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Abstract: This paper presents a lead-lag compensator design for a MEMS-fabricated
microgyroscope. The microgyroscope is basically a high Q system, thus the bandwidth is
limited to be narrow. To overcome the open-loop performance limitations, a feedback
controller is designed to improve the resolution, bandwidth, linearity, and bias stability of
the microgyroscope. The feedback controller is applied to the z-axis microgyroscope
fabricated by SBM process. In MATLAB simulations, resolution, bandwidth, input range,
and bias stability of closed-loop system are improved from 0.0021 deg/sec to 0.0013
deg/sec, from 14.8 Hz to 115 Hz, from 50 deg/sec to £200 deg/sec, and from 0.0249
deg/sec to 0.0028 deg/sec, respectively. Copyright © 2005 IFAC
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1. INTRODUCTION

Micro-fabricated gyroscopes have received much
commercial attraction due to the small size, low
power consumption, rigidity, and low cost.
Application areas of the microgyroscope include
automotive safety and stability control systems,
video camera stabilization, and 3-D input devices for
computers and personal data assistance (PDA)
systems (Song, 1977; Gripton, 2002).

The feedback controller is applied to the z-axis
microgyroscope fabricated by the Sacrificial Bulk
Micromachining (SBM) process. The performances
of this open-loop gyroscope are represented in the
literature (Lee, et al., 2000; Cho, et al., 2000; Park, et
al., 2001). The non-linear output characteristic and
small bandwidth are main problems of this
microgyroscope.

Because the resonant frequencies of the decoupled
microgyroscope should be matched identically and
the system has a very high Q, the gyroscope operates
at a narrow bandwidth near a specific resonant
frequency. In the open-loop system, if the bandwidth
of the system can be increased by increasing the

difference of two resonant modes, but then the
sensitivity of this system becomes poor. To
ameliorate this trade-off problem, we design a
feedback controller in this paper. The closed-loop
system feeds the control signal from the sensed
output signal back to the feedback control electrodes.
This makes a displacement of the moving parts very
small, and the bandwidth of the system is increased
without lowering the sensitivity. Furthermore,
because the displacement of the moving parts is
controlled to be small, the linearity of the output

signal can be improved.

2. WORKING PRINCIPLE

Figure 1 shows the z-axis microgyroscope
fabricated by sacrificial bulk micromachining (SBM)
process. The structural thickness is 40 pm, and the
sacrificial gap is 20 um. The SBM process has the
added benefits of a large sacrificial gap when
compared to conventional SOI process (Lee, et al.,
1999; Lee, et al., 2000; Cho, et al., 2000).
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The schematic of the fabricated microgyroscope
can be represented as shown in Figure 2. The outer
and inner masses are driven together in the x-
direction at the driving mode. If an angular rate is
applied in the z-direction, then the inner mass moves
in the y-direction by the Coriolis force. That is, the
microgyroscope estimates the input angular rate by
sensing the displacement of the inner mass induced
by the Coriolis force.
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Fig. 1. Fabricated microgyroscope
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Fig. 2. Schematic diagram of microgyroscope.
3. DYNAMIC MODELLING

3.1 Microgyroscope

The dynamics of the microgyroscope can be
modelled as two orthogonal mass-damper-spring
systems as shown in Figure 3. The motion equations
of plant dynamics are given by

Driving part: (m_+m )i +b,x+kx=F, O]
Sensing part: my+by+ky=F,=2mQ_v, 2)

where m,, b,, k, are mass, damping and spring
coefficient of the driving part, respectively; ms, b, kg
are mass, damping and spring coefficient of the
sensing part, respectively; F. is driving force, Fc is
coriolis force, v, is velocity of the mass which

oscillates in sinusoidal motion by driving force, and
Q, is input angular rate.

To vibrate the gyroscope in driving mode, a
sinusoidal voltage is applied to the driving-comb
electrodes. This driving voltage generates the
electrostatic force. The driving force is given by

2N, &tV
Fo=—— G)
d
d
where Ny, €, dg, t, Vor, and V, are number of driving
combs, permittivity, gap between driving combs,
structural thickness, offset voltage of carrier signal
and ac voltage of carrier signal, respectively. The
value of calculated F, is 4.6x107 V, N.
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Fig. 3. Modeling of microgyroscope.

The values of m, b, and k can be obtained from the
structure of the microgyroscope and the equations of
relation between the resonant frequency, quality
factor, and damping coefficient. The resonant
frequency and quality factor are given by
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where p, B, A, A, d, d,, d;, and W are absolute
viscosity, momentum propagation velocity, area of
plate, areas of inter-comb, sacrificial gap, lateral gap
between combs, gap between structure and comb,
and width of comb, respectively (Cho, et al., 1993).
Because the fabricated microgyroscope is tested in
vacuum environment, the vacuum level is also
important. The damping coefficient is given by

h=""2 (6)

The calculated mass, m, and mj, are 78.3 pg and 42.6
ng, respectively. By ANSYS simulation, the first
mode resonant frequency of the driving mode is 5.04



kHz. The resonant frequencies of the driving and
sensing modes should be matched to achieve a
sensitivity of the system. The sensing mode resonant
frequency is tuned to be 10 Hz higher than the
driving mode, that is, 5.05 kHz. From Eq. (4), the
values of k, and k; are 121.2 N/m and 42.85 N/m,
respectively. From Egs. (5) - (6) and the vacuum
level, the values of b, and b, are 3.83x10°¢ kg/s and
1.35%10° kg/s, respectively. Therefore, from Egs. (1)
- (3), the transfer functions of the driving part and the
sensing part become

X(s 3.807
Td(S) = ( ) = 3 5 (7)
V.(s) s>+31.68s+1.003x10
Y(s 2.35%107
T(s) =2) ®)

TE(s) s2+31.685+1.007x10°

The movement of the sensing-combs in the y-
direction by the Coriolis force compels the gap of the
sensing-combs to vary, and this variation produces
the capacitance change. So, C/Y gain, that is, the
ratio of the capacitance change to the movement of
the sensing-combs is given by

C/Y Gain= N,cA, [ ! - !

@) (zds—ny ®

where N, is number of sensing-combs and dy is
lateral gap between sensing-combs. When the value
of'y is very small, Eq. (9) becomes

3N,¢e4,
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C/Y Gain= (10)

The calculated C/Y gain is 1.908x107 C/m.

3.2 Measurement Circuit

Figure 4 shows the measurement scheme in the
open-loop. To vibrate the gyroscope in driving mode,
a 1 volt peak-to-peak sinusoidal voltage with a 0.5
volt offset is applied to the driving-comb electrodes.
When an angular rate is applied in the z-direction,
the sensing-comb electrodes move in the y-direction
by the Coriolis force. The capacitance changes due to
the motion of the sensing-comb electrodes are
detected by a charge-to-voltage converter. To pass
only modulated high frequency signals, a high-pass
filter is used. After the high-pass filtering, the signal
is demodulated using an analog multiplier. After the
demodulation, the high frequency components of the
signal are removed using low-pass filter, and the
angular rate signal is obtained

The transfer function of the charge amplifier Tc(s)
is given by

Ve(s) ~ 1.05x10°s
C(s) s+2x10*

Te(s)= Vg (11)

where C(s) is capacitance change, V¢(s) is output
voltage of the charge amplifier, and V¢ is reference
voltage. The transfer functions of the high-pass filter
Tu(s) is given by

S2

s2+3.16x10°5+3.96x10°

Ty (s)=- (12)

Also, the gain of the differential amplifier is 5.27
V/V.
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Fig. 4. Measurement scheme of the open-loop.

4. CONTROLLER DESIGN

Figure 5 shows the block diagram of the closed-
loop system. The closed-loop system feeds the
control signal from the modulated output signal back
to the feedback control electrodes. The plant G(s)
consists of the sensing dynamics of the
microgyroscope, the charge amplifier, the highpass
filter, and the differential amplifier as shown in
Figure 4. This plant G(s) is modeled as a Sth-order
transfer function. This plant G(s) is given by

~ 6.345x10"s°
T (57 +32.15+1.031x10°)(s +2x10%)  (13)
. 1
s> +1.163x10%5+3.955x10’

G(s)

If the output voltage of the controller is applied to the
feedback control electrodes, the electrostatic force is
exerted on the inter-combs. The F/V gain, that is, the
ratio of the electrostatic force to the control output
voltage is given by

4d?

N

F/V Gain = (14)

The calculated F/V gain is 1.696x10° N/V.

The 2nd order bandpass filter B(s) in Figure 5
rejects the noise except the operating frequency. The
magnitude and bandwidth of the bandpass filter
designed are 0 dB and 1 kHz, and the center
frequency of the designed bandpass filter is matched
with the resonant frequency of sensing mode, that is,
5.11 kHz. So the bandpass filter B(s) is given by

B(s) = i 6283s . (15)
s°+6283s +1.03%x10




The designed lead-lag compensator K(s) is given by

_ kl(s+zlead)(s+zlag) (16)
(S + Proad (S + plag)

K(S)

where k; is the controller gain; zj.,qg and pje,q are zero
and pole of the lead compensator; and z,, and pi,, are
zero and pole of the lag compensator.
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Fig. 5. Block diagram of closed-loop.

The resonant frequencies of the open-loop and
closed-loop systems should be matched. From this
condition, the below term is given by

k
ZieadZ 1ag =—. 7

s

The magnitudes of the open-loop and closed-loop
systems should be also matched at the resonant
frequency. From this condition, the below term is
given by
. _b(a-1 (18)
" ak ko k,

Zlead

where a is proportional coefficient of feedback loop,
ks is F/V gain, and k., is proportional coefficient of
charge-to-voltage converter. The value of k., is
5.763x10* V/C.
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Fig. 6. Bandwidth of closed-loop, when values of a
and k; are varied.

First of all, the suitable values of pieaq and piqg are
selected in the neighbourhood of the resonant
frequency. When the values of pjcaq and pyqe are 9x 10*
rad/sec and 2.5x10* rad/sec, Figure 6 shows the
bandwidth of the closed-loop system as the values of
a and k; are varied. The bandwidth increases when
the value of a increases, but the noise of system also
increases. If the values of a and k; are 22 and 15, then
the values of z,,q and zj,, can be obtained from Egs.
(17) and (18). The values of zgqg and z,, are

1.36x10* rad/sec and 7.42x10* rad/sec, and the
bandwidth of the closed-loop system is 110 Hz. So,
Eq. (16) is given by

15(s +1.36 x10*)(s +7.42x10") (19

K(S) = 4 3
(s+9%x107)(s +2.5x10%)

Figure 7 shows the Bode diagram of the open-loop
and closed-loop systems. The bandwidth of the
closed-loop system is improved to 110 Hz from 5 Hz
of the open-loop system at the resonant frequency.
The 2% settling time of the closed-loop system is
decreased to 0.02 sec from 0.246 sec of the open-
loop system. Also, the displacement of the sensing-
comb electrodes of the closed-loop system is
decreased as shown in Figure 8.
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Fig. 7. Bode diagram of open-loop and closed-loop.
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comb electrodes.

5. SIMULATION RESULTS

We use the Matlab simulink as the simulation
program. Figure 9 shows the simulink block diagram
of the closed-loop system. When the input angular
rate is 10 deg/sec, 5 Hz, Figure 10 shows the
frequency response of the modulated output signal.
The noise equivalent angular rate resolution of the
closed-loop system is improved from 0.0021 deg/sec
to 0.0013 deg/sec, when compared to the open-loop
system. At this time, the average output signal level
and the noise floor of open-loop system are —21.8 dB



and —95.5 dB, and the average output signal level
and the noise floor of closed-loop system are —10.3
dB and —88.3 dB.
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Fig. 10. Frequency response of modulated output
signal.

Figure 11 shows the bode diagram of the
demodulated output signal. This output signal is
obtained by increasing the period of input angular
rate. The bandwidth of the closed-loop system is
improved from 14.8 Hz to 115 Hz. Figure 12 shows
the demodulated output signal when the magnitude
of input angular rate varies. The scale factor of the
closed-loop system is increased to 0.21 mV/deg/sec
from 0.0986 mV/deg/sec of the open-loop system.
The input range is improved from +50 deg/sec to
+200 deg/sec as shown in Figure 12, and thus, the
dynamic range is improved from 87.5 dB to 103.7
dB. Also, the linearity of the closed-loop system is
improved from 7.25 % to 0 % in the +50 deg/sec
range. Finally, the bias stability tests are performed.
The output signal without applied the input angular
rate is obtained as shown in Figure 13. The bias

stability of the closed-loop system is improved from
0.0249 deg/sec to 0.0028 deg/sec.
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Fig. 13. Bias stability of output signal

6. CONCLUSION

This paper designed a lead-lag compensator for a
MEMS microgyroscope. The design feedback
controller greatly improves the bandwidth, linearity,
dynamic range, and bias stability of the
microgyroscope without sacrificing resolution, by
feeding the control signal from the sensed output
signal back to the sensing-comb electrodes. This
controller can maintain the matched state of the
driving and sensing modes, and therefore the
expanded bandwidth can be achieved without
lowering the sensitivity. As a result, the bandwidth of
the closed-loop system is improved from 14.8 Hz to
115 Hz, the input range is improved from #50
deg/sec to £200 deg/sec, and the dynamic range is
improved from 87.5 dB to 103.7 dB. The linearity is
also improved from 7.25 % to 0 % in the +50 deg/sec
range, and the bias stability is improved from 0.0249
deg/sec to 0.0028 deg/sec. These performance
improvements are achieved without sacrificing the
resolution, which also improves from 0.0021 deg/sec
to 0.0013 deg/sec.
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