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ABSTRACT

This paper describes a nonlinear command tracking scheme
for an electrostatic laser scanning micromirror assembly. The
results are based on an innovative gimballed comb transducer
concept developed at the Fraunhofer Institute for Photonic
Microsystems. The outer mirror axis is designed as a Staggered
Vertical Comb (SVC) in out-of-plane configuration and it shall
provide a quasistatic operation with large deflection angles for
triangular trajectories. The challenges for trajectory design and
open loop command tracking are determined by the inherently
nonlinear transducer characteristics and the lightly damped
mass-spring dynamics. In this paper a flatness-based trajectory
design is presented that considers the nonlinear transducer
dynamics as well as the nonlinear elastic mechanical suspension
with model parameters derived from ANSYS analysis. The paper
discusses design constraints and detailed design considerations
and it shows proof of concept performance results based on
experimental verification with a real microscanner assembly.

INTRODUCTION

Micromachined scanning systems show particular advantages
for compactness and fast scanning dynamics. In this context
electrostatically actuated comb structures have shown to be
appropriate from the MEMS technology point of view (MEMS —
micro-electro-mechanical systems). The Fraunhofer Institute for
Photonic Microsystems (FhG-IPMS) has developed an innovative
laser scanning 2D-micromirror assembly based on a two-stage
gimballed electrostatic comb transducer [1,2]. The inner cardanic
axis is operating in resonant-mode at 1600 Hz whereas the outer
axis is formed by a vertical comb structure in a so-called
Staggered Vertical Comb (SVC) configuration that allows
quasistatic operation with large deflection angles, typ. £10°, see
Fig.1. A micromirror with elliptic aperture of 2.6x3.6 mm’ is
mounted on the inner axis silicon plate. The micromirror assembly
forms the core element of a novel 3D time-of-flight (TOF) laser
camera with foveation properties for robotic applications [3]. In
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the current design the foveated imaging, i.e. higher image
resolution at specific regions of interest, is realized by adapting
the scanning speed of the outer gimbal axis within a range of typ.
10 Hz, well below the outer axis eigenfrequency of typ. 125 Hz.

From the mechatronic point of view, the command tracking of
the quasistatic micromirror axis is challenged by the inherently
nonlinear transducer characteristics and the extremely lightly
damped mass-spring dynamics. The low mechanical (viscous)
damping is due to MEMS-technological constraints and highly
desired for the resonant stage. Nevertheless for quasistatic
operation, low damping is seen rather as an annoying disturbance
that needs spemal attention for command traj ectory d651gn
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FIGURE 1. GIMBALLED 2D-MICROSCANNER WITH
RESONANT DRIVEN MIRROR (INNER AXIS) AND A QUASI-
STATIC DRIVEN FRAME (OUTER AXIS)
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Closed loop control is used rarely for such MEMS-devices,
mainly for technological simplicity, i.e. for avoiding additional
sensing devices [4,5]. Although the current micromirror assembly
is prepared with piezoresistive position sensors, they are not
considered for the design discussed in this paper. Therefore open
loop control concepts are investigated further. In general open
loop control solutions rely fundamentally on appropriate and
representative models of transducer dynamics. A well known
commanding technique using linear model dynamics is input
shaping, where the lightly damped eigenmode oscillations are
smoothed out by destructive interference of pulse-shaped
command inputs [6-9]. Another rather straightforward approach is
prefiltering of the commanded trajectory profiles by some
compensating prefilter with inverse microscanner dynamics
[10,11]. Both methods, input shaping and prefiltering, have been
investigated further for the current microscanner in[12,13] using a
linear design model (input shaping) and a linear compensating
prefilter with deflection dependent parameters (adaptive prefilter).
Both “linear” solutions show a moderate performance with still
some residual oscillations due to imperfect cancellation of the
nonlinear mass-spring microscanner dynamics. Further
investigations with nonlinear command tracking methods have
been done for improvement of the control performance. In this
context the flatness-based design paradigm [14] is a promising
candidate that has been applied to some MEMS applications, e.g.
[15], but has not yet been implemented on the kind of MEMS
microscanners investigated here. Preliminary results for the
flatness-based microscanner design are reported in [13] and are
elaborated in more detail in this paper.

The current paper is organized as follows: succeeding this
introductory section the nonlinear microscanner design model is
presented, followed by detailed design considerations for the
flatness-based command generation and completed by
experimental results from proof-of-concept tests with the
implemented flatness-based control law on a real microscanner
assembly.

DESIGN MODEL

The outer quasistatic microscanner axis forms an elastically
suspended electrostatic comb transducer, discussed in detail in
[11] and schematically shown in Fig. 1, bottom right. The
movable comb electrode with deflection angle 6 is connected
with the substrate by a (nonlinear) torsional spring with
differential stiffness £(#) (rotational mass-spring system).
Viscous damping is very small and caused mainly by airflow
(solid state damping is negligible for the monocrystalline silicon-
based mirror structure). The nonlinear progressive torsional
stiffness increases with more than 30% within the nominal
deflection range of 10° (Fig. 2, left). The nonlinear spring torque
is given by

0
Tspﬁ'n,g (0) = ;/:J k(0 ')de' . (1)

In the current application the comb transducer is driven by a
controllable voltage source u, . The electrostatic driving torque
T, is given by the spatial change of the comb capacitance C(6)
and the square of the driving voltage as

T,(0,u,)= 180_@9)“;

2 00
The ANSYS computed capacitance function C'() is shown in Fig.
2, right, with two interesting properties: a deflection independent
stray capacitance C| := C(6 = 0°) = 80 pF and some nonlinear
behavior around zero deflection. Due to the unipolar torque
generation (square of wu, ) a second antagonistic comb drive is
needed, resulting in two unipolar electrical driving ports with
driving voltages u ), u; (Fig. 1, bottom right). A generic nonlinear
electromechanical design model taking into account both combs
and the drive current 7, at the comb drive electrical port (Fig. 3)
can be formulated as follows

2)

J b0 +7 . (0)=T,(0,u,)
. . 3
i (0,6,u,,4,) = C(0)i, + %f)e% ®

with model parameters J = 4.35-10 “kgm’ for mirror inertia
and b = 3.3-10"" Nms/rad for viscous damping. The driving
voltage u  is restricted to £150 V.
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FIGURE 2. NONLINEAR TORSIONAL SPRING STIFFNESS
AND COMB CAPACITANCE AS AFUNCTION OF THE
MECHANICAL DEFLECTION ANGLE
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FIGURE 3. SYSTEM BLOCK DIAGRAM WITH ELECTRICAL
WIRING
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FLATNESS-BASED TRAJECTORIES

DESIGN

A system block diagram for the open loop control scheme
including electrical wiring is shown in Fig. 3. Admissible
command (reference) trajectories 0" (¢) are transformed in drive
voltage commands ' (t) applied at the electrical port(s) of the
microscanner. For generation of admissible trajectories 0" (¢) the
Sflatness design paradigm, as introduced in [13], is used that allows
a systematic command trajectory design taking into account the
nonlinear micro mirror model as given in the previous section.

COMMAND

State Space Model

In the first step the mechanical submodel of Eq. (3) is
described as a state space model using the state vector
x =[x,x,]:=[6,6] and the input u = u,, resulting in

X=X
X 4
%, =—ix2—ijk(fl)dxl+ia—cu2. @
J,, v 2J ox,

The deflection angle € defines the output y of the system
V=X (5)

Proof of Flatness

Proving the differential flatness property is rather
straightforward by choosing the deflection angle 6 as linearizing
or flat output z , substituting [xl X% = 2 z'] and rearranging Eqs.
(4) and (5) in the following way:

u=u(z,2%)= %(Jz#bz#jk(f)df]
— 0

& (6)

y=y(z)=z.

Equation (6) says, that the input u , the output y as well as
all the state variables may be expressed as algebraic functions of
the flat output z and its time derivatives proving differential
flatness of the system Eq. (4).

In Eq. (6) the highest time derivatives of the input is n =2
and of the output is ¢ = 0. Therefore the relative degree r of the
system defined by Eq. 3)is r=n—¢=2.

Reference Trajectory Design

To compute the input (or control) voltage trajectory for the
micro mirror the reference trajectory z*(t) must be 7 -times
continuously differentiable. Thus the desired linear triangle
trajectory will be adapted with smooth polynomials at its reversal
points as shown in Fig. 4, where the linear area covers 80% of'the
total deflection. To ensure second order differentiability with
respect to time the polynomials have the form:

z'(t)= Zaiz'i (1), (7

where a, are constant coefficients, constraint by the interception
points at the linear area, and 7()=(1—1,)/(t; —1,) is the
normalized time between the start time 7, and the end time ¢, of
the reversal polynomial.
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FIGURE 4. SMOOTH REFERENCE TRAJECTORY AS AN
ADAPTED TRIANGLE TRAJECTORY WITH POLYNOMIALS

-0

Trajectory Command Voltage

Finally the input voltage trajectory is computed with Eq. (6)
using the reference trajectory Z(t) as shown in Fig 4. The
computation of the partial derivative of the capacitance function in
Eq. (6) needs special attention. The ANSY'S model in Fig. 2, right,
is only a first approximation and C/(f)cannot be measured
directly. As a workaround solution the following indirect
reconstruction has been employed. The static deflection relation
by equating Eqgs. (1), (2) can be easily rearranged to

s - (®)

Using the measured deflection characteristic 6(u ) as shown
in Fig. 5 allows a straighforward computation of the partial
derivative of the capacitance function from Eq. (8). Figure 6
shows this trajectory split for both electrodes of the micro mirror
and illustrates the behavior similar to a root function, that requires
a fast charge reversal near the zero deflection.

measurement
***** simulation

=]

deflection angle 6 [deg]
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voltage [V]

FIGURE 5. STATIC DEFLECTION CHARACTERISTIC CURVE
USED TO COMPUTE THE VOLTAGE TRAJECTORY
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FIGURE 6. TYPICAL TRAJECTORY COMMAND VOLTAGE

EXPERIMENTAL VERIFICATION

Experiment Setup

The experimental verification of the proposed open loop
control concept aims in (i) validation of microscanner model
accuracy and (ii) performance assessment under operational
conditions. The experiments have been conducted with a FhG-
IPMS developed microscanner according to Fig. 1 in a test setup
shown in Fig. 6. External reference measurement of the real mirror
deflection 0(t) has been done with a position sensitive detector
(PSD) setup as sketched in Fig. 7.

_ The measurement equation for mirror deflection angle
0(t) using the PSD is given as

.1 k. I —1
f = —arcsin |22 <« b
d I +1

) (€))

where Ia,Ib are displacement currents, d is the distance
between PSD and micro mirror and £, is a scaling factor.
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FIGURE 7. EXPERIMENTAL SETUP FOR MEASUREMENT
OF MIRROR DEFLECTION ANGLE

Experiment Results

In general the ANSY'S models are sufficiently representative,
as can be deduced e.g. from the comparison of measured and
simulated (ANSYS based) deflection characteristic in Fig. 5. Also
the dynamic trajectory tracking performances are rather close to
the predicted ones. In Fig. 8 are given typical measured time
responses for a 10 Hz flatness-based reference trajectory. Results
for the measured tracking error (error w.r.t. reference)

e,(t) = 0"(t) — O(t) (10)

are shown in Fig. 8b. There can be seen residual oscillations at the
micro mirror outer axis eigenfrequency of 123 Hz resulting from
inaccuracies of the design parameters.

From the application point of view the foveation function (cf.
introductory section) requires a very high repeatability of the
spatial scanning profile. An appropriate metrics for measuring the
repeatability is the dispersion as defined in Tab. 1 using the
deviation from the mean deflection

AO  (t):= max
max t e 49 cycles

A~

0(t ) — mean (é(tz))) (11)

g 49 cycles

as baseline metrics.

A summary of measured performance metrics is given in
Tab.1. For the evaluation of the performance metrics the 80%
operating range of constant scan speed (+6.4° mirror deflection,
see Fig. 8a) has been used. The verification shows that with this
kind of open loop command tracking operational tracking
accuracies of typ. 2% and a high repeatability of about 2%o for
successive scans can be achieved.

Serial Resistance — Impedance Feedback

The dynamic microscanner performance is fundamentally
affected by a serial resistance in the electrical driving circuit, see
dashed part of Fig. 3. In a positive way such a resistance is
realizing an analog electromechanical passive damping of the
lightly damped mass-spring mirror dynamics and it is improving
considerably dynamic robustness, see the detailed analysis in
[11,12]. Considering a resistance R in series the relationship
between commanded drive voltage ug and mirror drive voltage u,,
can be written as

u, =u; —R-i, (12)

employing nothing else than an analog feedback with “gain” R at
the electrical port of the mirror — impedance feedback. In [11] it
is shown that R can be used as a design parameter for achieving
maximum possible damping.

Nevertheless this raises problems for the bipolar operation of
the microscanner because of the stray capacitance C, , see
previous section. The square root law Eq. (8) for the driving
voltage requires infinite (very large) slope (rate of change) for the
driving voltage at zero deflection crossing. In consequence this
results in infinite (very large) drive currents due to i, = C i, and
reduces the net voltage at the mirror port (cf. Eq. (12)) and thus
not giving full authority to electromechanical torque generation.
As a result residual excitation of the mass-spring eigenmode can
be observed at deflection zero crossing. This prohibits the direct
use of impedance feedback for bipolar operation. We are currently
investigating measures at electrical circuit level to compensate for
these undesirable load/unload artifacts.
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TABLE 1. STATISTICAL RESULTS IN 80% LINEAR DEFLECTION
AREA: MEAN ERROR FROM REFERENCE TRAJECTORY AND
DISPERSION (REPEATABILITY) FROM 49 TRIANGLE CYCLES
CF.FIG 8

Error Type Metrics Exp. Result
Error from €p.max ~ €o,min 1.82%
reference 12.8°
Dispersion A gmax -A e_min 0.215%
(Repeatability) 12.8°

(a) reference and measurement
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FIG. 8. EXPERIMENTAL RESULTS (FOR ONE PERIOD OF A
10 HZ REFERENCE TRAJECTORY IN STEADY STATE): (A)
REFERENCE AND MEASUREMENT, (B) ERROR BETWEEN
MEASUREMENT AND REFERENCE, (C) MIN. AND MAX.
DISPERSION OF 49 PERIODS REPRESENTING THE
REPEATABILITY OF THE RESULT
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