON CONTROL aging approach [13]. Assuming that the applied angular rate and

We investigate the use of an adaptive algorithm for estth_uadrature error are constant, then (12) is equal to

mating angular rate and at the same time, identifying and j— [279 0 ] |:X0w:/v COS(wwt)]a (13)
compensating quadrature error, and possibly attaining mode 0 7 X sin(wgt) i

match in an on-line fashion. Note that the effect of variationAassuming that estimate error dynamitis slow, from (11), the
in drive or sense axis frequencies is not observed explicitly | ! '

Hleady-state dynamics af is approximately given b
the control output of a conventional force-balancing system. y y ¥ PP yg y

The idea behind the use of adaptive add-on control is to make ~ Tepr(v" )8 = |Tepr(ws)|
the nominal control output of the conventional force-balancing X [Xowy cos(wat + ¢) X sin(wyt + ¢)]§ (14)

system equal to zero by adding an additional outer loop. The ) i i
where¢ is a phase delay from the modulated input sign&d

add-on control outer loop is composed of a band-pass filter X e :
parameter adaptation law and a modulation part. Fig. 4 shofllg output of the band-pass filter. Substituting (14) into (13) and

a block diagram of force-balancing system with the adapti&@king averages resultin
add-on control. Q. ) Q.
[ = — [Tepr(we)| Xj Row [~

} (15)
Wrylava

The modulated input signal in the (6) is rewritten in re-

gressor form as zylava

where
= =200 — Wyt = —0Ty (8) Ro = [ Yowlcosd —Yows singb}
Qw — .

1 : 1
wheref = [29. w,,]T is assumed to be an unknown parameter 3YewssiNg 57w COSP
andv = [# z]T is the measurable regressor. Suppose that tfée have used the fact that the products of sinusoids at different
input signalr is estimated by a parameter adaptation algorithrfiequencies have zero average. A sufficient condition for the
then its estimate signal and errors are system in (15) to be asymptotically stable is that the cross-cor-
R A L pon relation matrix Rq,, be positive-definite. This is achieved if
=" 2QZ(t)‘f — Way(t)e = _9~ v cos¢ > 0. Therefore, if—90° < ¢ < 90°, the convergence
F=r—7=2Q,(t)f + 0pyr = 07w (9) of parameter errors to zero is guaranteed, and the stability of
the system is proven. ]
If we carefully design a compensatfif(s) and a band-pass
filter Fzpr(s) so that phase delay is as small as possible, the
w=T(r+b—7)+ S(n) angular rate estimate dynamics will be almost decoupled from
=T(67v) + T(b) + S(n). (10) that of the quadrature error estimate. In this case, the quadra-
] ] ture error estimation transient response will not significantly af-
If the error signali passes through a band-pass fill@fpr(s),  fect the transient response of the angular rate estimate and vice
then versa. Although the quadrature error estimate dynamics affects
s = Fppr(i) that qf the apgdulirh_ra';e (ra]stima_te, ghis only ha]tcpﬁ_ens guring the
sr transient period. This is the main advantage of this scheme over
=Tepr (07 v) + Torr(b) + Sppr(n) (1) the conventional force-balancing control, where the angular rate
where Tspr(s) =  Fwpr(s)T(s) and Sppr(s) = estimate is contaminated by the quadrature error term, unless it
Fgpr(s)S(s). The following theorem holds. is perfectly compensated.

where the parameter estimate errors@re= . — Q., Way =
Way — wey andé = 0 — 6. The control error dynamics is



PARK AND HOROWITZ: ADAPTIVE CONTROL FOR THE CONVENTIONAL MODE OF OPERATION OF MEMS GYROSCOPES 105

b(t) n(t)

u(r)
r —% G(s) —& K(s) .
+
AT+
A% ~

Q_ uf(t)
L PAA Fo
o)

Fig. 4. Block diagram of the adaptive add-on control Parameter Adaptation Algorithm (PAA).

A. Performance Expectation TABLE |
. . . KEY PARAMETERS OF THEGYROSCOPE
The bandwidth of a conventional force-balancing controlled

gyroscope is defined by the cutoff frequency of the low-pass parameter value
filter used in the demodulation process. On the other hand, the

mass 5.095 x 1077k

bandwidth of the proposed force-balancing controlled gyro- . ) 1T KH I
scope with adaptive add-on control is defined by the adaptation raxis teduency ‘ ‘
gain~yg. From (15), assuming that~ 0, its bandwidth can be Quality factor 40
estimated by Brownian noise PSD | 5.53 x 107 N2sec

Position noise PSD | 1.49 x 10~2"m?sec

BW = vq|Tppr(w, )| Xew?. (16)
Of course, the actual maximum bandwidth is also limited by TABLE I
the band-pass filter. Therefore, the adaptation gaishould be CONTROLLER PARAMETERS FOR THESIMULATION
selected so that the bandwidth estimate given by (16) is lower
than half of the frequency pass-band of the band-pass filter. K(s) e
The ideal resolution of a conventional force-balancing gyro- Fppr(s) (Tl)gff’fw
scope is defined by e
Yo 0.03
P Yo 0.05
Xowz|T (ws)]
wy+BW % h
. . where
(IT(jw)*Sb + [S(jw)[*Sp)dw a7
o~ BW

_ _ A =diag{Ar, A1, As}, Az = —yv[Cr Cr Cs]
where S, and S, are, respectively, power spectral density of 0 0
.. . : . . B UT
the position sensing and Brownian noises. In reality, the ac- Ay = { T } B,=|By 0
tual sharpness of the low-pass filter in the demodulation process (U 0 Bs
and aliasing affect resolution performance, and it may be much _ diaal2 I
worse than the estimate given by (17). Inthe case of the adaptive 7 tag{2ve,Ywh, v = [ a]".

add-on control, resolution is a function of the adaptation gain The covariance ofzT §7]T can be computed by solving the

and the pass-band of the band-pass fifgpr(s). In order to following covariance propagation equation:
accurately estimate resolution of nominal system, consider the

following state-space realization @spr(s) andSppr(s): P =PA" + AP+ BSB” 19
Tspr(s) : (Ap, Br,Cr) whereS = diag{Ss, Sp}. The standard deviation of the angular
Spr(s) : (As, Bs, Cs) rate estimate error, or resolutiety, is obtained from the covari-
e ance matrixP, and is computed by
g;(rann, the (14) and (15) are realized the following state-space oo = VOPOT (20)

j{e A Agp| |ze By|[b 18 whereC = [01x,, 1], andm is a dimension o. Now, we in-
g1 |An O 6 0 (18) vestigate a relationship of resolution performance between con-
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nondimensional time

Fig. 5. Time response of angular rate estimate to the 5 deg/s step input.

ventional force-balancing and adaptive add-on force-balancilage the upper estimate of the resolution for the adaptive add-on
schemes. If we substitute (11) to (13), then controlled gyroscope.
. ~ Because the shape of the frequency respons¥ of is the
_ T
0 = —yvTppr(v' 0) — y0Tepr(b) — vwSepr(n).  (21) i verse of that ofGi(s), the power of the noise in band-pass

The stochastic expectation equation of (21) is giveriy] = filtered control output signaii; is minimal whenw, = w,.
_’Y’UTBPF(’UTE[é])a whereE[-] denotes stochastic expectation.ThUS’ the mode tuning problem may be formulated as follows:
Define the expectation error ds= f — E[f], then W} = arg,, min B[] (25)

j— _ vuTapr(vT0) — voTepr(b) — ywSspr(n) where E[-] stands for the stochastic expectation. Note that the

5 i ties of the angular rate estimate such as standard
~ — yTapr(v7)d — ywTspr(b) — Y08 22) NOISE Propertes ¢ :

Yo Tpr(v7)0 = yuTier(b) = yvSere(n) (v ) deviation can easily be calculated by measuring control output
where we have utilized the assumption that the dynamidsof signala.
slow. Thus, the transfer function from noisedtis given by

é(S) = —(SI+ ’Y’UTBPF(’UT))_I")/’UTBPF(I)) ) ) . o .
—(sI +~vvTepr(vT)) 'yvSppr(n). (23) A simulation study using the preliminary design data of the

) MIT-SOI MEMS gyroscope was conducted, to test the analyt-

If we assume phase delay~ 0 and consider only the angularica) results and verify the predicted performance of the adap-

V. SIMULATIONS

rate part, then (23) is simplified as tive add-on controlled gyroscope presented in this paper. We
. Yo Xows assumed that the drive and sense axis resonant frequencies are
2(s) = - 5+ o XZw2|Tepr (w, )| matched and the magnitude of quadrature error is 0.1% of nom-
x cos(wyt)(Tapr(b) + Sppr(n)) inal resonant frequency. The data of some of the gyroscope pa-
1 BW rameters in the model is summarized in Table I. The numerical

=X values for the controller used in the simulation is summarized
wa|TBpF (wz)| s+ BW . . . .
« cos(wnt)(Tapr(b) + Sspr(n).  (24) in Table_ Il. Notice that the nu_mencal_ value_s in Tab_le Il and the

simulation results are shown in nondimensional units, which are

Equation (24) can be interpreted as follows: The noise that carendimensionalized based on the proof-mass, length of one mi-

taminates the angular rate estimate is a low-pass filtered sigoan and thez-axis nominal natural frequency.

of the demodulated noise signals, passed through shaping filThe estimate of the angular rate response to the step input an-

tersTgpr(s) andSgpr(s). These are the same noise propertiegular rate is shown in Fig. 5. In this figure, the upper and lower

observed in a conventional force-balancing control using a desunds of the analytically estimated standard deviation are also

modulation process. Therefore, (17) can be also used to calpletted. The estimated standard deviation with (20) is 0.56 deg/s
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Fig. 6. Time response of angular rate estimate to the 5 deg/s sinusoid input at 50 Hz.
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Fig. 7. Time response of quadrature error estimate.

at 50 Hz of bandwidth. Fig. 6 shows the estimate of angular ratme response of the quadrature error estimate. These simulation
response to the sinusoidal input angular rate, and Fig. 7 showstbsults well match the theoretical results obtained in this paper.
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VI. CONCLUSION [8]

For a closed-loop mode of operation, an adaptive add-on con-
trol scheme was proposed. The idea behind this add-on control
is to achieve a zero nominal control output in a conventional 9
force-balancing system by adding an additional outer loop. The
proposed outer loop is composed of a band-pass filter, a p&L0]
rameter adaptation algorithm, and an algorithm that generates
estimates of the gyroscopic inputs and other perturbation irp1)
puts due to fabrication defects. This parameter adaptation algo-
rithm estimates the angular rate and, at the same time, identifié
and compensates quadrature error, and may permit on-line au-
tomatic mode tuning. [13]

The convergence and resolution analysis of the adaptive
add-on controlled gyroscope was presented. This analysis
shows that the proposed adaptive add-on control scheme pre-
vents the angular rate estimate from being contaminated by
guadrature error, while keeping ideal resolution performan
of a conventional force-balancing scheme. Simulation resu
were presented which corroborate the analytically derive
performance. However, both the open-loop and closed-lo
modes are inherently sensitive to some types of fabricati
imperfections which can be modeled as cross-damping ter
which produce zero-rate output.
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