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Abstract

The present study has employed the phase-locked loop control method to ensure the operating of MEMS actuators at their resonant frequency. In
this study, the control algorism was simulated by the MATLAB. Further, the digital signal processing (DSP) technique was adopted to implement
the concept of phase-locked loop control algorithm. Thus, a wide VCO lock-in dynamic range was achieved. In applications, the optical scanners
fabricated using the SOI wafer and MOSBE process were respectively employed to demonstrate the present technique. The test show that the
resonant frequency was tracked for various driving voltages, loop gains, and initial frequency offsets. Thus, the variation of the scanning angle
resulted from the offset of the resonant frequency of the devices can be prevented.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The resonance behavior is a useful dynamic characteristic
for MEMS devices. This characteristic has been extensively
employed to enlarge the output displacement of micro actu-
ators. For instance, the linear displacement of a comb-drive
actuator [1] and the scanning angular displacement of a tor-
sional mirror [2] are significantly increased during resonance.
This characteristic has been extensively employed in the vibra-
tory MEMS gyroscope [3], the fatigue testing of MEMS devices
[4], and the resonant type Coriolis meter as well [5]. However,
the resonant frequency of MEMS devices is very sensitive to
variations of fabrication, such as the feature size of suspen-
sion and the thickness of proof mass. Some technologies are
useful to compensate the shift of resonant frequency due to vari-
ations of fabrication. Laser trimming removed parts of device
so that could compensate shift of resonant frequency [6]. The
selective deposited poly-Si on MEMS structures also can com-
pensate the process-induced shift of resonant frequency [7].
The DC bias applied to the actuator could provide the effect
of negative spring to compensate the shift of resonant frequency
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[8]. Moreover, the more critical problems is that the resonant
frequency of MEMS devices are also very sensitivity to the
environment conditions, such as ambient pressure and tem-
perature. The resonant frequency of MEMS devices will vary
with operating time due to the fatigue problem. In addition,
the resonant frequency of a non-linear dynamic system may
even vary with the operating conditions such as driving volt-
age [9]. Hence, it is necessary to tune the driving frequency
for the aforementioned devices if their resonant frequency is
shifted.

Presently, the phase-locked loop (PLL) technology has exten-
sive applications in the area of communication, motor control,
etc. In general, a phase-locked loop consists of three main func-
tional components such as voltage-controlled oscillator (VCO),
phase detector (PD), and loop filter. A typical second-order
spring-mass dynamic system will experience a phase change at
its resonant frequency. Thus, the phase change can be detected
by the PD, and then controlled. The PLL has frequently been
implemented using analog IC, such as NE565 and CD4046.
However, an external resistor and capacitor are required to set
the frequency of voltage-controlled oscillator (VCO). The PLL
can also be implemented by means of software, named software-
PLL [10]. To this end, the functions including the mixer, loop
filter, A/D converter, and VCO can be properly established and
integrated.
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This study presents a software-PLL control method to ensure
the operating of MEMS actuators at their resonant frequency.
The digital signal processing (DSP) technique was adopted
to implement the concept of phase-locked loop control algo-
rithm. In applications, the scanning mirror operating at resonant
frequency is employed to demonstrate the feasibility of the
software-PLL control method. Applied proposed method, the
resonant frequency of scanner will be tracked to ensure its per-
formance of large scanning angle.

2. Concepts and modeling

The dynamics of a single-degree-of-freedom spring-mass-
damping (k-m-c) system can be expressed as the following
second-order differential equation,

mX + cx + kx = F sin wpt €))

where F and w are the amplitude and frequency, respectively,
of the external excitation. In this study, the transient response of
Eq. (1) is ignored, and the steady-state response of the dynamic
system is:

x(f) = Asin0(r) = A sin(wot + ¢) 2)

where A and ¢ denote the amplitude and phase angle of the
response, respectively, and 6(7) represents the phase of response.
The typical variations of amplitude A and phase angle ¢ are
shown in Fig. 1 for different wy. It is obtained from Fig. 1 that
the phase angle will shift for 90° at the resonant point. This char-
acteristic has been employed in this study to trace the resonant
frequency of the MEMS device. Hence, the MEMS devices can
be operated at their resonant frequency if their phase is locked
by control algorithm. This study further implements the concept
of software-PLL control algorithm by using a DSP board.

Fig. 2a illustrates the block diagram of a conventional PLL
consisting of phase detector, loop filter and VCO. The block
diagram in Fig. 2b illustrates the concept to apply the PLL to
track the resonant frequency of MEMS resonator [4]. In the
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Fig. 1. A typical frequency response and phase change of a dynamic system.

present study, the phase angle will vary with time during the
tracking of resonant frequency, thus the phase 6(¢) of Eq. (2) can
be rewritten as [11],

0(t) = wot + 01(1) 3

where 61(¢) is the time varying phase angle. The frequency wg
is also regarded as the initial frequency of VCO. In this case,
the VCO will provide an output phase 6,(¢) until the phase angle
reach 90°, so as to ensure the MEMS resonator driving at its
resonant frequency. The time derivative of 6,() is expressed as,

do, (1)
dr

where K> is the sensitivity (gain) of the VCO. The VCO acts as
an integrator, so that the Eq. (4) becomes [11],

= wo + Kae(r) “

0u(t) = wot 4 62(1) 5

where 0,(7) is the phase angle of the VCO. To simplify the cal-
culation, an additional gain of /2 will add to y(¢) before it input
to PD. As indicated in Fig. 2b, the output y(¢) from PD (which
acts as a multiplier) becomes,

y(t) = AK{sin[0(1) — 0y(1)] + sin[6(7) + 0u(1)]} (6)

where K; is the VCO output gain. The loop filter, which
employed to eliminate the double frequency in Eq. (6), will
determine the DC component of the multiplied signals. Thus,
the output e(?) from loop filter becomes,

t
e(t) = e(0) + /0 y( —u) f(u)du @)

where f(7) is the impulse function of the loop filter; in addition,
the initial condition of loop filter e(0) are zero in this study. After
substituting of Egs. (6) and (7) into Eq. (4) results in,

doy(?) ! .
Fral woy + Kz/o ft —u)AKqsin[0(u) — 0,(u)]ldu  (8)
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Fig. 2. (a) A typical block diagram of phase-locked loop, and (b) the modifica-
tion block diagram of phase-locked loop.
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Fig. 3. The optical scanners were used to demonstrate the proposed software-PLL technique: (a) the scanner was fabricated on the SOI wafer, and (b) the optical

scanner was fabricated using the trench-refilled MOSBE II process.
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Fig. 4. The measured results of scanning mirror shows the driving voltages will
shifted when the driving voltages was changed.

induce the shift of resonant frequency.
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Define the phase error ¥(¢) as Y(t) = 0(t) — 6,(¢) is the phase
difference between the two signals and the loop gain K as
K=K x K>, hence, Eq. (8) can be rewritten as,
dy () _ do(r)

de~ dr

Substitution of Eq. (3) into Eq. (9) results in,
dy()  doy()

dr dr

The impulse function of the loop filter f{¢) in Eq. (7) can be
expressed in the following general transfer form,

t
wo — AK/ f@t —u)siny(u)du ©)
0

1
— AK/ f(t — u)sin Y(u)du (10)
0

bo + bis + bys? + -+ - + by s™
ag+ais +ars? + -+ a,s"

Finally, substitution of Eq. (11) into Eq. (10), the dynamic
behavior of the PLL can be expressed as,

d dr dy(r)  doi(r)
(ao+a1dt+~~-+andtn) {dt_ dt}

F(s) = (11)

m

d d .

According to Eq. (12), the dynamic characteristic of the
software-PLL will be influenced by the loop filter. Thus, the pull-
in time can be tuned by varying the loop gain K. In this study,
the PI controller was employed which yielded F(s) = (s + a)/s.

3. Applications

In applications, the optical scanners presented in [12,13] were
used to demonstrate the proposed software-PLL technique. As
shown in Fig. 3, these two optical scanners are consisted of
torsional springs, vertical comb actuators, and mirror plate. The
scanner in Fig. 3a (SOI scanner) was fabricated on the SOI wafer
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Fig. 6. The simulation results of MOSBE scanner show the driving frequency
tracks the resonant frequency of scanner for different gain K> and VCO initial
frequencies: (a) K> =1, 3, 6, and VCO initial frequencies =3 kHz, 5kHz, and
(b) K> =2, and VCO initial frequencies ranging from 1kHz to 7 kHz.
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Fig. 7. The testing setup of scanning mirror.
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[12], whereas the scanner in Fig. 3b (MOSBE scanner) was
fabricated using the trench-refilled MOSBE II process [13]. As
indicated by the cross-section illustrations, both of the torsional
mirrors were driven with electrostatic force provided by verti-
cal comb actuators. In general, the electrostatic force resulted
from the typical electrode design shown in Fig. 3a will intro-
duce an equivalent non-linear spring with negative stiffness [9].
The resonant frequency as well as the maximum scanning angle
of this SOI scanner will vary with the driving voltage. The
measurement results in Fig. 4 show the resonant frequency of
the scanner shifted from 6.5 kHz to 8 kHz when increasing the
driving voltage from 40V to 80 V. As a second example, the
MOSBE scanner in Fig. 3b has a special electrode design and
will introduce a linear spring [1], so that its resonant frequency
(4 kHz) will not vary with the driving voltage. The driving volt-
age modulation test was applied on the non-linear spring scanner
in Fig. 3a. In this case, the software-PLL was employed to enable
the scanner operating at its resonant frequency for various driv-
ing voltages. The frequency modulation test was applied on the
linear spring scanner in Fig. 3b. In this case, the initial frequency
of VCO output had a deviation with the resonant frequency of
the scanner, so that the software-PLL was used to move the driv-
ing frequency towards the central frequency of the VCO. The
dynamic range of the PLL was also investigated.

In this study, the zero of PI controller s = —a was selected as
a=2m x 7000. In addition, the VCO output gain K| was selected
as a constant K1 =0.2, and the sampling time was 50 kHz. The
simulation results in Fig. 5 show the driving frequency tracks the
resonant frequencies of SOI scanner when driving voltages were
40V, 50V, and 60 V, respectively. The resonant frequency of the
scanner varied from 6.4 kHz to 7 kHz when the driving voltages
increased from 40V to 60 V. The initial driving frequency for
all of these three cases was set at 4.5 kHz, and the resonant fre-
quency of scanner had been tracked within 0.05 s. The simulation
results in Fig. 6 show the driving frequency tracks the resonant
frequency of MOSBE scanner for different loop gain K> and
VCO initial frequencies. Fig. 6a shows the driving frequency
tracks the resonant frequency of scanner with K> =1, 3, and 6,

7.5 T T
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1 1
0 0.05 0.1 0.15
time (sec)

Fig. 8. The measurement results of SOI scanner show the driving frequency was
shifted when the driving voltages was changed.

respectively. The results show that it required less than 0.015s
to track the resonant frequency of MOSBE scanner for an initial
frequency offset of £1kHz (3kHz and 5 kHz). Fig. 6b shows
the driving frequency tracks the resonant frequency of scanner
with VCO initial frequencies ranging from 1 kHz to 7 kHz.
The test setup is illustrated in Fig. 7. The vertical comb-
drive scanner was initially triggered by an arbitrary waveform
generator. The dynamic performances of the scanning mirror
were characterized by an optical Laser Doppler Vibrometer
(LDV). The results measured by the LDV were then captured and
processed by the TI TMS320F2812 DSP processor. This DSP
processor consists of a converter (12-bit A/D, D/A) with sam-
pling rate of 50 kHz, a phase detector, a controller, and a VCO.
The signal detected from LDV was processed by DSP first, and
then output from VCO to drive the vertical comb actuators. The
measurement results in Fig. 8 show the driving frequency tracks
the resonant frequencies of SOI scanner when driving voltages
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Fig. 9. The measurement results of MOSBE scanner show the driving frequency
tracks the resonant frequency of scanner for different gain K> and VCO initial
frequencies: (a) K> =1, 3, 6, and VCO initial frequencies =3 kHz, 5kHz, and
(b) K» =2, and VCO initial frequencies ranging from 1kHz to 7 kHz.
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Fig. 10. The measurement results of MOSBE scanner show the driving fre-
quency tracks the resonant frequency of scanner for different gain K> =1/30,
1/40 and 1/50 and VCO initial frequency for 3.5 kHz.

were 40V, 50V, and 60V, respectively. The experiment results
of Fig. 8 agree well with the simulation ones in Fig. 5. The
experiment results in Fig. 9a shows the driving frequency tracks
the resonant frequency of MOSBE scanner with K> =1, 3, and
6, respectively. The tracking times for these three cases were all
less than 0.015 s. Fig. 9b shows the driving frequency tracks the
resonant frequency of MOSBE scanner with lock-in range of
+3 kHz. In this experiment, the resonant frequency of the mir-
ror, which was 3.95 kHz, was selected as the central frequency
of VCO. The tracking times for these six cases were all less than
0.02s.

As shown in Fig. 9, at the steady state, the experiment results
have a large perturbation of frequency (approximately +10%)
which is resulted from the loop gain difference between exper-
iment and simulation. More specifically, the sensitivity K of
VCO is too high (K> = 1-6) during the experiment to cause the
perturbation of steady-state resonance in Fig. 9. As a compari-
son, the experiment results with lower gain K» (K = 1/50 to 1/30)
are demonstrated in Fig. 10. It is obtained that the perturbation
of steady-state resonance is significantly reduced. However, the
tracking time required to reach the steady-state frequency will
be increased.

4. Conclusions

This study has successfully employed the software-PLL tech-
nique to operate the scanning mirror at its resonant frequency.
The concept has been implemented using the DSP board. The
resonant frequency of the optical scanner influenced by the
non-linear spring effect was tracked. In addition, the dynamic
characteristics of the scanning mirror influenced by the envi-
ronment perturbations were also compensated. This technique
ensures the MEMS resonator to have a maximum output. The
experiment results show that the VCO has a good dynamic range
of 3 kHz. However, the VCO still had significant perturbation
of steady-state frequency during tracking. The perturbation of

steady-state frequency can be significantly reduced at the cost of
longer tracking time. It is possible to employ the fuzzy control
algorism to improve the tracking time as well as the steady-state
response of the VCO.
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