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Design of MEMS Gyroscope Using Multi Mass System
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Abstract ~ In this paper, new design concept of
MEMS gyroscope using multi mass system is
proposed. The gyroscope having wide bandwidth
was designed utilizing the multi mass system in
order to reduce the degradation of the performance
by resonance variation. The multi mass system has
more than two masses and separates the resonant
peak of each mass. Using MATLAB, the variation
of bandwidth and driving displacement according
to mass ratio of the multi mass system was
analyzed. This result was compared with that of
current single mass system gyroscope. In the 7
kHz resonant frequency design, the multi mass
system has 395.3 Hz bandwidth, which is six times
larger than single mass system bandwidth, 58.5 Hz.

1. Introduction

Gyroscopes have been important devices in
aviation, automotive and military application. With
the development of Micro Electro Mechanical System
(MEMS), gyroscopes and other inertial measurement
devices can now be produced cheaply and in very
small packages in the micro domain [1,2].
Especially, the single crystalline silicon gyroscopes
based on Silicon on Glass(SiOG) process were
intensively researched for high sensitivity, high
resolution and simple process [3]. However, due to
unfavorable effects of scaling, the current state of
the art MEMS gyroscopes require an order of
magnitude improvement in performance, stability, and
robustness{4,5]. In the current single mass system,
to achieve high sensitivity, the resenant frequencies
of driving and sensing part are typically designed and
tuned to match, and the device is controlled to
operate at or near the peak of the response curve.
Thus extensive researches have been focused on
design of symmetric suspensions and geometries [6].
But the reliability and the robustness of the device
can be deteriorated by the mode matching problem
and the device imperfection. For lightly-damped
devices, the requirement for mode matching is
beyond fabrication tolerances, and none of the
symmetric designs can provide the required degree of
mode matching without active tuning and feedback
control. In this paper, we propose the multi mass
system  gyroscope  design  utilizing  dynamic
amplification to reduce the mode match problem and
improve the reliability and robustness of the device.

2. Theory of multi mass system

The multi mass system of the gyroscope can be
modeled as a two degree of freedom mass-spring-
damp system, as shown in figuwre 1. Assuming
linear springs and damping, the basic equations of
motion of the multi mass system are given by

m=—c &+, & —kx ~k,(x,~x,)+ Feosat (1)

(2

m, & =-c,& - k,(x, - x,)

Fig 1. The model
gyroscope

of the multi mass system

Rearranging these equations, we have
m &+ c & —c, & +(k, +ky)x, —k,yx, = Fcosat
—kyx, +m, &+, & +kyx, =0

(3
4

The steady state solution can be obtained readily by
the mechanical impedance method. Let us substitute
ReFexdfor Feoswt, RAXje™for %), and R{Xpe™for
x,(1),

Rearranging and factoring out ¢, we obtain

(ky + &, +jmt“w2mz)/?1—(fmz+k:))?z:F (5)
kX, +(k, —o'm, + joc)X, =0 (6)
¥, and X, can be obtained from this equation by
Cramer's rule and can be expressed as
5k —mo’ + joc)F
L Aw) (7
7, bF
=N (8

where
A(@) = th, +hy —m@" + joe, Wk, —mo’ + joe,) - (k" + jok,e;) (9)
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Thus, the steady state response of the masses is
x()=Rd Xie"1=| X cos (ut ) (10
xz(t)=Re[:Y;ef’“]=| X, cos (wt¢7)| an

Additionally, defining the non dimensional parameter
as
_1_ " ,_ W
ui= P P (12-14)
the two sepaxated frequencies can be obtained
from those conditions as

(wl]— Yy 2 LTI A T R R

Therefore, the multi mass system gyroscope can
be designed quantitatively by determining natural
frequency, mass ratio and frequency ratio.
Especially, from two separated frequencies, the
bandwidth can be designed quantitatively too.

3. Design of gyroscope

The proposed design is based on the application of
dynamic amplification into the 2 DOF sensing
direction resonator which is structurally separated to
achieve large oscillation amplitudes without
resonance. The dynamic amplification can be
implemented successively by matching the resonance
frequencies of each mass. Figure 2 shows the
frequency response of the passive mass which has
two resonant peaks and the flat region between two
resonant peaks. The multi mass system gyroscope is
operating in the flat region. Thus the small change of
the driving frequency makes negligible response gain
change. This variation is rather small than gain
variation of resonant peak.

Response gain

Rasponse gain

Fig 2. The operating region of the multi mass
system based on dynamic amplification

The overall multi mass system gyroscope is
composed of three masses, which are the frame
mass, the proof mass and the driving mass. The
frame mass and the proof mass form the 2 DOF
sensing direction resonator. The driving mass forms
the 1 DOF driving direction resonator. The driving
mass transfers the electrostatic force, generated from
comb type actuators, to the frame mass. When
angular velocity is applied, a Coriolis force occurs to
both the frame mass and the proof mass. By dynamic
amplification mechanism, all the displacement is

generated in the proof mass, whereas the frame mass
has negligible displacement. Figure 3 shows the
layout of the multi mass system gyroscope. In this
design, mass ratio(y) is 0.09 and natural frequency is
7001 Hz. To improve sensitivity, the parallel plate
type sensing electrodes are implemented. The chip
size is 10 mm X 10 mm.

driving
Fig 3. The layout of the multi mass system gyroscope
4. Analysis of gyroscope

The characteristics of the multi mass system
gyroscope are analyzed quantitatively using
MATLAB. The variation of bandwidth and driving
displacement according to mass ratio of the multi
mass system was analysed. Figure 4 shows the
analysis results of bandwidth and driving
displacement according to mass ratio of multi mass
system. Increase of the mass ratio creates lower
displacement and then creates lower resolution.
Whereas, according to increase of the mass ratio,
the bandwidth is increased from 254 Hz to 677 Hz.
Thus it is important to determine proper mass ratio
in order to obtain both high resolution and wide
bandwidth  optimally. In  addition, geometric
limitation must be considered to determine the
mass ratio.
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Fig 4. The analysis results of bandwudth and driving
displacement according to mass ratio of the multi
mass system
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Figure 5 shows bandwidth comparison results of
single mass and multi mass systems. In the same
displacement level, the bandwidth of single mass
systems was compared with that of multi mass
system.
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Fig 5. Bandwidth comparison results of single mass
and rmulti mass systems: (a)overall frequency
response (b) the single mass system's bandwidth (¢}
the multi mass system's bandwidth

In the 7 kHz resonant frequency design, the multi
mass system has 395.3 Hz bandwidth, which is six
times larger than single mass system bandwidth,
58.5 Hz. Therefore by utilizing the multi mass
system, the characteristics of gyroscope can be
insensitive to mode matching problem and other
parametric variations.

5. Conclusion

In this paper, the new design concept of MEMS
gyroscope using multi mass system was proposed.
The gyroscope having wide bandwidth was
designed utilizing the multi mass system in order
to reduce the degradation of the performance by
resonance variation. The multi mass system has
more than two masses and separates the resonant
peak of each mass. The multi mass system
gyroscope is operating in the flat region. Thus the
small change of the driving frequency makes

negligible response gain change. In the same
displacement level, the bandwidth of single mass
systems was compared with that of multi mass
system. When analyzed using MATLAB analysis, in
the 7 kHz resonant frequency design, the multi
mass system has 395.3 Hz bandwidth, which is 6
times larger than that of the single mass system,
58.5 Hz. Therefore, by the multi mass system, the
degradation of the device by mode matching
problem can be reduced. Thus it is expected that
the multi mass system can be applied to the design
of other resonant devices.
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