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Abstract: This paper presents a feedback-controlled, MEMS-fabricated micro-
accelerometer. The microaccelerometer has received much commercial attraction, but its
performance is generally limited. To improve the open-loop performance, a feedback
controller is designed and experimentally evaluated. The feedback controller is applied to
the x/y-axis microaccelerometer fabricated by sacrificial bulk micromachining (SBM)
process. Even though the resolution of the closed-loop system is slightly worse than open-
loop system, the bandwidth, linearity, and bias stability are significantly improved. The
noise equivalent resolution of open-loop system is 0.615 mg and that of closed-loop
system is 0.864 mg. The bandwidths of open-loop and closed-loop system are over 100
Hz. The input range, non-linearity and bias stability are improved from +10 g to +18 g,
from 11.1 %FSO to 0.86 %FSO, and from 0.221 mg to 0.128 mg by feedback control,

respectively. Copyright © 2005 IFAC
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1. INTRODUCTION

Micro-fabricated accelerometers have received
much commercial attraction due to the small size,
low power consumption, rigidity, and low cost (Song,
1977). However, because of the very small size, the
open-loop performance is generally limited. To
improve the open-loop performance, 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 the displacement of the moving parts
very small, and the bandwidth of the system is
increased. 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 x/y-axis microaccelerometer
with feedback control electrodes. A quarter of
sensing electrodes are used as feedback control
electrode. The SBM-fabricated microaccelerometer

has a 40 um of structural thickness and a 20 pm of
sacrificial gap. 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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Fig. 1. Fabricated microaccelerometer.
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Figure 2 shows the schematics of micro-
accelerometer and readout circuit. The inertia force
exerted by applied acceleration compels the proof
mass to move, and this motion produces the
capacitance change. The capacitance change is
detected by a charge-to-voltage converter. After the
high-pass filtering, the signal is demodulated using
an analog multiplier. After low-pass filtering, the
demodulated acceleration signal is obtained without
the high frequency components.
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Fig. 2. Schematics of microaccelerometer and
readout circuit

3. DYNAMIC MODELLING

3.1 Microaccelerometer

The microaccelerometer consists of proof mass,
flexures, sensing combs, and control combs as shown
in Figure 1. The dynamics of the microaccelerometer
can be simply modeled as a mass-damper-spring
system as showed in Figure 3. The equation of the
sensing motion is given by

mx +bx + kx = ma )]

where m, b, k are mass, damping, and spring
coefficient of the sensing mode, respectively; x is
displacement of the proof mass and a is an external
acceleration.
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Fig. 3. Modelling of the microaccelerometer

The microaccelerometer has a structural thickness
of 40 um, a lateral gap between electrodes of 1.5 pm,
and a spring length of 452 um. The values of m, b,
and k can be obtained from the structure of the
microaccelerometer 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 L, B, A, A, d, d., d,, t, 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, structural thickness, and
width of comb, respectively (Cho, et al., 1993). Also,
damping coefficient is given by

p=""2 ()

The calculated mass, m, is 122 pg. By ANSYS simulation,
the first mode resonant frequency is 1 kHz. From Eq. (2),
the value of k is 4.82 N/m. From Egs. (3) - (4), the value of
b is 1.917x10” kg/s. Therefore, from Eq. (1), the transfer
function of the microaccelerometer T(s) becomes

X(s) 8.2x10°

T(s)= = .
F(s) s*+1575+3.95x107

©)

The movement of the proof mass exerted by applied
acceleration compels the areas of inter-comb to vary, and
this variation produces the capacitance change. So, C/X
gain, that is, the ratio of the capacitance change to the
movement of the proof mass is given by

C/ X Gain= ]\2‘“ 6)

c

where N; is number of combs for sensing and ¢ is
permittivity. The calculated C/X gain is 1.013x107 C/m.

3.2 Measurement Circuit

The measurement circuit consists of the charge amplifier,
the high-pass filter, the differential amplifier, the phase
shifter, the analog multiplier, and the low-pass filter, which
are shown in Figure 2. The output voltage of the charge
amplifier V(s) is given by

0.198s  2x10"2s
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where C(s) is capacitance change and Vc..(s) is carrier
signal. The transfer functions of the high-pass filter and the
low-pass filter are given by

S2
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where Ty(s) is a 2nd-order butterworth high-pass
filter and Ti(s) is two 2nd-order butterworth low-
pass filter. Also, the gain of the differential amplifier
is 5.27 V/V.

4. CONTROLLER DESIGN

Figure 4 shows the block diagram of the closed-
loop system. The closed-loop system feeds the
control signal from the demodulated output signal
back to the feedback control electrodes. From the
relation of the input acceleration and the
demodulated output signal, this plant G(s) can be
modelled as a simple 2nd-order transfer function as
follows;

1.455%10"
s2+1575+3.95x107

G(s) = (10)

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

2N, &tV
FIV Gain:% (11

c

where N, is number of combs for feedback and V
is feedback offset voltage. The calculated F/V gain is
4.87x107 N/V.

The damping ratio of this plant is very small. So,
the overshoot of this plant is very large and the
settling time is very long. Figure 5 shows the step
response of the open-loop system, when the input
acceleration is 1g. The settling time is 49.5 ms and
the modulated output signal is 0.44 V.
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Fig. 4. Block diagram of the closed-loop system

If an external acceleration is applied to the
accelerometer, the proof mass should quickly reach

the position as much as the magnitude of acceleration.

Then the accelerometer should be ready to receive
some other external acceleration. So, the feedback
controller K(s) is designed to reduce the settling time
of this system and increase the damping ratio. The
simplest controller that satisfies this condition is a
PD controller. The feedback controller K(s) is given
by

output voltage

K(s)=Kp(1+Tps) (12)

where K is the proportional feedback gain, and Tp, is the
derivative rate.
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Fig. 5. Step response of the open-loop system.

First of all, the suitable value of T is selected. When
the value of Tp is 0.001 sec, the value of Kp can be easily
selected using the root locus technique. If the value of Kp
is 1.4, the damping ratio is 0.718 and the step response of
the closed-loop system is obtained as shown in Figure 6.
The settling time of the closed-loop system is reduced
from 49.5 ms to 0.844 ms, and the modulated output signal
is decreased from 0.4 V to 0.352 V, when compared to the
open-loop system.
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Fig. 6. Step response of the closed-loop system.

5. SIMULATION RESULTS

We use the MATLAB SIMULINK as the simulation
program. Figure 7 shows the SIMULINK block diagram of
the closed-loop system. With the input acceleration of 1 g
at 40 Hz, Figure 8 shows the frequency response of the
modulated output signal. Because the average output
signal is decreased, the noise equivalent input acceleration
resolution of the closed-loop system gets worse from 0.273
mg to 0.332 mg, when compared to the open-loop system.
But the noise floor of the closed-loop system is also
decreased. The average output signal level and the noise
floor of the open-loop system are -17.1 dB and -88.4 dB,



respectively, and the average output signal level and
the noise floor of closed-loop system are -21.0 dB
and -90.6 dB, respectively.

Fig. 7. SIMULINK block diagram of the closed-loop
system
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Fig. 8. Frequency response of the modulated output
signal at 40 Hz, 1g input acceleration

Figure 9 shows the bode diagram of the
demodulated output signal. This output signal is
obtained by increasing the period of input
acceleration. The bandwidth of the closed-loop
system is improved from 500 Hz to 800 Hz. Figure
10 shows the demodulated output signal when the
magnitude of input acceleration varies. The scale
factor of the closed-loop system is decreased to 0.35
V/g from 0.41 V/g of the open-loop system. The
input range of the closed-loop system is improved
from £10 g to £18 g. Also, the non-linearity of the
closed-loop system is improved from 11 %FSO to
0 %FSO in the 18 g range.
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Fig. 9. Bode diagram of the demodulated output signal
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Fig. 10. Linearity and input range of the output signal

6. EXPERIMENTAL RESULTS

Figure 11 shows the closed-loop implementation of the
microaccelerometer. After a 5 volt peak-to-peak sinusoidal
voltage without offset voltage is applied to the proof mass
of the microaccelerometer, we measure the output voltage
when an external acceleration is applied using the shaker
table as shown in Figure 12.
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Fig. 12 Eerimental setup using thehakr table



Figure 13 shows the modulated output signal of
the fabricated accelerometer when the input
acceleration of 1 g at 40 Hz is applied. The noise
equivalent input acceleration resolution, the average
output signal level, and the noise floor of the closed-
loop system are all decreased such as the simulation
result, when compared to the open-loop system. The
noise equivalent input acceleration resolution of the
closed-loop system gets worse from 0.615 mg to
0.864 mg. The average output signal level and the
noise floor of the open-loop system are —17.19 dB
and -81.41 dB, respectively, and the average output
signal level and the noise floor of closed-loop system
are -21.85 dB and -83.12 dB, respectively. Because
the noise floor of the measurement result is larger
than the simulation result, the resolution of the
measurement result becomes worse than the
simulation result. The measurement circuit and the
measurement environment should be improved to
solve this noise problem.
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Fig. 13. Frequency response of the modulated output
signal at 40 Hz, 1g input acceleration

Figure 14 shows the frequency response of the
demodulation output signal. The frequency response
of the open-loop and the closed-loop system are
measured only up to the shaker table limit of 100 Hz.

The bandwidth cannot be measured using the shaker table.
Figure 15 shows the linearity of the output signal when the
magnitude of input acceleration varies at 40 Hz. We obtain
the similar result with the simulation result. The scale
factor of the closed-loop system is decreased to 0.376 V/g
from 0.406 V/g of the open-loop system. The input range
of the closed-loop system is improved from £10 g to +18 g.
Also the non-linearity of the closed-loop system is
improved from 11.12 %FSO to 0.86 %FSO in the +18 g
range. Finally, the bias stability tests are performed. Figure
16 shows the demodulated output signal without applied
the input acceleration. The bias stability of the closed-loop
system is improved from 0.221 mg to 0.128 mg. The
specifications are summarized in table 1.
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Fig. 14. Frequency response of the demodulated output
signal
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Fig. 15. Linearity and input range at 40 Hz
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Fig. 16. Bias stability of the demodulated output
signal

Table 1 Performance summary of the system.

Open-loop Closed-loop
system system
Resolution 0.615 mg 0.864 mg
Noise floor -81.41 dB -83.12dB
Bandwidth > 100 Hz > 100 Hz
Input range +10g +18¢g
(Iifl"i“éhgnf:;gz) 11.12%FSO |  0.86 %FSO
Bias stability 0.221 mg 0.128 mg

6. CONCLUSION

In this paper, a simple PD controller is designed for a
MEMS microaccelerometer. Using this simple
controller, the performances of the micro-
accelerometer such as the bandwidth, linearity, and
bias stability are improved by feeding the control
signal from the sensed output signal back to the
sensing-comb  electrodes. The most dramatic
improvements are in the range and linearity. The

input range is improved from +10 g to +18 g, and the non-
linearity is improved from 11.12 %FSO to 0.86 %FSO.
The resolution is slightly degraded from 0.615 mg to 0.864
mg, which is attributed to the additional electrodes.
However, the more important measure relating to
resolution is bias stability, and the bias stability is
improved from 0.221 mg to 0.128 mg. This bias stability
improvement is achieved because the closed-loop system
can maintain the proof mass at the zero position better than
the open-loop system in the absence of external
accelerations.
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