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Abstract
This work discusses and compares two strategies for closed-loop control of quasi-static silicon
mirrors for raster-scanning applications, actuated by thin films of lead–zirconate–titanate and
with embedded piezoresistive angular displacement sensors. A first feedback control approach,
based on piezoresistive readout of the device angular displacement through an integrated sensor,
shows limitations related to high-order resonant modes of the mechanical structure. To
overcome this issue, a feedback control scheme based on the use of a Kalman filter to estimate
the angular displacement and velocity of the scanner is presented, achieving a maximum
positioning error of 0.14◦ (1.75% of a 8◦ full-scale angular displacement), and a mean error
within ±0.03◦ (0.74% peak-to-peak) over 80% of the scanned trace.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Silicon basedmicroscanners are used to deflect laser sources in
many different laser beam steering applications, ranging from
miniaturized projectors [1] to virtual and augmented reality
headsets [2], medical imaging [3] and LiDAR (light detection
and ranging) [4]. They typically adopt either a raster-scanning
architecture for image projection [5], or a Lissajous scheme
for LiDAR applications [4]. In the latter, the two rotation axes
of a bi-axial mirror are kept in simultaneous oscillation in
order to produce a so called Lissajous projection pattern. In
the former, two different actuation profiles are used for the
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horizontal axis and the vertical axis of the image. Either a
single bi-axial mirror [6] or two separate uni-axial mirrors [7]
are used. In both cases, the horizontal (or ‘fast’) axis is driven
by a fast oscillator (with a frequency in the order of tens of
kHz), thus generating a sinusoidal projection pattern, while
the vertical (or ‘slow’) axis is driven by 60Hz, 120Hz, or up to
144Hz triangular or sawtooth signals for high-resolution dis-
play applications [8]. A schematic example of the raster scan-
ning architecture is represented in figure 1.

The vast majority of scanners presented in the literature
are based on actuation via electrostatic forces [9] or elec-
tromagnetic coils [10]. However, a consolidating technology
in recent years adopts the piezoelectric effect. Piezoelec-
tric mirrors are actuated by films of piezoelectric materials,
most prominently lead–zirconate–titanate (PZT), deposited on
silicon cantilevers [11], which exploit the d31 piezoelectric
coefficient [12] to strain the material in such a way to pro-
duce a bending of the cantilever, and thus a rotation of the
mirror.

1361-6439/23/044002+9$33.00 Printed in the UK 1 © 2023 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6439/acbda8
https://orcid.org/0000-0002-3702-0625
https://orcid.org/0000-0002-2997-834X
mailto:paolo.frigerio@polimi.it
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6439/acbda8&domain=pdf&date_stamp=2023-3-6
https://creativecommons.org/licenses/by/4.0/


J. Micromech. Microeng. 33 (2023) 044002 P Frigerio et al

Figure 1. Schematic representation of a raster-scanning system
based on two separate mirrors. The laser source is first directed onto
the resonant scanner, which generates the horizontal scan line. This
is in turn projected on the quasi-static scanner that steers it in the
vertical direction, thus constructing the image according to the
pattern sketched in the figure.

Figure 2. Picture of the mirror, showing the reflective coating, the
position of the piezoresistive sensor, and the PZT actuators. Below
the picture, the significant mode shapes of the device are shown.

The subject of this work is the accuracy of the control sys-
tems for the vertical scan, and it is thus focused on the quasi-
static scanner of figure 1. This type of scanner is characterized
by a low resonance frequency of the torsional eigenmode, ran-
ging from few hundreds of Hz up to a few kHz, but a fairly
large quality factor for the intended application, in the order
of 50 to 100. These are both critical aspects for both open-
loop and closed-loop control systems, and in turn for the final
quality of the scan, as discussed in the following.

Figure 2 shows a microscope picture of a piezoelectric
micromirror. The device is made by a large suspended sil-
icon frame (2.4× 1.44 mm2), covered by a thin film of alu-
minum acting as the reflective surface. Such mass is suspen-
ded by silicon torsional springs defining the rotation axis. Four
piezoelectric actuators surround the structure, and are real-
ized by deposition of a 2- µm-thick PZT layer on top of sil-
icon cantilevers, sandwiched between metal electrodes. These

piezoelectric capacitors are short-circuited in pairs by metal
traces deposited on the device die, so to achieve differential
actuation. To produce a rotation of the structure, the two pairs
are stimulated by anti-phase sawtooth signals.

Figure 2 also reports the relevantmode shapes of the device.
The torsional mode (left) has a resonance frequency of 1.05
kHz. Additional mode shapes include in-plane and out-of-
plane translations (center) and resonances of the piezoelectric
cantilevers (right). Their eigenfrequencies are found at 5.84
kHz and 9.57 kHz, and pose a significant challenge to the elec-
tronic control scheme, as discussed in the following.

The instantaneous angular displacement is sensed via a
piezoresistive sensor directly embedded on the device, and
realized by n-type diffusion of four piezoresistors at the anchor
point of one of the suspending springs. These elements are
sensitive to the stress generated by the device, and, arranged in
a suitably biased Wheatstone bridge configuration, they pro-
duce a differential voltage which is linearly proportional to
the angular displacement [13]. The resistors are arranged as
shown in figure 2 and are contacted by metal traces that run
on the suspended cantilever where the torsional springs are
attached. As known from the literature, the sensitivity of such
type of sensor typically suffers from a significant temperat-
ure dependence [13], showing a linear trend with a negative
first order coefficient. Such dependence can be compensated
in the digital processing stages by adjusting a temperature-
dependent gain according to information provided by a ded-
icated temperature sensor. Furthermore, PZR is also known to
suffer from long-term drift, especially when humidity of the
surrounding environment is uncontrolled [14]. To cope with
moisture, either a buried structure can be used, as shown in
[15], either a passivation layer is deposited on top of the struc-
ture to act as a barrier [16], as it is the case for the device under
discussion.

Important figures of merit in defining the projected image
resolution are the refresh rate, determined by the speed of the
vertical scan, and the number of pixels that can be projected
within each axis. This number depends not only on the max-
imum tilt angle that can be achieved by the micromirror, but
also on its diameter, which limits the pixel size by diffraction,
as well as on the accuracy of the electronic drivers. In order
to avoid distortion of the image, the drivers and the control
systems should achieve a high level of linearity and repeatab-
ility of the scan traces. Since each vertically scanned trace is
essentially a ramp, its accuracy is quoted in terms of deviation
of the measured trace from a straight line, i.e. with respect to
a first-order polynomial fitting. It is also quoted in terms of
repeatability, which describes the amount of noise that affects
the displacement of each pixel in consecutive traces.

Accurate position control of MEMSmicromirrors has been
thus the topic of previous works. Since quasi-static scanners
are typically driven by sawtooth signals, the main require-
ments of the position control system are: (a) to produce an
artificial damping of the quality factor, so to avoid stimulat-
ing underdamped mechanical vibration at the resonance fre-
quency, and (b) to artificially increase the bandwidth up to
a few kHz, so to obtain accurate tracking of the reference
signal and linearity errors within few tens of milli-degrees.
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Figure 3. Measured transfer function of the mirror, showing
spurious modes. The resonance frequency and quality factor of the
torsional mode are reported in the figure, and evaluate to 1055 Hz
and 80, respectively. Spurious modes are located at approximately
5.84 kHz and 9.57 kHz.

To achieve this, different approaches have been discussed,
either using open- or closed-loop solutions.

Among the most basic open-loop approaches are the ones
based on a shaping of the actuation signal: in [17] the authors
propose ‘flattening’ the sharp triangle edges by saturation,
while in [18] an approach based on limitation of the jerk
applied to the mirror is discussed, resulting in a custom pro-
file for the actuation signal. The positioning errors obtained in
these works are in the order of 0.57◦.

In more advanced solutions a suitable pre-filter is applied to
the reference signal to suppress frequency components around
the resonance frequency of the device, either by implement-
ing a static [19] or dynamically-varying [20] filter. The errors
achieved in these works are in the order of 0.2◦ for a trace with
a 80% linear interval.

A review of closed-loop approaches is discussed in [21],
based on variants of PID (proportional-integral-derivative)
controllers. All these works are focused on scanners with
either electrostatic or electromagnetic actuation, and thus fail
to discuss a peculiar aspect of piezoelectric based devices.

Indeed, the combined use of piezoelectric actuators and
piezoresistive sensing introduces a new challenge, which is
illustrated in figure 3. Given the large size of the actuators,
the natural resonance frequency of the cantilevers and actuat-
ors is too close to the torsional resonance, as visible from the
resonant modes shown in 3. The displacement of the actuators
exerts a stress on the piezoresistive sensor, thus a peak appears
in the sensor output spectrum, however it does not translate
into a significant tilt of the mirror mass due to its large inertia.
Thus, the electrical signal provided by the PZR sensor contains
both information on the actual tilt of the mirror, as well as the
displacement of the actuators. If not properly managed, this
spurious coupling undermines the implementation of a wide-
bandwidth control system. This is mandatory to obtain linear-
ity errors in the order of a few tens of degrees. Indeed, the
controller required for obtaining a large bandwidth requires at
least one zero in the transfer function to properly stabilize the
rotational mode: such zero boosts the high-frequency transfer
function, amplifying the spurious effect associated to the peaks
around 5.84 kHz and 9.57 kHz.

In this work we compare, through both simulations and
experimental validation, a standard closed-loop feedback
approach with a modified strategy based on the use of a Kal-
man filter (KF) to improve command tracking of the piezo-
electric microscanner of figure 2.

In the literature, state-observers have been adopted for pos-
ition control of MEMS micromirrors. For example, in [22] an
extended Luenberger observer has been applied to an elec-
trostatic microscanner to improve the robustness of closed-
loop control against model inaccuracies. In [23] an unscen-
ted Kalman filter (UKF) was used to estimate the states of
an electromagnetic micromirror in presence of non-linear hys-
teresis, however discussing only simulation results. In [24] a
UKF was used to estimate the states of two scanning mirrors,
one electrostatic and one electromagnetic, for LiDAR applic-
ations, providing experimental results by measuring the angle
via laser Doppler vibrometry, obtaining an accuracy in the
estimation of the tilt angle within about 0.05◦.

In this work we start from a standard PID control strategy,
and extend it using a Kalman filter which is initially modeled
on the linearized torsional dynamics of the mirror. We then
extend the Kalman filter to include non-linear effects in the
stiffness of the suspending springs, which cause both an
increase of the resonance frequency and a variation of the actu-
ation efficiency as a function of the instantaneous tilt angle.
The aim is to improve robustness against the coupling of spuri-
ous modes to the position sensor by estimation of the desired
torsional states. Thus the paper is organized as follows. In
section 2 the physical modeling of the device is presented. In
section 3 two alternative strategies for controlling the angu-
lar displacement of the reflective surface are presented, along
with their circuit implementation. In section 4 experimental
data comparing the performance of both strategies are presen-
ted, and in section 5 the critical aspects of both implementa-
tions are discussed with the aid of simulation data.

2. Device modeling

The device is modeled according to figure 4. Each ith eigen-
mode of the structure is described by a single degree of free-
dom system, represented by the equation of motion:

Ji θ̈i + bi θ̇i + ki(θi)θi = ηiVPZT (1)

where, depending on the type of displacement, Ji is the mass
or mass moment of inertia, bi is the linear or torsional damping
coefficient, ki(θi) is the displacement-dependent linear or tor-
sional stiffness, ηi is the PZT transduction coefficient, trans-
forming the applied voltage VPZT into an equivalent force or
torque, and θi is the linear or angular displacement of the ith
mode. The voltage VPZT is the difference between the two anti-
phase voltages VDRVP and VDRVN applied to the two sets of
actuators. The embedded piezoresistive sensor produces an
output voltage proportional to the applied stress, which res-
ults as a superposition of the stresses exerted separately by
each eigenmode, with the stress itself proportional to the lin-
ear and angular displacements. Thus, the sensor output voltage

3



J. Micromech. Microeng. 33 (2023) 044002 P Frigerio et al

Figure 4. Block scheme of the microscanner model. Each
eigenmode is represented by a replica of the model illustrated for the
torsional one. The output of each mode is summed, with appropriate
weight, to produce the output of the piezoresistive sensor.

Table 1. Parameters of the torsional eigenmode.

Parameter Symbol Value

Resonance frequency ω1 ≈1 kHz
Quality factor Q1 ≈80
Sensor nominal resistance RB 3 kω
Sensor bias voltage VB 3 V
Sensor transduction Π1 2.4 mV/deg
Actuator transduction η1J

−1
1 ω−2

1 0.2 deg/V

VPZR is obtained by the weighted sum of the angular displace-
ment associated to each eigenmode with appropriate coeffi-
cients Πi = πiVB, where πi is the resistance variation per unit
angle, and VB is the 3-V bias voltage of the sensor.

Neglecting the non-linear behavior of the stiffness, the rela-
tion between applied and readout voltage can be described by
the sum of N second order transfer functions, with N repres-
enting the number of eigenmodes included in the model. The
total transfer function is thus:

Hm(s) =
VPZR

VPZT
=

N∑
i=1

Ki
s2 + 2ξiωi s+ω2

i

(2)

where Ki =Πi ηi J
−1
i is the total DC gain of the transfer func-

tion of the ith mode, ω2
i = k0iJ

−1
i is the natural frequency,

defined via the linear stiffness k0i, and 2ξi = Q−1
i is the damp-

ing ratio, with Qi being the quality factor associated to the ith
eigenmode. A list of the relevant parameters of the scanner is
provided in table 1. Note that the factorKi can be very large for
high-order modes, even if these do not significantly affect the
angle, thus complicating compensation of the effective mirror
torsion when only using the information from the sensor.

The parameters of the device are obtained by finite element
analysis and confirmed by experimental data. The resonance
frequency ωi and quality factor Qi for each mode are directly
measured by the plot shown in figure 3, while the moment of
inertia Ji is obtained by numerical simulation. The damping
coefficient is then calculated as bi = ωiJi/Qi.

Figure 5. Estimation of the non-linear stiffness of the device from
non-linear transfer function measurements.

Table 2. Coefficients describing the non-linear stiffness.

k01 (N m rad−1) k11 (N m rad−2) k21 (N m rad−3)

2.33× 10−6 6.82× 10−6 1.5× 10−5

For the Kalman filter implementation, the non-linear beha-
vior of the stiffness must be characterized. To this aim, it is
represented by a second-degree polynomial:

ki(θi) = k0i+ k1iθi + k2iθ
2
i (3)

where k0i is the stiffness for small angular displacements,
and the coefficients k1i and k2i are estimated by acquiring the
transfer function of the device, using a network analyzer, for
increasing actuation voltages andmeasuring the resonance fre-
quency corresponding to the 90◦ phase-shift. Such frequency
is approximately described by:

f0i ≈
1
2π

√
k0i+ k1iθi + k2iθ2i

Ji
. (4)

Inverting the previous equation, a curve as the one shown
in the inset of figure 5 for the fundamental torsional eigen-
mode is obtained, where the angle is approximated as θi ≈
VPZTηiQi k

−1
0i . The non-linear coefficients are thus obtained by

a polynomial fitting of such curve. The extracted values for the
peak resonant mode are listed in table 2.

3. Control architectures

3.1. Standard feedback control

The standard feedback control technique is represented in
figure 6. It is based on two loops for simultaneous control
of both the angular velocity and displacement of the scanner.
The electronic gain blocks Gd and GINA represent the PZT
driver and PZR sensor front-end, respectively. The high-order
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Figure 6. Standard feedback control block scheme. Ga represents
the gain of the analog driver, while GINA represents the gain of the
sensor front-end (an INA). The dynamic part of the front-end is
represented by the filter F. Speed and displacement control is
performed by two separate control loops.

resonant modes are filtered by the block labeled F(s), which
contains a cascade of notch and low-pass filters tailored to the
center frequency of the spurious resonant modes. The transfer
function is:

F(s) =
b0 + b1s+ b2s2

a0 + a1s+ a2s2
c0 + c1s+ c2s2

d0 + d1s+ d2s2

(
ωp

ωp+ s

)n

(5)

where the filter coefficients aj, bj, cj and dj, with j = 0,1,2,
ωp and n are chosen to produce notch filters with center fre-
quency matching the spurious resonance frequencies and a
number n of simple low-pass filters. This ideally produces
an output proportional to the displacement of the main mode
only.

This output is processed by a loop made of a derivative
block D(s) which controls the device speed by suitably tail-
oring the gain labeled Kd. Its transfer function is:

D(s) =
s

(s+ωp1)2
(6)

where ωp1 ≫ ω1. This produces an artificial damping of the
device quality factor and simplifies the design of the position
controller. The closed-loop damping is set to 0.7 by simply
adjusting the value of gain Kd. Since the quality factor of
the torsional mode is larger than 10, the closed-loop quality
factor can be set independently of the torsionalQwith an error
smaller than 10%, which is acceptable for the secondary loop.
The sensor output is also processed by a second loop with a
block C(s) containing a phase-lead compensator for boosting
the high-frequency response and thus increase the closed-loop
bandwidth:

C(s) =
s+ωzc
s+ωpc

(7)

with ωzc = ω1 and ωpc ≫ ω1.
The minimum required bandwidth for an adequate tracking

of the reference sawtooth signal r was estimated as approxim-
ately 3 kHz in previous works [25, 26]. The error signal pro-
duced by such loop is processed by a real integrator I(s) con-
taining a zero in the transfer function for proper compensation
and minimization of the error signal.

Figure 7. (a) Feedback control based on a state observer: the mirror
states are predicted based on the model of figure 4, with additional
terms to correct the convergence of the error. (b) Continuous-time
model of the observer.

3.2. State observer design

The predictor-based control strategy is illustrated in
figure 7(a), and it is an extension of the previously described
approach. A state observer, modeled on the torsional mode
of the mirror, as represented in figure 7(b), is used to pre-
dict the rotation dynamics. In principle the observer should
be designed including all the observable states of the plant,
i.e. the mirror; however, we chose to implement only the tor-
sional mode to avoid requiring accurate calibration of each
mode. The error ε between the PZR sensor output y and the
estimated output ŷ is filtered adopting a similar scheme F(s)
to the one used in the standard architecture, then multiplied by
the error feedback vectorH= (H1 H2)

T in order to correct the
estimated states with information measured from the sensor.
Given the presence of spurious modes, the sensor output is
filtered to only retain information in the low-frequency range
where the mode of importance lies. Thus, the observer design
is carried out modelling the main torsional mode described
by (1), and adding the state correction via the measured estim-
ation error ϵ. The integral operations are discretized in time
to enable its implementation on a FPGA. This operation res-
ults in the following set of equations for estimation of the kth

sample of angular displacement θ̂, angular velocity ˙̂
θ and the

sensor output voltage ŷ:

θ̂k = θ̂k−1 +
Ts
2

˙̂
θk+

Ts
2

˙̂
θk−1 (8a)
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Figure 8. Picture of the experimental setup, with the three PCBs in
front and the instrumentation on the back. From left to right: the
FPGA hosting board, the interface board, and the mirror hosting
board.

˙̂
θk =

˙̂
θk−1 +

Tsη1Gd

2J1
VPZT,k−

Tsk01
2J1

θ̂k−
Tsk11
2J1

θ̂2k

− Tsk21
2J1

θ̂3k +
TsH2

2
ε̂k+

Tsη1Gd

2J1
VPZT,k−1

− Tsk01
2J1

θ̂k−1 −
Tsk11
2J1

θ̂2k−1 −
Tsk21
2J1

θ̂3k−1

+
TsH2

2
ε̂k−1 +H1ε̂k (8b)

ŷk = GINAΠ1θ̂k. (8c)

The parameters H1 and H2 are used to define the observer
dynamics, and are calculated using the linear–quadratic–
Gaussian theory [27]. TheweightsR andQ of theKalman filter
are chosen according to the model: R is a scalar value modeled
on the front-end noise, while Q is a 2× 2 matrix chosen to
improve the estimation error dynamics. In our tests we chose:

R= Sn · fBW,INA ≈ (7µV)2 (9)

Q=

(
0.1 0
0 0.1

)
(10)

where Sn ≈ 2 · (7nV/
√
Hz)2 is the measurement noise power

spectral density introduced by the INA and the piezoresist-
ors, and fBW,INA is the bandwidth of the INA front-end, which
defines the variance of measurement noise, and it is approxim-
ately 500 kHz. The estimated states are then used to close the
control loop in a similar fashion to the standard architecture.

3.3. Circuit implementation

Both architectures have been implemented as a mixed-signal
circuit, where both the predictor and controller fully belong to

the digital domain. The front-end GINA is implemented by an
Instrumentation Amplifier (INA), followed by a 16-bit differ-
ential Σ∆ analog-to-digital converter (Σ∆-ADC). The PZT
driver is implemented by a differential amplifier: its input is
provided by a 16-bit digital-to-analog converter which trans-
lates the output word calculated by the controller from the
digital to the analog domain. Figure 8 shows the experimental
setup, comprised of three main boards: one hosts the FPGA
(an Artix-7 by Xilinx) which is dedicated to the generation
of the reference waveform (with no pre-filtering) and to the
calculation the control law, a second board hosts the analog
circuitry, and the third one hosts the mirror. The Kalman filter
estimates and the control law are calculated with a frequency
of 1 MHz. Results are assessed by acquiring the ADC output
word, whose low-frequency components are proportional to
the mirror angular displacement. The angle is computed with
the following formula:

θ =

(
Dout,ADC

2n
− 1

2

)
VREF,ADC

GINAπ1VB
(11)

where Dout,ADC is the decimal value of the ADC output word,
VREF,ADC is the ADC reference voltage (2.5 V), n= 16 and is
the number of bits.

4. Results

Results are assessed in terms of linearity and reproducibility of
the scanning trace. These are, respectively, defined as the devi-
ation of each trace with respect to an ideal ramp, and the stand-
ard deviation of the position of each point on the trace between
subsequent cycles. Linearity is obtained by isolating each trace
and subtracting a first-order polynomial fit, subsequently aver-
aging a number of traces to filter out white noise. Reproducib-
ility, on the other hand, is evaluated without any averaging as
it is a measure of noise.

Figure 9 shows the linearity measured on the same mirror
sample with the two system architectures. The orange curve is
obtained from the system adopting the standard feedback tech-
nique, while the blue one refers to the observer-based architec-
ture. The former solution attains a non-linear error, measuring
a value of ±0.06◦ from 10% to 90% of the trace. Compar-
atively, the latter solution improves the flatness of the linear-
ity error, which remains limited within ±0.03◦ from 10% to
90% of the trace due to a slow response at the onset of the
trace, thus achieving a factor 2 improvement with respect to
the standard architecture over the specified range. The error
becomes large at the left and right boundary due to the finite
bandwidth of the system: the control loop is not able to track
the sharp edges of the sawtooth waveform, resulting in a dis-
torted waveforms around the peaks, and thus to a larger error.
Thus, the useful portion for projection is taken from 10%
to 90%.

Figure 10 shows the linearity errors for five different
samples of the mirror, that were obtained with only a minor
adjustment (within 2%) of the non-linear parameters k11 and
k21, showing the repeatability of the results. The root mean
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Figure 9. Comparison between the linearity obtained via the
standard feedback and the Kalman-filter-based approach.

Figure 10. Linearity obtained with the Kalman filter for five
different mirror samples. The traces show a good repeatability of the
results.

Table 3. Standard deviation of linearity error and mean
repeatability over five samples.

Linearity (1σ) (mdeg) Reproducibility (mdeg)

DUT standard KF standard KF

1 29.94 9.89 12.67 16.19
2 27.52 8.70 13.48 15.66
3 37.15 10.55 13.31 15.64
4 33.43 8.21 13.02 15.42
5 36.98 8.83 12.36 15.85

square values of the errors of different devices under test
(DUTs), evaluated over the 10%–90% range, are listed in
table 3, along with the values of reproducibility. All the results
are obtained acquiring the traces for 1 second, thus averaging
the linearity measurement and evaluating the reproducibility
over about 60 traces. The results listed in the table show that
the Kalman filter enabled obtaining a three-fold reduction of
the standard deviation of the error, while only increasing the
trace reproducibility by about 25%. The table also shows that
results are well repeatable across different samples of the same
structure.

Table 4 lists the result obtained in this work compared
to the literature survey provided in the introduction of
the paper. It is worth noting, though, that an entirely fair
comparison is not possible with all the works, as some employ

Table 4. Comparison with other works, listing the error
(peak-to-peak), the total field-of-view (FOV) and the actuation
frequency.

Reference This [18] [20] [22] [24]

Error (deg) 0.06 0.57 0.2 0.03 0.1
FOV (deg) 32 63 24 20 20
Freq. (Hz) 60 − 10 50 200

lower actuation frequencies (i.e. 10 Hz) than our intended
application.

5. Discussion

The experimental results show a factor three improvement in
the root mean square linearity of the traces obtained by con-
trol via state estimation. However, a proper trimming of the
estimator parameters was needed, in particular of the constants
that define the non-linear response. The impact of a mismatch
between the mirror and the estimator parameters was per-
formed via Simulink modeling of the system in order to assess
the tolerance to such variations. As illustrated by the simula-
tions in figure 11, the shape andmaximum amplitude of the lin-
earity error depends on parameter mismatch between the plant
and the model. Both a mismatch in the actuation efficiency η1
and the linear term of the spring stiffness k01 result in a gain
mismatch between model and plant, and show the largest lin-
earity errors, peaking up to ±0.04◦. A mismatch of the quad-
ratic term of the spring stiffness k11 instead shows a quadratic
error, whereas a mismatch in the cubic term k21 shows a cubic
error, as expected. These were verified in preliminary meas-
urements, and were nulled by proper trimming of the Kalman
filter parameters. Additionally, a mismatch of the linear term
of the stiffness k01 also implies a mismatch of the natural fre-
quency, which, not compensated, would manifest as a super-
position of oscillations at the natural resonance of the device
on the tilt angle. A part to part spread of the frequency in the
order of 5% is expected due to process non-uniformity. How-
ever, the estimator feedback showed effectiveness in compens-
ating such effect, as it was no more observed as the weightsH1

and H2 were properly tuned. By contrast, the non-linear con-
tributions can only be compensated by an adequate modeling
of the related parameters.

The measured linearity error also manifests the slow
dynamics of the implemented observer. The start of the
trace shows a transient response with an estimated time con-
stant of about 1 ms, which is close to the bandwidth of the
state observer loop. Increasing the weights H to extend its
bandwidth eventually resulted in small spurious oscillations
superposed to the trace, which were attributed to instabil-
ity of the observer due to a non-perfect compensation of the
spurious resonant modes. Indeed, simulations of the system
with a 5% mismatch between notch frequencies and peak
frequencies showed that the system is prone to instability if
the modeling of high order modes is not sufficiently accur-
ate. This was also true in the case of an implementation
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Figure 11. Simulations of mismatch. In each plot the average of traces acquired over 1-second simulations is shown against the
corresponding line fitting error. Reported here are a mismatch of gain, described by the actuation efficiency η1, a mismatch of natural
frequency, described by the linear term of the stiffness k01, and a mismatch of non-linearity within the stiffness, described both in terms of
k11 and k21. In all the cases a 5% mismatch between the parameter of the real mirror and its corresponding value within the model is
considered.

based on a full Kalman filter with estimation of all the mode
responses.

6. Conclusion

This work presented two strategies for position control
of MEMS microscanners, discussing comparative results
obtained from a more conventional feedback control system
and from the same system augmented via state estimation.
Results show that the use of a Kalman filter for estimating
the mirror position and velocity improved by a factor three the
root mean square of the scanned traces, while partially worsen-
ing the trace to trace repeatability. The best peak-to-peak lin-
earity error is ±0.03◦, with a mean repeatability of about
0.015◦ obtained across five different samples of the same mir-
ror design. Given that the system is sensitive to the modeling
of high-frequency modes, efforts of future work will be con-
centrated on finding an algorithm for automatic tuning of the
parameters of the fundamental one, so to enable the imple-
mentation of a faster and more accurate estimator.
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