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ABSTRACT KEYWORDS

The angular motion of quasi-static micromirrors used for raster scanning MEMS micromirrors; laser
projection applications is typically affected by undesired oscillations related beam raster scanning
to high-frequency resonant modes triggered by the sawtooth-like driving ~ SYstems; tracking control
signal. This paper proposes a novel closed-loop tracking controller for IOOpS'.p'e.ZO.EIQCt”c. i

a a A 5 . . . actuation; piezoresistive
improving the linearity of the trace motion, and hence the image bright- sensing

ness. It includes a feedforward action to achieve the required tracking per-

formance under nominal conditions, and a feedback control for robustness

against disturbances and other nonidealities. Notch filtering prevents reson-

ance-induced ringing. The simplicity of the architecture enables an easy

implementation on FPGA or ASIC. Experimental tests carried out on two dif-

ferent micromirrors with Lead-Zirconate-Titanate (PZT) piezoelectric actu-

ation and piezoresistive sensing demonstrate an average linearity of 0.12%

and reproducibility of 15 mdeg for sawtooth reference trajectories with up

to 8 deg amplitude and 120 Hz frequency, thus meeting the performance

requirements mandated by the standards for high-resolutions projection

applications.

1. Introduction

MEMS (short for microelectromechanical systems) micromirrors are miniaturized devices pro-
duced with microfabrication techniques, such as silicon micromachining, thin-film deposition,
and lithography, incorporating all the mechanical, electrical and optical components required for
the precise control over the direction of the reflected light.!"!

Because of their compact size, low power consumption, high precision, fast response times and
low cost, they are becoming an enabling technology for a variety of applications that require a
precise control of light. For example, in optical communication systems, they are used for
efficient wavelength switching and optical signal routing in fiber-optic networks.* In display
technologies, they serve as the core component of many portable screen projectors (pico-projec-
tors) and digital light processors (DLP), where the reflected light is used to create high-resolution
images on screens.!*™® In biomedical imaging systems such as confocal microscopes and endo-
scopes, they are used to precisely steer and focus the light beam, enabling high-resolution imaging
of biological samples and improved visualization during minimally invasive procedures.” ! In
Light Detection and Ranging (LiDAR) systems they are used to precisely steer the laser beam in
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Nomenclature
MEMS Microelectromechanical Systems AFE Analog Front-End
LiDAR  Light Detection and Ranging ADC Analog-to-Digital Converter
AR Augmented Reality DAC Digital-to-Analog Converter
MR Mixed Reality ETFE Empirical Transfer Function Estimate
VR Virtual Reality DTFT Discrete-Time Fourier Transform
HMD Head-Mounted Display PID Proportional-Integral-Derivative
HUD Head-Up Display FIR Finite Impulse Response
VRD Virtual Retinal Display IIR Infinite Impulse Response
RP Retinal Projector DOF Degrees of Freedom
LBS Laser Beam Scanner FPGA Field-Programmable Gate Array
AFM Atomic Force Microscopy ASIC Application-Specific Integrated Circuit
PZT Lead Zirconium Titanate RMS Root Mean Square
PZR Piezoresistor ILC Iterative Learning Control
PCB Printed Circuit Board

order to acquire an accurate real-time 3D scan of the surrounding environment, as required for
applications of environment monitoring and mapping, obstacle detection, autonomous
navigation.[lo"m

More recently, MEMS mirrors are finding new interesting applications in the growing fields of
Augmented, Mixed and Virtual Reality (AR/MR/VR)."* Thanks to their compact size and low power
consumption, they are well-suited for integration into devices such as head-mounted displays
(HMDs) and smart glasses.">'®! They are typically integrated in optical engines that project an
informative image on top of a transparent display placed in the user’s field of view, as in conventional
head-up displays (HUDs), or directly into the user’s retina, as in virtual retinal displays (VRDs) -
also known as retinal scan displays (RSDs) or retinal projectors (RPs).!"”! Other applications include
laser beam scanners (LBS) for depth-sensing imaging systems installed onboard of AR/MR headsets.

The structure of a (tunable) MEMS micromirror consists of several key components that work
together to ensure an accurate reorientation of the incident light beam.!"! The core element is the
mirror plate, which serves to reflect the incoming light. It is typically a thin, flat surface made of
a reflective material such as aluminum or gold. It can be designed in several shapes and sizes
depending on the specific application. The mirror plate is connected to the surrounding structure
by means of elastic suspensions such as hinges, flexural beams or torsional springs that enable
the rotation around a single or a pair of orthogonal axes.

The actuation can be provided with several methods. Electrostatic actuation is the most com-
mon.""® Tt consists to apply a voltage difference between two electrodes, in order to create an
electrostatic force that causes the plate to tilt. Electrostatic actuators are relatively easy to fabri-
cate, thanks to their simple structure - in their most simple configuration, they consist on a pair
of movable conducting plates. However, to generate a reasonable attracting or repelling force,
they typically require a high actuation voltage (up to 200 V) which affects the overall power con-
sumption of the device. Moreover, even in preence of a high actuation voltage, they are unable to
generate either large or fast motions - an electrostatically actuated MEMS LBS hardly exceeds a
frame rate of 60 Hz and an opening angle of few degrees. Magnetic actuation has been proposed
as an alternative solution to achieve larger opening angles with lower actuation voltages. It
exploits the magnetic force arising from the interaction of magnetic elements integrated into the
device, typically a movable coil placed within a static magnetic field."”) Magnetic actuators pose
several challenges in their fabrication, because of their complex structures, and the difficulties of
integrating some of the magnetic materials into the standard microfabrication processes employed
by the semiconductor industry. For this reason and other reliability concerns, they are rarely
adopted for commercial products. Piezoelectric actuators represent a viable alternative, owing to
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their large actuation force and efficiency.?® Creep and hysteresis may affect the performance, but
their effect can be partially mitigated by appropriate compensation strategies.m’zz]

A MEMS micromirror usually integrates all the control electronics needed for its correct operation.
The mirror position can be controlled either in open or closed-loop: in the latter case, a position sen-
sor is required to provide the feedback signal. Capacitive,’”®! piezoelectric’® and piezoresistive sen-
sors®! are the most common; in most rare cases optical® or acoustic sensors’®”) can also be
exploited. The micromirror structure is completed by an optical interface, consisting of optical fibers,
lenses, collimators and other components required to orient and focus the incoming light onto the
mirror plate, and to gather and bring all the reflected light into the optical output port.

The specific structure of a MEMS micromirror depends on its intended application. In raster
scanning applications (e.g. micro projectors, LIDAR systems, barcode readers, Digital Light
Processing 3D printers, etc.) a pair of single-axis micromirrors are more commonly used to create
the raster pattern, even though a single biaxial mirror can sometimes be used for the purpose.’*®!
Their design is specialized according to the movement to be accomplished. The resonant mirror
performs the horizontal scan by vibrating at its resonant frequency, typically in the order of tens
of kHz. To improve the driving efficiency, it is designed to have a sharp resonance with a high
Q-factor amplification (small damping factor). The driving signal can be as simple as a pulse or
square wave matched with the resonance frequency. Because of the high Q-factor, the system
behaves as a very selective bandpass filter, so that in practice the resulting motion will always be
sinusoidal or almost sinusoidal.

The linear or quasi-static mirror performs instead the vertical scan. It is driven by a sawtooth
waveform, whose linear ramp up and down portions are related to the trace and retrace phases of
the projected frame. The period is defined by the image refresh rate, which usually ranges from
60Hz to 120Hz for display projector applications. At these very low operating frequencies the
system amplification is modest, especially when compared to the high resonance gain exploited in
resonant mirrors. This, combined with the need to have large reflecting surfaces, imposes to
design mirrors with low torsional stiffness and bigger, less efficient actuators.

Linear mirrors are more difficult to control than resonant mirrors. While a resonant mirror
can be operated even by a simple square-wave oscillator, a linear mirror requires a more complex
driving circuit, that typically includes a digital-to-analog converter (DAC) and an analog driver.
In order to impose a linear motion profile, the driving signal must be carefully generated to avoid
the excitation of the lightly damped system resonances, and to possibly compensate for the non-
linear characteristics of the electromechanical dynamics.

Several open-loop or closed-loop solutions have been proposed in literature to serve for the pur-
pose. The most common open-loop driving methods consist of designing an actuation signal that
does not excite the main mechanical resonances. This typically requires to remove any sharp corner
in the driving signal, in order to reduce the harmonic content in the high frequency range. For
example, in'*" the peaks of a triangular wave driving signal are rounded with either a third or
fifth-order polynomial interpolation, which corresponds to designing a trajectory with limited
jerk.’2l More sophisticated techniques involve the design of frequency-shaped trajectories with mini-
mized harmonic content in desired frequency bands, such as those around lightly damped resonan-
ces.’® Other open-loop methods focus instead on reshaping a given driving signal with suitable
command pre-filters. In"**! is proposed an adaptive pre-filter combined with a resistive current-limit-
ing feedback to both suppress the oscillations induced by the mechanical resonances, and to com-
pensate for the intrinsic actuation nonlinearity of a comb-driven electrostatic scanner. A different
design is presented in'**! for suppression of the residual oscillations after point-to-point motions in a
commercial gimbal-less two-axis MEMS mirror. It is based on the application of the well-known
input shaping method,"*® which consists in the generation of a sequence of precisely timed pulses
with destructively interfering responses, so that no residual oscillation remains after the application
of the sequence. The same approach is adopted in"®”! in the context of Atomic Force Microscopy
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applications (AFM). Specifically, the triangular waveform with flattened peaks used for actuation can
be obtained as the output of an input-shaping pre-filter driven by a signal with sharp corners.

The distinct advantage of open-loop designs lies in the absence of an embedded sensor, leading
to implementations with reduced area occupation. However, this renders the solutions less robust
against disturbances and parameter variations. In contrast, closed-loop solutions are less susceptible
to such issues. Conventional closed-loop architectures with PID (proportional-integral-derivative)
controllers are discussed in'**! for the case of a dual-axis gimbal-less MEMS mirror with electrostatic
push-pull comb-drive actuation and optical sensing. A simple phase-lead compensator is instead pro-
posed in®®? for the closed-loop control of the slow (linear) axis of a biaxial electromagentically-
driven and piezoresistively-sensed MEMS scanning mirror. This simple yet effective approach is feas-
ible because no relevant spurious resonances are present in the system frequency response. The
main torsional mode is gain-stabilized by setting a control bandwidth larger than its resonance fre-
quency. A cascaded closed-loop control structure is instead proposed in*"! for a linear MEMS mir-
ror with piezoelectric actuation and piezoresistive sensing. The inner loop employs a derivative
feedback to actively dampen the main torsional mode, eliminating the issue of position ringing. The
outer controller consists of a double integrator for the ideal perfect tracking of a ramp-varying refer-
ence signal, along with a lead-compensator to stabilize the feedback loop with a sufficient phase mar-
gin. Additional notch filters are inserted in the feedback path to suppress possible oscillations
induced by spurious resonances. This design is further elaborated in,*!! where the position feedback
is obtained from a state observer modeled on the main torsional mode of the mirror. The aim is to
eliminate from the feedback any artifact stemming from the spurious resonances, which is unrelated
to the actual mirror tilt motion. Another observer-based design is proposed in*? for a 2D micro-
scanner with in-plane comb-drive actuation for the fast (resonant) axis, and out-of-plane staggered
vertical comb-drive actuation for the slow (linear) axis. The controller uses an exact feedforward lin-
earization to impose the desired motion under nominal conditions, and a PID-like stabilizing feed-
back plus an extended Luenberger observer to stabilize the system along the desired trajectory. This
flatness-based control approach is reconsidered in,*”) where it is compared against a simpler feed-
forward with no stabilizing feedback, driven by a jerk-limited trajectory. The design is particularly
effective for electrostatically driven mirrors, whose actuation nonlinearity can be linearized with a
proper feedforward action. An interesting extension is presented in,!** where a repetitive controller
is incorporated into the flatness-based design. This add-on is particularly effective in improving the
tracking accuracy of the periodic reference trajectories, by compensating for deviations due to model
nonlinearities, such as stiffness variations of the elastic suspensions, or the nonlinear characteristic of
the electrostatic actuation. Results show a remarkable error reduction of a factor 6.8 with a final lin-
earity error of 0.37% for a 6 deg/10 Hz reference trajectory, and a reduction of a factor 13.3 with a
final linearity error of 0.13% for a 6 deg/10 Hz sawtooth reference trajectory.

Many other advanced solutions are proposed in literature, but most of them are tailored to
address a specific issue of the device to control, or are difficult to implement with limited hard-
ware resources. The aim of this paper is to show that even with a more traditional control struc-
ture it is possible to achieve the performance requirements mandated by the high-resolutions
HD720/HD1080 standards for raster projection applications.'*®! The proposed solution consists of
a two degrees—of-freedom (DOFs) architecture, with the feedback path designed to compensate
for the mechanical resonances and the nonlinearity of the piezoelectric actuation, and the feed-
forward path exploited to attain the desired tracking performance. Both the feedback and feed-
forward compensators consist of standard bi-quadratic cells or FIR filters, facilitating their
implementation on custom hardware such as FPGAs or ASICs. For their tuning, a simple, yet
effective procedure for the fast identification of the system resonances is also proposed in the
paper. Compared to similar works proposed in literature and related to same micromirror struc-
ture with piezoelectric actuation and piezoresitive sensing,*>*"***! the approach presented in
this paper demonstrates better overall performances on a wider range of operating conditions.
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Specifically, it achieves an average linearity of 0.12% and reproducibility of 15 mdeg for sawtooth
reference trajectories with up to 8 deg amplitude and 120 Hz frequency.

The rest of the paper is organized as follows. Section 2 describes the electromechanical struc-
ture of the MEMS micromirrors considered in this study, and provides all the relevant modeling
aspects required for the subsequent control design. Section 3 covers all the design details related
to the proposed control architecture. The procedure conceived for the fast identification of the
mechanical resonances is also described here. The results of the experimental tests carried out
with two different micromirrors structures on a wide range of operating conditions are presented
in Section 4. Final remarks and conclusions are reported in Section 5.

2. Micromirror description and modeling
2.1. Micromirror under test

The structure of the MEMS micromirrors considered in this paper is schematically depicted in
Figure 1. Each mirror consists of a reflective plate (silicon plate with Aluminum coating) anch-
ored to the substrate by means of two torsional beam suspensions that enable the rotation around
its minor symmetry axis. Two different form factors of 2.50 mm x 1.44mm (Mirror 1) and 2 mm
x 3mm (Mirror 2) are considered for the tests. The die photos of the two mirrors are shown in
Figure 2(a) (Mirror 1) and Figure 2(b) (Mirror 2), respectively.

The actuation is provided by a set of four piezoelectric actuators connected to the four cor-
ners of the plate via folded springs. Each actuator consists of a silicon cantilever covered with a
thin film (2 m) of Lead Zirconium Titanate (PZT) oxide sandwiched between two electrodes.
The cantilevers bends outward of the mirror plane when a bias voltage is applied to them, thus
generating an out-of-plane displacement at the corresponding plate corner. The mirror is tilted
by applying the same bias voltage to the actuators on the same side of the plate midline, and
opposite voltages to those located on opposite sides. The two opposite-phase voltages V; and
V, required to drive the two actuator pairs are generated with a high-voltage amplifier. Up to
40V are required to generate a tilt angle of nearly 8 deg, corresponding to a field—of-view
of 32 deg.

The tilting motion of the plate is sensed with a set of four n-type silicon piezoresistors
(PZRs), arranged in a Wheastone bridge configuration, and diffused at the anchor point of

Lever Torsional Folded Piezoresistive
Va arm spring spring sensor (PZR)
)
\%1
____________ Substrate

||}——o

Figure 1. Schematic top-view of the quasi-static MEMS micromirror with PZT actuation and PZR sensing.
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Interface | P 2y

board [

(b)

Figure 2. Hardware details: (a) Mirror 1 die photo; (b) Mirror 2 die photo; (c) interface board.

one of the torsional springs. The mechanical stress induced by the plate motion on the sup-
porting spring causes an unbalancing of the values of the four PZRs, that can be detected as a
voltage variation V,(J) at the bridge output, once this is biased with a proper voltage Vj
(order of 3V).

The micromirror is installed on a carrier printed circuit board (PCB) that simplifies the handling
of the device during the experimental tests (see Figure 2(c)). It includes an Analog Front-End
(AFE) to amplify the unbalanced voltage of the Wheastone bridge, and a card-edge connector for
the installation on an FPGA-based interface and control board (see Figure 2(c)). The AFE consists
of an instrumentation amplifier with programmable gain and an integrated compensation of both
temperature and output bias (following an initial calibration). The interface board contains the
high-voltage piezo-driver, consisting of a fully differential amplifier operating with a supply voltage
of 40 V. The onboard FPGA can be used to control the micromirror. Alternatively, as done in this
paper, the controller can be implemented on an external unit which directly interfaces with the
piezo-driver and the AFE. A National Instruments PXI computer equipped with high resolution
(16bits) Analog-to-Digital (ADC) and Digital-to-Analog (DAC) converters has been used for the
purpose, as shown in Figure 3.

2.2. System modeling

The typical frequency response from the sampled piezo driver input u to the sampled AFE output
y is shown in Figure 4(a) (Mirror 1) and Figure 4(b) (Mirror 2). The Empirical Transfer
Function Estimate (ETFE)!*®) has been obtained first, as the ratio between the output and input
Discrete Time Fourier Transforms (DTFTs). The input has been chosen as a normally distributed
white noise excitation with standard deviation ¢ =0.1 V, sampled at a rate of 50kHz. Several
mechanical modes couple at the PZR output. For Mirror 1, the first resonance at about 1kHz
corresponds to the main torsional mode. The remaining resonances are related to spurious
modes, among which the most relevant are an in-plane mirror translation at about 6.1 kHz and
the actuator vibration at nearly 9.3 kHz. Since the Mirror 2 has a bigger reflective plate, the main
torsional mode has a lower resonant frequency, at about 565 Hz. Other relevant spurious modes
are an out-of-plane mirror translation at approximately 5kHz, and actuator vibrating modes at
about 8kHz and 14.2kHz. Results have been confirmed by extensive finite element simulations
and vibrometry inspections.*’!



INTERNATIONAL JOURNAL OF OPTOMECHATRONICS . 7

Interface

!Vl' '

Mirror |

| i | Piezo | ! ;
| driver | ! |

PXI
computer

Multifunction Carrier PCB
I/0 board

Figure 3. Testing system architecture.
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Figure 4. Identification of the quasi-static and dynamic responses: (a,b) least squares fitting of the parametric model to ETFE
data; (c) Bode plots of the modal expansion terms (Mirror 1); (d) actuation hysteresis loop for three different levels of the driving
voltage (Mirror 1). Note: Bode plots shown in figure do not account for the unit delay introduced by the D/A conversion.
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A parametric model has then been fitted on the ETFE data using least-square methods. The
model has been selected as a discrete-time transfer function P(z) with enough poles and zeros to
fit all the relevant resonances in the frequency response. An additional unit delay has been added
to account for the time delay of the D/A conversion in the experimental system. In modal expan-
sion form, the transfer function is:

- N
P(z) =) Pre(2) = .Zz2 +az+ o, )

i=1 i=1

As an example, the Bode plots of the three modal expansion terms related to the modeling of
Mirror 1 are shown in Figure 4(c).

The linear time-invariant (LTT) model (1) does not account for nonidealities such as the hyste-
retic behaviour of the piezoelectric actuation, the second-order dependence of the modal stiffness
on the mirror tilt angle, and the (linear) dependence of the PZR sensitivity on temperature. The
latter twos are documented in.*") The hysteresis in the quasi-static response is instead shown in
Figure 4(d). It has been obtained by measuring the PZR output in response to slowly varying
sinusoidal inputs with different amplitude.

Since the hysteresis curve is relatively narrow, and its midline is almost linear except for minor
deviations at the extremal points, its impact on the behaviour predicted by (1) is limited.
Nonetheless, as noticed in the experimental tests, it can lead to an underestimation of the static gain
predicted by the ETFE method, negatively impacting on the the control design. The correct gain can
be found with ad-hoc tests, e.g. by measuring the steady-state output amplification of a slowly-vary-
ing sinusoidal input signal. The responses in Figures 4(a) and 4(b) account for this correction.

3. Micromirror control
3.1. Control system design

In raster scanning applications such as display projectors, the tilt angle of the quasi-static micro-
mirror of Sec. 2 is controlled to track a sawtooth reference waveform with specified amplitude
and frequency, where the former depends on the desired maximum field-of-view (FOV), while
the latter defines the image refresh rate. The ramp up and down portions of the sawtooth wave-
form are related to trace and retrace phases of the projected image. The retrace time is chosen as
short as possible, in order to minimize the loss of image brightness.

During the trace phase, the main control goal is to track the linear motion profile without trig-
gering spurious oscillations, as this reflects in an image brightness modulation, i.e., image bands

u

Fr(z) C(z) Ni(2) N2 (2) F—
= + To piezo
driver

[
[
|
|
e T R SR o SIS S Y S —  From

Two DOF tracking controller AFE

Figure 5. Control system architecture.
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with different brightness. On the other hand, in the retrace phase the goal is to bring the mirror
back to the original position without overshooting, as this causes a bright band at image top.

Figure 5 shows the block diagram of the control system designed to achieve such goals. It con-
sists of a two degrees-of-freedom (DOF) tracking controller, where the feedforward compensators
F,(z) and F,(z) are used to achieve the desired tracking performances under nominal conditions,
while the feedback controller C(z) adds robustness against disturbances and model uncertainties.
Some notch filters are employed to perform a gain compensation of the spurious mechanical res-
onances, in order to prevent a possible mode spillover instability of the feedback loop.*”! For
Mirror 1 two notch filters Ny (z) and N,(z) are sufficient to target the 2@ and 3" mechanical res-
onance; for Mirror 2 a third notch filter is required to compensate the extra spurious resonance
at 14.2kHz. The controller is designed to operate at a 50 kHz sampling rate. This value is selected
to be sufficiently larger than the selected control bandwidth (order of kHz - see next), but not
too large compared to the center frequency of the two notch filters, otherwise numerical issues
could arise during their discretization and implementation."*®! In addition, the selected sampling
frequency has to be compatible with the limitation imposed by the hardware, namely the com-
puter running the controller in real time, and the data acquisition board (see Figure 3). The feas-
ible range for the control command u is *1 V, as exceeding these values would saturate the
piezo driver, causing distortions in the resulting motion profile. The details of the control design
are reported next. For convenience, the design is illustrated for Mirror 1, but an identical proced-
ure applies also to Mirror 2:

1. Notch filters Ny (z) and N,(s) : they are obtained by discretizing two continuous-time coun-
terparts with transfer functions:

N,‘(S)

52 =+ 251‘0)1'5 + 6012 .
= T 2en o (i=1,2) )

1

The notch frequency w; and the damping factor J; of the complex zeros are selected to match
the frequency and damping factor of the resonance to compensate for. These can be estimated
with the methods of Sec. 2.2 or, alternatively, with the multi-tone identification method pre-
sented in Sec. 3.2. The damping factor &; of the complex poles is instead selected to obtain a suf-
ficiently wide stop-band, in order to accommodate for possible variations of the resonance
frequency (order of £10% of the nominal value, as observed in preliminary characterizations of a
few samples™®)), but not too wide, especially for the first notch filter Nj(s), otherwise the feed-
back controller would be unable to totally recover the phase lag introduced by the notch filter,
and the resulting phase margin would be unsatisfactory. Trial and error is somehow necessary, as
no systematic design procedures are available. However, for lightly damped resonances, damping
factors one to two orders of magnitude larger than those of the targeted resonances typically yield
satisfactory results. Another design criteria for the damping factors &; would be to find the values
that better equalize the phase response of the series of the two notch filters with that of a pure
delay. This approach aims to facilitate the design of the feedforward compensation, as demon-
strated next. The actual values of the parameters are reported in Table 1.

The discretization of (2) is performed with the matched pole-zero method,*®! in order to pre-
serve the notch frequency in the discretization process. The discretized filters are:

~0.8932(z% — 1.431z 4 0.9987)

Ni(z 3

1(2) 22 — 1.286z + 0.7931 ®
Table 1. Notch filter parameters.

i fi=2 [kHz S d,

1 6.149 0.9 x 1073 0.15

2 9.369 10.3 x 1073 0.20
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Figure 6. Control system design (Mirror 1): (a) notch filters; (b) uncompensated vs gain-compensated plant (micromirror); (c)
notch filters series vs unit delay; (d—f) loop transfer function (Bode and Nyquist plots); (g) approximations of the gain-compen-
sated plant (for feedforward compensation design); (h) feedback controller; (i) feedforward compensators.

Nz(Z)

~0.8076(z> — 0.7575z + 0.9759)

z2

—0.6404z + 0.6244

The Bode plots are shown in Figure 6(a); the Bode plot of the gain-compensated plant,
namely P(z)N,(z)N(z), is instead reported in Figure 6(b).

2) Feedback controller C(z): it is designed with loopshaping techniques, to achieve a gain cross-
over frequency fy = wg/2m ~2.3kHz and a phase margin ¢, ~30". The former is selected
(mostly by trial and error) to obtain a good rejection of disturbances and other non idealities,
without producing an excessive amplification of the measurement noise, or the saturation of the
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control command. It is also chosen to prevent the instability caused by the spillover of high-fre-
quency resonances not compensated by notch filtering. Note that the first resonance is within the
control bandwidth, and has to be phase-stabilized by the feedback controller. The actual value of
the phase margin is chosen as the maximum achievable with the selected controller structure,
namely a proportional-integral-derivative (PID) controller. The design is performed by emula-
tion, considering the following continuous-time implementation:

1 STD
C(s)=Kp|l1+— 4
(s) p< +5T1+TL5+1> (4)

The time constant Ty of the derivative action is selected to have a cut-off frequency of 15kHz
(i.e, 1/T; =2nx15kHz). The ratio between the integral and derivative times is set as o =
T;/Tp = 1.0 to have a pair of complex conjugate zeros, which yields a rapid phase recovery in
the neighborhood of the imposed gain crossover frequency. The final discretized version of (4),
obtained with the trapezoidal (Tustin) method to limit the phase distortion introduced by the dis-
cretization process, is equal to:

Cle) = 70.657(z* — 1.9z + 0.9079)
~ (z=1)(z—0.02961)

(5)

The structure is rather simple, and can be implemented with a single bi-quadratic filter cell.
The Bode plot is shown in Figure 6(h). The Bode and Nyquist plots of the resulting loop transfer
function are instead reported in Figures 6(d)-6(f).

It is worth to point out that a PID controller with complex zeros has been preferred over an
alternative solution based on an integrator plus some (i.e., 3) first-order phase lead compensators
because of its simpler structure, and its better robustness in terms of gain margin. In fact, the for-
mer yields a —-20 dB/dec slope at the 0dB —crossing, since the gain crossover frequency w,, is
located in a region where the plant has a -40 dB/dec roll-off, while the controller has a slope of
+20 dB/dec (see also Figure 6(h)). On the other hand, an integrator plus 3 first-order phase-
lead compensators would have in total a +40 dB/dec slope, that yields an almost flat 0 dB—cross-
ing, and hence a modest or even negligible gain margin. It is also interesting to note that the
tracking performance in the proposed solution is primarily achieved through feedforward com-
pensation (under nominal conditions). As a result, the demands on the control bandwidth of the
feedback controller are less stringent compared to a solution relying exclusively on feedback, as
that presented in.[*0*4*°]

3) Feedforward compensators F,(z) and F,(z) : they are designed to closely match the response
of a given reference model M(z) from the position reference r to the measured output y (see
Figure 5). The goal is achieved by setting:

F,(z) = w, F,(z) = M(z) (6)
1(2)
where P (z) is an approximation of the gain-stabilized plant P(z)N;(z)N,(z), obtained by consid-
ering the 1° term of the modal expansion (1), and then by:

e Adding an extra unit-delay z7! to account for the phase distortion produced by the two notch
filters. In fact, as also noticeable from Figure 6(c), the phase distortion produced by the series
of the two notch filters is similar to that of a unit delay (at the selected sampling rate), at least
in the frequency range relevant for the control design.

e Adjusting the DC gain to match that of the overall plant transfer function P(z). The resulting
transfer function is:
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0.003431

P =
1(2) = 27 " T.9812 1 0.9986)

(7)

whose Bode plot is reported in Figure 6(g).
With a simple reference model consisting of only three unit-delays, ie., M(z) =z7>, the
resulting feedforward compensators are:

353.79(2% — 1.981z + 0.9986)

Fy(z) > (8)

z
F.(z) =27

The former consists of a FIR filter with two-taps, while the latter is a pure delay. The number
of delays in the reference model is chosen to make the transfer function F,(z) of the command
feedforward compensator at least proper, and hence physically implementable. The Bode plots of
the two compensators are shown in Figure 6(i).

As the two feedforward compensators (8) do not introduce any attenuation at high frequency,
the sawtooth reference waveform must be properly smoothed out to avoid the excitation of the
uncompensated high frequency resonant modes. This is achieved by generating a reference signal
with rounded corners, obtained by joining the trace and retrace linear profiles with a polynomial
interpolant®~2!! (see Sec. 4). An alternative option would be to select the reference model as a
low—pass filter with suitable roll-off and corner frequency, so that to introduce the required high—
frequency attenuation in the feedforward compensators (6). For example, with the reference model:

0.05654
M(z) = —>2_ ©)
(z - 0.6162)

the ideal response to a step speed reference (i.e., a linear position ramp) has a settling time at 1%
of about 375 s, which is the 5% of the trace time of a 120 Hz sawtooth reference with 90% —
10% trace-retrace ratio, and no overshoot. This agrees with the specification on the linearity
error, as formalized in Sec. 4. Obviously, with (9) the complexity (order) of the feedforward com-
pensators increases, and this could be a problem when the goal is to keep the design as simple as
possible.

The overall complexity of the proposed design is very limited. Specifically, an implementation
on FPGA or ASIC would require only three bi-quadratic IIR filter cells to implement the two
notch filters Nj(z) and N(z) in (3) and the PID controller C(z) in (5), along with a two-taps
FIR filter and three unit delays for the feedforward compensators F,(z) and F,(z) in (8). On the
contrary, the comparable implementation presented in'******! necessitates of at least two bi-
quadratic IIR filter cells for mode shaping on the feedback path, as well as at least four single or
bi-quadratic cells to implement the double integrator and the lead compensator in the feedback
controller, and the derivative controller in the innner loop for the active damping of the main
torsional resonant mode.

3.2. Control calibration

The best performances are attained when the design of Sec. 3.1 is tailored on the actual dynamic
response of the device to be controlled. This implies that the identification of the parametric
model (1) has to be repeated for every new device. The approach followed in Sec. 2.2 for the pur-
pose is not very practical, as it requires the collection and processing of a large amount of data.
Therefore, the alternative method described next has been developed to simplify and speed up
the initial controller calibration procedure.

Given a multi-resonance system, the relevant parameters of each resonant mode of interest
can be obtained by fitting the parametric model:
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T2+ 20;0p,s + a)fli

P;(s) (10)
on some frequency response data points collected around the corresponding resonant peak. In
detail:

1) Let P(s) denote the transfer function of the multi-resonance system. For every resonance of
interest, identify the frequency response magnitude |P(jw)| on a set of N frequency points wy
located around frequency of the resonance peak (see Figure 7(a)). Six points are usually sufficient
to get reasonable results from the method.

Each magnitude point |P(joy)| is identified by applying a sinusoidal excitation (tone) at the
probing frequency wy, and then by evaluating the ratio:

|P(jwk)| = Yk/Uk (11)

where Uy is the amplitude of the input tone, while Y is the amplitude of the output oscillation
at steady-state (i.e., when the transient is over). The latter can be extracted from the system out-
put measurement y with an envelope detector (see Figure 7(b)).

2) Around each resonance of interest, it is assumed that the frequency response P(jw) can be
approximated with that of the model (10), namely P;(jw). The unknown parameters of the latter
are determined by fitting the magnitude response to the sample data (11) collected in the previ-
ous step. In order to use conventional linear least-squares methods, the inverse of the square
magnitude is rewritten in the following regression form:

1 T
S 12
PGol % (12

[P(jw)l

Y Ya Ye
7% PR N Y |-

(A % v ,_P(s) v I Ya e N
N ki JLI 2
Sin Urc s J
generator Y
: . Raised-cos Envelope
Wl Wa e W generator detector
(@) (b)

o
2
[
°
p=}
£ 50
=)
&
=

—100
0.

Magnitude [dB]

0 _0 —70
—10 —80
0.8 1 1.2 1.4 55 6 65 7 8 10 12
Frequency [kHz] Frequency [kHz] Frequency [kHz]
(©) (d)

Figure 7. Multi-tone identification method: (a) sample points of the frequency response magnitude around a generic resonance
peak; (b) frequency response probing circuit; (c) typical input tone (top: raised-cos weighting function; bottom: amplitude-modu-
lated input tone); (d) multi-tone identification results (Mirror 1).
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T,
where ¢, = [0}, wf. 1] is the vector of regressors, and

T
12026 -1 o,
FA B 12

1 1 1

0=10, 0, 05" =

is the vector of unknown parameters.
3) The least-squares estimate of the vector of unknown parameters is:

~ A~ ~ A~ T _
Ors = (01, 0, 0;] = (@"®)'®" ¥ (14)
where:
O =[p, ..oy € RV® (15)
_ 1 1 7 Nx1
Y= [lP(jwl)lz"“’ \P(jwm] € R (16)

It is important to notice that the regressors matrix @ has a Vandermonde structure, which is
notoriously ill conditioned. Better numerical conditioning can be obtained by resorting to a
weighted formulation of the aforementioned least-squares problem, in which each column of ® is
multiplied by the inverse of its last element.

4) The estimates of the parameters in (10) are obtained by inversion of the expressions in
(13). It holds that:

(17)

For each mechanical resonance to identify, the probing frequencies are selected to cover a suf-
ficiently wide range centered around the nominal value of the resonance frequency. The actual
values used in the Mirror 1 case are reported in Table 2. They corresponds to *25Hz, =75Hz
and *125Hz deviations from the nominal value of each resonance frequency. In the test, each
tone is applied for 1s, but shorter time intervals can be considered, especially for high-frequency
tones. The amplitudes are suitably selected for each resonance, with higher values for smaller res-
onant peaks. To ensure a seamless transition between two consecutive input tones and prevent
the onset of undesired oscillations, the amplitude of each tone is modulated using a raised cosine
window (see Figure 7(c)). The results of the identification are reported in Table 3. The estimated
parameters are in good agreement with the corresponding nominal values, and the fitted models
are well matched with the ETFE data of Sec. 2.2 (see Figure 7(d)). If necessary, especially in

Table 2. Multi-tone identification method (Mirror 1): input tones parameters (frequency f; and amplitude Uy).

Resonance fe = 3¢ [ Hz) U V]
1st 975 1025 1075 1125 1175 1225 0.01
2nd 5675 5725 5775 5825 5875 5925 0.15
3rd 9575 9625 9675 9725 9775 9825 1.50

Table 3. Estimated parameters (Mirror 1): ETFE + LS fitting / multi-tone.

Resonance fo =52 [ kHzl 5= -] K []
(x107%) (x109)

1st 1.058/1.056 5.3/4.0 7.163/7.117

2nd 6.149/6.127 0.9/0.9 —3.282/ —3.282

3rd 9.369/9.368 10.3/10.9 —0.523/ — 0.531
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situations with noisy measurements, the estimates can be refined by re-applying the method on
narrower probing frequency ranges.

4, Experimental results

The control design of Sec. 3.1 has been experimentally validated on the testing system shown in
Figure 3 with rapid prototyping techniques. The controller of Figure 5 has been implemented in
Simulink, and run in real-time on the PXI computer with the aid of the Simulink Desktop-Real
Time toolbox. A smoothed sawtooth reference signal has been used for the tests, obtained by
joining the linear ramps of the trace and retrace phases with a 7"-order polynomial interpolant.
Two metrics have been used to assess the tracking performances:

a. Linearity error L(¢) : it is determined by evaluating the deviation of the mirror position from
a first-order polynomial fit during the constant speed portion of each trace (assumed as
[5%,95%] portion of the total trace trace time), and then by averaging over multiple traces
to remove the effect of noise. It quantifies how closely the mirror position follows a straight-
line reference trajectory during the trace phase.

b. Reproducibility error R(t) : is defined as the standard deviation of the mirror position eval-
uated at the same fraction of the trace time (constant speed portion) over multiple periods of
the reference signal. It quantifies how much the noise affects the intended straight-line
motion during each trace phase.

To meet the standards of a high-resolution HD720/HD1080 projector,'®! the root mean square
(RMS) of the linearity error, normalized to the full-scale motion range, must be below the 1%
threshold. On the other hand, the reproducibility error must be below 25 mdeg.

Reference signals with different waveforms (sawtooth vs triangular), peak amplitude (up to
8 deg) and frequency (in the [60 deg, 120 deg] range) have been considered for the tests. The
typical response to a 6 deg/100 Hz sawtooth/triangular reference signal is reported in Figure 8
(Mirror 1). The desired response y, reported in the plots refers to the output of the reference
model M(z), and hence is a delayed version of the actual reference signal r provided to the
control system. From Figures 8(b) and 8(e) it can be noticed how the constant speed portion of
the trace time, delimited by the vertical dashed lines in figure, is approached with almost no
overshoot. The linearity and reproducibility errors averaged over 100 periods are shown in
Figures 8(c) and Figure 8(f). Both the performance metrics meet the design specifications. It is
nevertheless important to remind that the two quantities are affected by the actual measure-
ment noise on the testing system, which includes the quantization of the analog-to-digital con-
version. Their values could be potentially lower for an implementation on dedicated hardware
such as FPGA or ASIC. The results of the experimental tests for different reference waveforms,
amplitudes and frequencies are summarized in Table 4 (Mirror 1) and Table 5 (Mirror 2).
Better overall performances can be noticed for Mirror 1. The larger linearity errors observed
for Mirror 2 are probably caused by the presence of less damped spurious modes, which makes
the stabilization more problematic. Nevertheless, performances are well within the design speci-
fications for all the tested operating conditions. For comparison purposes, in Table 6 are sum-
marized the performances achieved by some recent works presented in literature.
Unfortunately, they are obtained with different devices or testing conditions, so that establish-
ing a fair comparison among them is challenging. Only the works presented in!**! and*! refer
to the same micromirrors consider in this paper, and can therefore be considered as a refer-
ence. Overall, the solution presented in this paper demonstrates superior performance across a
broader spectrum of operating conditions.
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Figure 8. Experimental results (Mirror 1): (a,d) typical control response with a 6 deg/100Hz sawtooth and triangular reference
waveforms; (b, e) control response detail; (c, f) performance metrics (linearity and reproducibility errors). The portion of the trace
considered for the evaluation of the performance metrics is delimited by vertical dashed lines.

Additional tests have been conducted to assess the robustness of the proposed design against
variations of the most critical parameters of the mirror frequency response, specifically the reson-
ance frequencies and the static (DC) gain. Tests have been performed in simulation with a
numerical model of Mirror 1. Performance degradation was evaluated by applying a +10% vari-
ation to the selected parameter. The results are collectively summarized in Table 7, for the case of
a 6 deg/100 Hz sawtooth reference signal. For what concerns the stability of the feedback loop,
the most critical variation is that related to the frequency of the second mechanical resonance,
because it induces a mode spillover in the loop transfer function, as evident from the Bode plots
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Table 4. Control performance (Mirror 1): Linearity [%] / Reproducibility [mdeg].

Sawtooth reference waveform

Reference amplitude [deg]

Reference
frequency [Hz] 2 4 6 8
60 0.09/14.52 0.06/14.52 0.07/15.08 0.10/15.41
80 0.10/14.77 0.07/14.99 0.10/15.22 0.14/15.70
100 0.15/14.48 0.07/14.47 0.11/14.85 0.17/15.51
120 0.23/14.48 0.11/14.86 0.14/15.16 0.24/16.23
Triangular reference waveform
Reference Reference amplitude [deg]
frequency [Hz] 2 4 6 8
60 0.12/14.73 0.07/15.05 0.09/15.03 0.14/15.35
80 0.14/14.86 0.09/14.70 0.10/15.18 0.17/15.38
100 0.20/14.48 0.14/14.73 0.14/15.38 0.19/15.78
120 0.30/14.51 0.22/14.93 0.18/15.72 0.23/16.30

Table 5. Control performance (Mirror 2): Linearity [%] / Reproducibility [mdeg].

Sawtooth reference waveform

Reference amplitude [deg]

Reference
frequency [Hz] 2 4 6 8
60 0.15/16.37 0.09/16.75 0.16/17.61 0.18/17.15
80 0.34/16.48 0.11/16.94 0.17/17.59 0.32/18.81
100 0.55/16.18 0.21/16.51 0.14/17.56 0.33/18.98
120 0.77/16.60 0.33/16.93 0.15/17.83 0.37/18.83
Triangular reference waveform
Reference Reference amplitude [deg]
frequency [Hz] 2 4 6 8
60 0.18/16.51 0.11/16.90 0.13/17.19 0.23/18.55
80 0.26/15.95 0.16/16.54 0.15/17.52 0.25/18.42
100 0.32/14.48 0.21/16.55 0.18/17.59 0.27/18.41
120 0.39/16.29 0.26/16.49 0.22/17.36 0.30/18.63

Table 6. Performance comparison with existing literature.

Linearity .
Reproducibility

Reference (%] [mdeg] [mdeg] Notes
This work 0.12 6.3 15.02 Average of all the data reported Table 4.

ol 0.18 14 255 with 60 Hz - 0.6 deg sawtooth reference.
1 - 0.03 15 sawtooth reference parameters not specified.
1ol 33 200 7 with 10Hz - 7 deg triangular reference.

1291 0.32 16 2 with 50Hz - 5 deg triangular reference.

w9l 125 - - with 50 Hz - 8 deg sawtooth reference.

139 7 - 200 with 60 Hz - 0.4 deg sawtooth reference.
w3l 0.13 - - with 10Hz - 6 deg sawtooth reference.
Table 7. Control performance in presence of parameter variations (Mirror 1 - simulations): Linearity [%]/
Reproducibility [mdeg].

Parameter

Parameter

variation W, Wp, Wy, DC gain
-10% 0.08/18.05 0.06/21.69 0.05/19.63 0.19/18.54
+10% 0.06/21.71 unstable 0.04/18.97 0.10/19.91

Note: results are obtained with a 6 deg/100 Hz sawtooth reference signal.



18 (&) R ANTONELLO ET AL.

o 50
g s
[}
T o0
=2
'c 0
= [22]
D —50 ‘£ 2
& = ©
= 2 > o
2
10 § s E
T =)
=) 0 g S [v]
R L e i E E
5 —360 5 —100
§ oo Nominal
L —_— —109
£ = wp, —10%
—150
102 103 10 —50 [ 50 100 ‘
Frequency [Hz] Real axis Real axis
(@) ®) (©
o
o 50 50 ;
(0]
T 0
2 0
£ o
S —50 K] 2
o] 3 ©
= > d
102 103 104 S _s 5
c £
ks (=)
= [=)
() 0 © g
O 80|t G| E E
‘o —360 k —100
2 Nominal
& T, +10%
n o
o —720 2
—150
102 103 104 —50 0 50 100 .
Frequency [Hz] Real axis Real axis
(d) © 0]
o s o s T
o) o} 4 wny —10%
3 o g o — Wny +10%!
= 2 |
£ 2 , :
=50 —50
g 2 !
= s ¢
102 103 104 102 108 104 & of----—-—-

Imaginary axis
o

Nominal Nominal

|
I
|
|
|
|
|
|
|

Phase [deg]
|
Phase [deg]
|

0 — iy —10% T — wpy+10% »
102 103 104 102 108 104 -4 -2 [) .
Frequency [Hz] Frequency [Hz] Real axis

® (h) O]

Figure 9. Robustness tests (Mirror 1): loop transfer function (Bode and Nyquist plots) for (a—f) a =10% variation of the second
resonance frequency, and (g-i) a +10% variation of the third resonance frequency.

of Figures 9(a) and 9(d). However, only the +10% variation causes an instability, as evidenced by
the encirclement of the critical point that appears in the Nyquist plot of Figures 9(e)-9(f). In con-
trast, with a —10% variation, the lobe on the Nyquist plot is completely rotated to the right, and
no encirclement occurs around the critical point (see Figures 9(e)-9(f)). Given that the resonance
frequencies increase with the actuation amplitude,*®! this potential instability poses a limitation
to the proposed design. Nevertheless, robustness can be easily recovered by centering the notch
filter on a frequency slightly larger than that of the targeted resonance, to better tolerate possible
positive variations that might otherwise destabilize the loop. Variations in the other resonance
frequencies do not pose significant stability issues: the first resonance, being within the control
bandwidth, is phase stabilized even when perturbed, as long as an adequate phase margin is
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Figure 10. Robustness tests (Mirror 1): loop transfer function (Bode plots), control response detail and performance metrics (lin-
earity error) for (a—c) a —10% variation of the first resonance frequency, (d-f) a +10% variation of the first resonance frequency,
(g-i) @ —10% variation of the DC gain, (j-k) a +10% variation of the DC gain.
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maintained. The third instead remains well below the 0-dB line even in presence of variations,
and is therefore gain stabilized by the feedback loop (see Figures 9(g)-9(i)).

Regarding the feedforward action, this is more sensitive to variations in the static gain and the
first resonant frequency, as these parameters are used to design the command feedforward com-
pensator F,(z). In particular, a —10% variation of the static gain has the effect of producing an
under-compensation, resulting in an initial undershoot in the system response at the beginning
of each trace (see Figure 10(h)). Conversely, a +10% variation produces an initial overshoot, as
evidenced in Figure 10(k). Similar effects on the initial response are observed for variations of the
first mechanical resonance (see Figure 10(b) and 10(e)). However, for £10% variations of the
aforementioned parameters, the linear portion of trace remains almost unaffected, and perform-
ances are within specifications (see Figures 10(c), 10(f), 10(i), 10(])).

5. Conclusions

This paper has presented a simple, yet effective solution for the closed-loop control of the angular
deflection of linear micromirrors used in MEMS raster scanners for projection applications. The
proposed design is particularly suited for the integration on custom hardware such as FPGA or
ASIC, relying on a two degrees of freedom architecture with compensators that can be imple-
mented with standard FIR or bi-quadratic IIR filter cells. The rather simple controller structure
also reflects in a simplified tuning procedure. To facilitate this process, a rapid method for identi-
fying the main system resonances has also been proposed. This information is required for the
design of both the feedforward compensation, which aims to achieve the desired tracking per-
formance while suppressing undesired ringing arising from the excitation of high-frequency reso-
nances, and the feedback controller, which has to prevent potential mode spillover instabilities.
The experimental results obtained on a rapid control prototyping testbed have shown that with a
proper initial calibration, the proposed architecture is sufficient to attain the required perform-
ance specifications (evaluated in terms of linearity and reproducibility errors). In particular, there
is no need for any extra compensation technique to cope with issues such as resonance ringing
or actuator nonlinearity. However, in scenarios where the actuation or sensing systems exhibit a
more severe nonlinear characteristic, it is expected that an auxiliary compensation strategy that
relieves the workload of the feedback controller would produce better results. Among the avail-
able options, the Repetitive Control'**! and the Iterative Learning Control (ILC)"**) methodologies
seem the most promising, considering also the repetitiveness of the control task, and certainly
deserve to be analyzed in more depth in future works.
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