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ABSTRACT This paper presents a control algorithm for a micro-electro-mechanical system (MEMS) fast
steering mirror (FSM), whose performance is poor in open loop control mode. Based on the characterization
and parameter identification of MEMS FSM, an improved double step algorithm is proposed to shorten the
settling time and improve its quasi-static working bandwidth. A characterization system is set up, in which
an optical sensor is utilized to monitor the tilt angle of FSM. The performance of the FSM in the time and
frequency domain are both acquired, while the critical parameters of the FSM model are identified. Finally,
the closed-loop experiments for the FSM are done to verify the effectiveness of the control algorithm. The
experimental results demonstrate that the settling time (98%) of the FSM is effectively reduced from 398 ms
to 0.4 ms under the improved double step control mode, which has a better tracking performance and tiny

overshoot, compared with the open loop control mode.

INDEX TERMS MEMS, micromirror, tracking control, improved double step algorithm.

I. INTRODUCTION

Fast steering mirror (FSM) is an optical device for quickly
and accurately adjusting the direction of the reflected laser,
which, as a significant component, can therefore acquire and
track the optical signal to provide a stable communication
link [1], [2], [3], [4], [5]. FSM is mainly divided into voice
coil motor FSM, piezoelectric ceramic FSM, and MEMS
FSM. The eigenfrequency of the voice coil motor FSM is
usually in the range of 100 Hz to 700 Hz [6]. Therefore,
the voice coil motor is prone to resonate. The hysteresis is a
difficulty for piezoelectric ceramic FSM control, which will
become pronounced, especially under high driving voltages
[7]. This characteristic leads to the nonlinearity of FSM, so a
compensation algorithm is necessary to be implemented in
the driver [8]. Micro-electro-mechanical system (MEMS)
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mirrors, as a class of integrated chip-based mirrors, can
be flexibly designed in materials and structure for different
applications. Thus, the MEMS FSM can be designed to avoid
some of these difficulties in a certain scenario, and it is also
utilized in inter-satellite laser communication [1], [2], [4].
To counteract the satellite jitter occurring in orbital flight [1],
[3], whose frequency often ranges from 300 Hz to 500 Hz,
FSM needs to respond with the control signal. Therefore,
quasi-static working bandwidth is a key parameter of the FSM
system, and it should be greater than 500 Hz, which reflects
the speed of adjusting the laser pointing. High quasi-static
working bandwidth requires a short settling time when the
tilt angle changes from one degree to another.

To increase the working bandwidth and shorten the settling
time of the FSM system, a proper driver and controller need
to be developed and implemented. One category of methods
is feedback control. Feedback methods need a high-speed
sensor. For voice coil motor FSMs and piezoelectric ceramic
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FSMs, the general angle sensors include optical sensors [9]
and electrical sensors [10], [11]. Among them, the electrical
sensor is usually installed inside the FSM, and it is rela-
tively fast sensing. However, the relationship between the
feedback signal and the angular signal is usually complex.
The optical sensor is usually linearly related to the angular
signal with a designed optical path, while it has a slower
sensing rate. Due to the diversity of MEMS FSM structures,
they can integrate some sensors, such as piezo-resistance
sensors. References [12] and [13] and capacitive sensors [14],
[15]. Their feedback signal is usually linear or quadratic in
relation to the angular signal, and they are normally relatively
fast sensing, as well. Nonetheless, there is a dilemma that
it is difficult to lead the sensing signal out. What’s more,
an accurate modeling of the system is significant, as well.
For example, Boston University reported a MEMS FSM [16].
It uses an overdrive algorithm to reduce its settling time and
improve quasistatic performance. In addition, as a new type
of MEMS device, the research on MEMS FSM is still under
development.

The contribution of this paper is that an improved double
step control algorithm is proposed to improve the quasi-static
operating performance of the MEMS FSM. Additionally,
a performance characterization system was built and part
of the performance of a new MEMS FSM was measured.
To miniaturize the FSM system, we use a designed Field
Programmable Gate Array (FPGA) to implement algorithms
instead of large controller box. A Position-sensitive-detector
(PSD) sensor is adopted to collect the optical signal as angular
signal for feedback. After constructing the FSM system, the
close-loop experiments are conducted, and the experimental
results are analyzed.

The paper is organized as follows. The structure features,
operating principle, and modeling of the FSM are discussed
in section II. Then, the improved double step algorithm is
introduced in section III. Experimental results, parameters
identification, and analysis of the test results are investigated
in section IV. Finally, section V concludes this study.

Il. FSM SYSTEM ANALYSIS
A. MEMS FSM STRUCTURE
This section presents a MEMS FSM. The FSM consists of
a mirror and four actuators. They are fabricated on silicon
substrate by the MEMS process. The piezoelectric actuators
are fabricated by scandium-doped aluminum nitride (AIScN)
film, which has the advantages of good linearity under small
displacement, high working frequency, low delay, and no
hysteresis and no creep [17], [18]. Thus, AlScN film is a
proper actuator material for the quasistatic working mode of
MEMS FSM. To facilitate experiments, the substrate of the
chip is glued to a pre-designed PCB board using epoxy resin
hot melt adhesive.

Fig.1(a) shows the transmission structure of the FSM,
which is composed of four symmetrical cantilevers covered
by AlScN film and silicon-based springs, which enhance the
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FIGURE 1. Overview of a MEMS FSM (a) the dynamic structure of the FSM
in two axes (b) a picture of the FSM’s test board.

TABLE 1. FSM parameters.

parameters value

mirror diameter 10 mm

tilt angle +4 mrad

chip size 25 mm x 25 mm x 1 mm
chip mass 05g

input capacitance <10 nF

drive voltage +90V

power consumption <10 uW

mm = millimeter, mrad = milliradian, g = gram, nF =nanofarad, V = volt,
pW = microwatt

flexibility of the beams. The connection of the actuators and
the mirror is a rigid joint with a support pillar. The springs
can reduce the hardness of the beams and prevent the beams
from damage by avoiding stress concentration and uniformly
dispersing the stress over the beams. The piezoelectric actu-
ators are connected to a specific driver circuit. When the
driver circuit is working, an electric field is applied in the
direction of the AlScN film’s polarization, causing the beam
to stretch and bend. As a pair of beams are bent in opposite
directions at the same time, the support column will rotate.
Therefore, the mirror tilts an angle following the support
pillar. This is the operating mode in one axis. In addition,
when two axes work together, the support column receives
torsional moments in two orthogonal directions and transfers
the torque to the mirror. Therefore, the mirror can be rotated
in two orthogonal directions.

To characterize the FSM’s performance, we designed a
printed circuit board (PCB) to lead out the electronic pins
of the FSM for the following experiments. The electronic
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TABLE 2. Characteristic variables and equivalent variables.

FSM model Equivalent model
moment M force F
moment of inertia J equivalent mass m
tilt angle 7 displacement X
elastic coefficient k elastic coefficient k
damping coefficient b damping coefficient b
k
- m
§ ]
\N J
h'd
X

FIGURE 2. Equivalent dynamical model of FSM.

connection is realized by a gold wire bonding process.
A picture of the final module is shown in fig. 1(b).

Here some key parameters are presented in tab.1. The sig-
nificant advantages of the MEMS FSM are its small volume
and mass. Thanks to the wafer-level technology, the thickness
of MEMS FSMs is much smaller than traditional FSMs. Take
PI’s FSM as an example, the thickness of the voice coil motor
FSM(V-931) and the piezoelectric ceramic FSM(S-330) are
26mm and 42mm [19], [20], but the MEMS FSM is only Imm
thick. Additionally, the masses of these FSMs are all greater
than 500 g, which is more than one order of magnitude bigger
than this MEMS FSM.

B. OPERATING PRINCIPLE

As explained above, the tilt angle of the mirror is affected by
the bending of a pair of beams and springs in one rotation
axis. To evaluate the tilt angle of the FSM, we first establish
the kinetic equations of the FSM. Each axis of the FSM is
essentially a spring-damped system. Taking the x-axis as an
example, it can be equivalent to a simplified model in fig. 2.
The relationship between the FSM kinetic model and the
equivalent model is presented in tab.2. Here each row of two
columns is equivalent.

According to the analysis in section II-A, when the beam
is extended and bent, it provides moment M to the mirror
through the spring, which is related to the tilt angular acceler-
ation 6, tilt angular velocity 6 and tilt angle 6. This process is
similar to the compression and extension of the spring, so we
use a spring with an elastic coefficient k, and a damper with
a damping coefficient b to connect a mass m to express the
dynamic process.

C. DYNAMIC ANALYSIS
With the analysis in section II-B, the dynamic equations of

the harmonic oscillator model in fig.2 are expressed with
(1) and (2).

miX; + bix1 + kix; = Fq, (D
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FIGURE 3. FSM system block diagram.

moXy + baka + koxy = Fa. 2)

Thus, the equations of FSM can be obtained by analogy from
the equivalent model. Further, the actual inputs of the FSM
system are the voltage applied to the driver circuit for axes,
so the relationship between the input torque and input voltage
needs to be derived and measured. Considering the small
angle of tilt 6, cosf = 1, the torque is M ~ 2rF, where r
is the distance between the edge of the supporting column
to the mirror center and F is the force applied to supporting
column. By the structural characteristics and driven mode,
the driving force and the driving voltage are approximately
linear in a small tilt angle range [21]. The linear conversion
coefficient is defined as c and the relationship can be written
as: M ~ rF = cV. Consequently, the equations of FSM can
be derived as follow:

Jxéx + bxéx + kyOy = Vs, 3)
JyBy + by, + kyby = ¢y V. )

Because the MEMS FSM is an integrated device and the
bending of the cantilever and the tilt angle of the mirror
are tiny, some paraments such as the moment of inertia of
the mirror and the elastic coefficient of springs are difficult
to obtain. To design experiments for system identification,
we use another set of parameters in (5) and (6) which are
derived from (3) and (4). Here w, is the mirror’s natural
angular frequency; ¢ is the damping ratio; K is the conversion
coefficient between voltage and tilt angle. These equations
are derived as follows:

b
Onx = ki /I, §x = 2— ’]:_J’ Ky = cx/Jx; ©)
XJX
b
wny:vky/Jvfyzz\/Ty—JﬂKy:Cy/Jy- ©)
WYy

lll. ALGORITHM DESIGN

From the analysis in section II, the FSM can approximate a
second-order system with damping. This system will oscillate
when the input voltage is a step voltage. To reduce the oscil-
lation and smooth the step response, the settling time should
be as short as possible, and the overshoot should be small.
Hence, it is necessary to design an appropriate algorithm
according to the model of FSM. Here an improved double
step algorithm is presented.
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FIGURE 4. (a) FSM system schematic diagram. (b) picture of the FSM
system. A specially designed charge driver is employed to drive two axes
of FSM. PSD is used to detect the reflected light displacement.
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FIGURE 5. Two axes tilt angle. (a) Apply voltage Vx to the x-axis, the blue
line is 0x, Kx is the scale coefficient of Vx to 6x. (b) Apply voltage Vj, to
the y-axis, the blue line is 0, Ky is the scale coefficient of V to 6.

First, considering input voltage, the output can be derived
from the state space model. When a step voltage applied to
the x-axis is Vx(¢ < 0) = 0, Vx(¢ > 0) = Vj, the output
0, will approach harmonic oscillation in the first few periods.
The solution to (3) is shown in (7):

Ox (1) = Ky Vi(1 — exp(—8xwnx)/4/ 1 — é’xz
X (Sin(wnxv 1 - ;-th + ), @)

where ¢ = arctan (;x,/l - §X2) Vo is the voltage required
to reach and stay at the steady angle 6, after all oscillations
have subsided [22], [23].

The period of the oscillation ringing in step response(Tp)
is derived from (7) as follow:

To = 27 /w,/ 1 — 2, ®)

and the maximum overshoot will appear in T/2 without zero
angle velocity, as the overshoot o % should approach 100% as
¢y — 0 from (8).
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FIGURE 6. Piezoelectric beams deflection with different frequencies
voltage input. The input voltage is 300 V chirp signal sweep from 300 Hz
to 2000 Hz. (a) The blue lines are the frequency response of the x-axis.
(b) The blue lines are the frequency response of the y-axis. Qx and Qy are
quality factors of the x-axis and the y-axis.

To decrease the overshoot and access to a steady state
rapidly, a double step derive method is adopted in the con-
troller. In the first step, the input voltage is V| + (Vo — V{))/2,
where V] is the previously demanded voltage, and Vj is the
current demanded voltage. When the tilt angle at the maxi-
mum overshoot with the first step, change the input voltage to
the double amplitude to the demanded voltage (V) and hold
on, which is the second step. At the time voltage changes,
the overshoot of the first step approaches the steady state
tilt angle (6,0) for the demanded voltage (V). The double
voltage holds the tilt angle on, so the oscillation is avoided.
This method takes advantage of overshoot and avoids ringing.
Therefore, the original step input voltage becomes:

174 (t=<0),
Vi=1Vi+Mo—=Vp/2 (0<t<Ty/2), ®
Vo (t > To/2).

The system parameters may change slightly during the
operation of the FSM, because of the environmental dis-
turbance. Therefore, the demanded voltage, matching the
demanded tilt angle, may be changed. In this case, if the last
input voltage is also (Vp), the output tilt angle will become
9;0. There will produce an error (e = 6yo — 9;0). To correct
the error, a feedback loop is necessary. Here a PSD sensor is
selected as a feedback sensor.

According to the analysis above, the output tilt angle and
input voltage can be derived from each other in equation (10)
when the FSM is in a steady state:

Ox0 = kx Vxo. (10)

Thus, once the PSD sensor collected the feedback signal and
sends it back to the processor, the desired angle is updated to
0, = 00 + e and sent it to the controller. Then, the double
step controller will output the new voltage to the mirror, and
the error will be reduced.

The FSM control system’s block diagram is given in fig.3.
Here 6, (s) is the desired tilt angle; Uy (s) is the setting
scanning track. The double step controller is placed in the
G, (s) position. Moreover, G (s) represents the FSM and
H (s) represents the angle sensor.
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FIGURE 7. Step response of two axes. (a) The input is 33 V step voltage
separately applied to two axes. The blue lines are the 6x response and 6y
response to this input. (b) A closer look at the response when the tilt
angle has changed.

TABLE 3. System parameters.

parameter value
Onx 7162.8 rad/s

Ony 7030.9 rad/s

& 1.22x107

& 1.22x107

K 1.308x10° rad*-s2-V-!
Ky 1.217%x10° rad?-s2- V!

V = volt, s = second, rad = radian
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FIGURE 8. Step response of the x-axis in different control modes. (a) The
input signal is 33V step voltage, 6x response in open loop and double
step control. (b) a closer look at the response for these control modes.

TABLE 4. Step response parameter.

control method settling time Maximum
(98%) overshoot

open loop 398 ms 71.4%

improved double step 0.4 ms 0.3%

ms = millisecond

IV. EXPERIMENT AND RESULTS

A. EXPERIMENTAL SETUP

To investigate the FSM system performance, identify param-
eters, and verify the effectiveness of the designed algorithm,
an angle test system is given in fig. 4. This system consists
of FPGA, a driver circuit, FSM, and an angle test module.
Because large amount of high-precision data need to be trans-
mitted in a short period of time, FPGA that can communicate
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FIGURE 9. Error in step response from the desired degree and actual
degree for different control modes. The error degree decays to from
400 prad to 5 urad at 0.4 ms under the improved double step control,
while the mirror still oscillates under the open loop control.
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FIGURE 10. Spiral scan of two axes in different control modes. (a) The
desired scan path is the red line. The blue spots are the desired tilt angles
in two axes. The horizontal and vertical coordinates are their 14-bit DA
values, which is stored in the ROM of the FPGA. (b) The blue spots are the
actual scan tilt angles in two axes under open loop control. (c) The blue
spots are the actual scan tilt angles in two axes under improved double
step control.

1600 3200

(b)
FIGURE 11. Error distributions of the spiral scan of two axes in different
control modes. The upper part of each diagram is the x-axis distribution,
and the down bottom part is the y-axis distribution, (a) error distributions
under open loop control (b) error distributions under improved double
step control.

in parallel is a suitable digital processing module. Besides,
the algorithm proposed is easy to code in Verilog. All calcu-
lations and data transformations are implemented in FPGA
(ARTIX-7 series, Xilinx), including feedforward compensa-
tion, signal conversion, and feedback control algorithm. After
calculations, the control voltage is converted to drive voltage
through the DA module from the controller in FPGA. Each
axis is equipped with two opposite charge drivers. The angle
test module is composed of a laser source, FSM bracket,
and position-sensitive detectors (PSD, PDP90A, Thorlabs).
Moreover, the light spot movements are measured from the
PSD. Thus, FSM’s tilt angle can be calculated by geometrical
optics. FPGA receives PSD’s feedback signal through the
AD module and converts displacement to angle for control
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TABLE 5. Comparison of key parameters in different FSMs.

institution actuating structure working bandwidth maximum deflection ~ minimum angle repositioning
angle resolution accuracy

this work MEMS 1500 Hz 2 mrad 5 prad 26.8 prad

Fraunhofer Institute for MEMS 350 Hz 150 mrad 1.7 mrad 87 prad

Photonic Microsystems,

Germany!'?

Automation and Control ~ MEMS 1000 Hz 253 mrad - 300 prad

Institute, Austrial*!

Hamamatsu, Japan[**2°! MEMS 150 Hz 262 mrad - 170 prad

Physik Instrumente, piezoelectric ceramic 1300 Hz 2 mrad 0.5 prad 0.15 prad

Germany!?")

Cedrat Technologies sa, voice coil motor 2000 Hz 2.1 mrad 2 yrad 1.8 prad

Francel®!

Hz = hertz, mrad = milliradian, prad = microradian

algorithm calculation. Meanwhile, the angular signal and
scanning track are upload to the PC for display.

B. PERFORMANCE CHARACTERIZATION AND
PARAMETERS IDENTIFICATION

To identify the parameters in the state space model, the
time domain characteristics and frequency domain charac-
teristics of the FSM need to be measured. The relation-
ship between the output tilt angle and the input voltage is
shown in fig.5. As can be seen from fig.5 (a), the applied
voltage ranges from —0.7 V to 0.7 V while the x-axis
tilt angle follows the voltage. This test result is observed
in the other axis in fig.5(b) as well. Overall, the output
tilt angle can be approximately linear to the input volt-
age. And the scale coefficients of the two axes are very
close. In conclusion, the experimental results agree with the
dynamic analysis that the relationship between the moment
applied to the mirror and the driving voltage is approximately
linear.

Fig.6 and fig.7 show the dynamic performance of FSM
in the frequency domain and time domain. The frequency
characteristic is tested by Laser Doppler Vibrometer (LDV).
A periodic chirp voltage is applied to the FSM as input
voltage and LDV detects the vertical displacement of the
mirror’s edge. From fig.6 the characteristic frequencies of the
two axes are f, = 1140 Hz and f;, = 1119 Hz. The cutoff
frequencies are close to the peak frequency and the quality
factor Q of the FSM system is high. The quality factor Q
is the quotient of the characteristic divided by the difference
between the two cutoff frequencies.

For a second-order oscillatory system, the damping ratio {
is proportional to the inverse of the quality factor Q and the
oscillation will be violent if the ¢ is small. Therefore, the step
response should have a large overshoot and slow decay speed,
as shown in fig.7. The settling time (5%) of the two axes is
both 398 ms and the maximum overshoot of the two axes is
71.4% for the x-axis and 70.2% for the y-axis. In addition,
both oscillation periods are around 0.9 ms from fig.7 (b),
so the oscillation frequencies are approximately 1110 Hz,
matching the frequency response.

95312

The parameters of the state space model can be identified
from the result of the above experiments and the specific
numerical values are given in tab.3. The { = 1/(20Q) is
on the order of 1073, so w, = 2mfy/1—¢2 ~ 2xf is
derived from Fig.6. Furthermore, K is fitted from the data
of Fig.5 and Fig.7.

C. EXPERIMENTAL RESULTS

Based on the state space model eqs. (5), and (6) and the results
of system identification tab.3, the T is configured to 0.891 ms
in double step controller. A variable is used in the program to
record the last set value. The error is only calibrated if the
set value is stable. Besides, the frequency of error correction
is less than half of Ty. Since the AD and DA have the upper
limit of the sampling frequency, we use difference instead of
differentiation and accumulation instead of integration.

Comparing the control results shown in fig.8 and fig.9,
and summarized in tab.4. The double step algorithm improves
the quasi-static performance of the FSM system. From fig.8
we can find that the improved double step controller, which
resembles a high-performance filter, can eliminate the oscil-
lation. The parameters of this algorithm should be highly
accurate relying on the precise model, otherwise the oscil-
lation will still be presenting, and the settling time will be
longer. Moreover, fig.9 illustrates that the improved double
step controller can decays the steady-state tracking error
of the step response to within 5% under 2ms. Thus, the
quasi-static working bandwidth, which is the reciprocal of the
settling time, improves to over 500 Hz.

Furthermore, fig.10 and fig.11 show that the two control
methods are compared for two-dimensional scanning with
desired scan tracks. The desired scan track path is a spiral
scanning curve shown in fig.9(a), covering the entire scanning
range as far as possible. The coordinates of each desired tilt
angle are entered with 1 second dwell to simulate quasi-static
working mode. At the same time, the actual scanned val-
ues were sampled at every 2 ms intervals to observe the
quasi-static working performance of the FSM at 500 Hz.
From fig.10(b) and (c), the two-dimensional scan points are
distributed in the vicinity of the set coordinates. Nevertheless,
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the open loop scan points are so dispersed that the desired
tracks are barely visible. In addition, fig.11 represents that the
error distributions, where the RMS error mean square error
for the x-axis and it for the y-axis in the open loop control
scan are 278.02 prad and 319.02 prad. In contrast, the RMS
error for the x-axis and it for the y-axis in the improved double
step control scan are 20.96 urad and 26.85 prad. In addition,
the error distributions are more concentrated in the improved
double step control mode rather than open loop control
mode.

In addition, some key parameters selected of different
FSMs are compared in tab.5. In the field of MEMS FSM, few
designs are aimed at quasi-static work with high precision
pointing. Therefore, this MEMS FSM have high resolution
compared with other study of MEMS FSMs with some
sacrifices in the deflection range. Moreover, conducive to
assistance of the control system for this MEMS FSM, the
working bandwidth of this work can reach the same level as
the mature traditional FSMs.

V. CONCLUSION

MEMS FSMs are appropriate actuators in laser pointing and
communication systems because they are miniature, easy to
control, and require few resources of a satellite platform.
MEMS FSMs for this application need a unique design
and proper control system to increase their precision and
quasi-static working bandwidth. Thereby, a small range of the
deflection angle range structure is utilized for those FSMs.

Furthermore, we have introduced a MEMS FSM based on
cantilever beams support structure. This kind of structure will
oscillate when stimulated by a sudden change signal [17].
The improved double step control method is suitable to utilize
when the resonant frequency can be measured. This method
can eliminate the oscillation and shorten the settling time.
Compared with other methods such as PID control or sliding
mode control, this controller requires mere one parameter
to be adjusted which is the second step time, which is the
outstanding advantage.

In this paper, a MEMS FSM and a measurement and con-
trol system are presented. Firstly, the structure and operating
principle of the FSM are analyzed. Then, a mathematical
model of the system is established. Further, a performance
measurement system for the FSM is built and the FSM’s
performance is characterized. From experimental results, the
tilt angle of the FSM is quite linear with the drive volt-
age. Furthermore, the FSM has a characteristic frequency of
over 1000 Hz with quality factors approximating 400, which
means the FSM is not prone to resonate at working frequen-
cies below 500 Hz. After that, we proposed an improved
double step algorithm and conducted experiments to verify
the control effect. The control algorithm experimental results
validate that the improved double step controller can signif-
icantly shorten the settling time. The double step controller
shortens the settling time (98%) from 398 ms to 0.4 ms.
Additionally, two-dimensional scanning experimental results
indicate that the improved double step control mode has
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higher tracking accuracy than the open loop control mode.
The RMS error of each axis is almost reduced by more
than one order of magnitude. In conclusion, the improved
double step algorithm significantly improved the quasi-static
performance of this MEMS FSM.

In the future, an on-chip integrated piezoresistive sensor
will be applied to detective the feedback signal, which will
improve the stability of the closed-loop control. Then the
study of multiple MEMS FSM systems of laser targeting will
be conducted. Some more robust control algorithms will be
utilized in this system.
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