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System Design and Control of a Resonant Fast
Steering Mirror for Lissajous-based Scanning

Ernst Csencsics, and Georg Schitter,Senior Member, IEEE

Abstract—This work introduces a system and controller design
of an electromagnetically actuated fast steering mirror (FSM)
tailored for Lissajous trajectories. The proposed system enables
an improved performance in terms of energy consumption and
tracking precision. By individually tuning the stiffness of each
scan axis of the proposed FSM system, the resonance frequencies
are placed at the drive frequencies of the desired Lissajous
trajectory. The design of a dual tone controller for feedback
control is presented, matched to the scanning trajectory and the
tuned FSM dynamics. It is shown that compared to a state of
the art FSM system the energy consumption can be reduced by
a factor of 100 using the modified system structure and the dual
tone controller. Vice-versa the maximum scan area is enlarged by
a factor of 60. The resulting rms tracking error can be reduced
by 48% as compared to the conventional FSM system.

Index Terms—System analysis and design, Optimal control,
Motion control, Lissajous trajectory, Fast steering mirror

I. I NTRODUCTION

Fast steering mirrors (FSMs) are applied for beam stabiliza-
tion in optical systems [1], acquisition of optical signalsand
tracking of objects [2], and pointing of a laser or light beam
[3]. Next to pointing applications FSMs are used for scanning
operations ranging from optical free space communication
[4], over laser scanners [5] to scanning confocal microscopy
[6], scanning optical lithography [7] and material processing
[8]. Depending on the application requirements, such as scan
range and system bandwidth, electromagnetically [1], [5] and
piezoelectrically [4], [9] actuated systems are reported.FSMs
are typically operated in closed-loop with high bandwidth
feedback controllers for fast motion control and disturbance
rejection [10], [11].

For 2-dimensional scanning of an area of interest a laser
beam is deflected by tilting the FSM around two rotational
axes. Raster scan trajectories are commonly employed patterns
[8], [12] and are also applied in in other scanning systems,
e.g. in scanning probe microscopy (SPM) [13]. The FSM
system axes are driven with a slow and a fast triangular
signal, resulting in a uniform spatial resolution and scan
speed. For a triangular reference signal at least the first 7
harmonics of the fundamental frequency have to be covered
by the system bandwidth [14]. This requires a high control
bandwidth [15] to achieve high spatial resolution at high frame
rates. Simultaneously this imposes strong requirements onthe
mechanical design of the FSM [16], since structural modes
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within the targeted system bandwidth have to be avoided [17].
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Fig. 1. Lissajous trajectory (solid red) compared to raster trajectory (dashed
blue) for a FSM system with a scan size of 5.24 x 5.24 mrad (10% ofthe
used FSM system range) and a framerate of 1 frame/s. The fast scanning axis
of the raster scan is set to 10 Hz and the Lissajous frequencies are fx=19 Hz
and fy=14 Hz, resulting in an almost equal spatial resolutionfor the raster
(rR) and for the Lissajous (rL) scan (zoomed image).

Recently Lissajous-based scan trajectories have been pro-
posed for precision scanning systems such as atomic force
microscopes (AFMs) [18]. They result from driving each
system axis with a sinusoidal signal of a single frequency,
with the drive frequencies determining the spatial resolution
and the frame rate [19]. The scanning speed is not constant and
adjacent areas are traversed from different directions, which
can be critical for tactile metrology systems (e.g. artifacts in
AFMs) but not for optical systems. The spatial resolution
is non-uniform, with the maximum distance between two
intersections of the scan trajectory and the principle axesbeing
an efficient metric for it (see Fig. 1). In Fig. 1 a comparison
of a raster and a Lissajous scan trajectory with almost equal
resolution and frame rate is shown. Together with a tailored
feedback controller they are reported to enable a reductionof
the senor noise feedback in high precision scanning applica-
tions [18]. They have been applied in various scientific fields
like optical microscopy [20] or medical imaging [21]. Their
multi-resolution capabilities in AFM applications have been
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demonstrated [18] and they have been applied in video-rate
AFM [22]. Further applications include also magnetic particle
imaging [23] and MEMS scanners [24].

Recently Lissajous trajectories have been applied to a FSM
system for improving the system performance [25]. Compared
to a raster trajectory with equal spatial resolution and frame
rate, the Lissajous trajectory in combination with a dual
tone (DT) controller enables significantly improved tracking
performance. For a scan with equal scan amplitude, however,
the Lissajous trajectory required more than twice the actuation
current, limiting the achievable bandwidth and scan range.

This paper proposes a method to improve the energy effi-
ciency and to enlarge the achievable scan range of a state of
the art FSM system by modifying the resonance frequencies of
the system axes in order to match the drive frequencies of the
desired Lissajous scanning trajectory. Tuning the resonances
has recently also been reported for a micromirror system to
adjust the scanning direction and frequency [26].

A system analysis of the conventional commercial FSM is
performed in Section II, describing the experimental setup
and identifying the structural modes that limit the system
bandwidth. In Section III the modifications on the tuned
FSM system are described, the system dynamics are identified
and compared to the conventional FSM system. Section IV
presents the Lissajous trajectory tailored controller design for
both FSM systems. DT controllers [25] are designed for the
conventional and the tuned FSM, respectively. To improve
the tracking performance a two degree of freedom control
structure is introduced. The performance of both systems with
the respective controllers is evaluated in Section V, while
Section VI concludes the paper.

II. CONVENTIONAL FSM SYSTEM

A. System description

A state of the art commercial FSM (Type: OIM101, Optics
in Motion LLC, Long Beach, USA) with a maximum range of
+/-26.2 mrad (+/-1.5 deg) is used as benchmark system. To ac-
tuate each axis two voice coil actuators with moving magnets
and static coils, operated in a push-pull configuration, areused.
To measure the rotational position of the mirror around x-
and y-axis for closed-loop operation, an internal optical sensor
system with read-out electronics is used. Each pair of actuator
coils is driven by a custom made current amplifier (OPA544T,
Texas Instruments Inc., Dallas, TX, USA) with a bandwidth
of 10 kHz. The signals for the amplifier inputs (xin andyin)
are generated by a dSpace platform (Type: DS1202, dSPACE
GmbH, Germany), that is also used for data acquisition of the
sensor signals (xout and yout). As the actuation and sensing
axes of the FSM are 45◦ rotated with respect to each other,
the dSpace system is also used to implement a rotation matrix
for transforming the drive signals. Fig. 2 shows a schematicof
the resulting system setup, with the digital system, the FSM,
the two current amplifiers (Ix andIy) and the internal position
sensorPS (Θx andΘy). The transfer functions of the axes
are denoted byGxx andGyy, while Gxy andGyx represent
the crosstalk in the system.

To identify potential structural modes of the mover with
the mirror an external capacitive sensorCS (Type: 6504,
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Fig. 2. Schematic of the experimental FSM setup. The actuatorsof the
x- and y-axis are driven by the currentsIx and Iy with current controlled
amplifiers. The transfer functions of both axes are denoted byGxx andGyy .
The crosstalk between the axes is represented by the grey blocks Gxy and
Gyx. The mirror anglesΘx andΘy are measured with an internal optical
position sensorPS.

MicroSense LLC, Lowell, MA, USA) is additionally used to
identify the x-axis dynamics. The sensor is mounted in front
of the mover and collocated above the center of one voice coil
actuator (see Fig. 4) to measure the rotational position of the
mover around the x-axis (xcap in Fig. 2).

B. System identification and modeling

A system analyzer (3562A, Hewlett-Packard, Palo Alto, CA,
USA) is used for system identification. The input of the current
amplifier and the signal of the internal sensor are considered
as the system input and output, respectively (see Fig. 2). Thus
the amplifier, the mirror and the internal sensor are together
considered as the plant. Fig. 3a depicts the measured frequency
response of the x-axis, as well as the magnitude plot of the
measured crosstalk from x- to y-axis. As shown in [25] the
frequency responses of both axes are identical for this system,
due to the symmetric design, which also holds for the crosstalk
frequency responses. The crosstalk magnitude between the
axes at the resonance frequency is 38 dB lower than the
magnitude of the single axis transfer functions (TFs). At DC
and over the most part of the relevant frequency spectrum the
crosstalk is more than 44 dB lower than the single axis TFs.
This justifies the use of one SISO controller per system axis.

The second order plant model

Gxx(s) = Gyy(s) = K · ω2
0

s2 + 2ω0ζs+ ω2
0

· PA(s), (1)

with a DC gain K=11.22,ω0=169.6 rad/s (suspension mode at
f0=27 Hz) and a damping ratioζ=0.04 is fitted to the measured
data of the system axes. The phase loss due to the sampling of
the digital system atTs=20µs, is modeled by a second order
Pade-approximationPA(s) [27] for the controller design.
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(b) External capacitive sensor

Fig. 3. Frequency responses of the conventional FSM. (a) shows the measurement with the internal sensor system (solid red)and the fitted system model
(dashed black) for a single scan axis. The system is modeled asa mass-spring-damper system with a resonance frequencyf0=27 Hz. Structural modes occur
beyond 4 kHz. The measured crosstalk between the two axes (solid green) is about 40 dB below the single axis response. (b) depicts the frequency response
measured with the external capacitive sensor (co-located with actuator), showing the same low frequency behavior. Additionally structural modes at 850 Hz
(marked area in zoomed image) and beyond 2.8 kHz are observed.

Fig. 3b shows the frequency response measured with the
capacitive sensor (solid) and compares it to the measurement
using the internal sensor (dotted). The vertical shift of the
magnitude plots and the different time delays in the phase
plot (visible beyond 1 kHz) result from the different gains and
sampling times of the two sensor systems. The measurement
using the capacitive sensor reveals first structural modes of the
mirror around 850 Hz (marked area in the zoomed image),
which are not observable with the internal sensor. From the
phase plot also a phase drop down to -242◦ around 850 Hz
can be observed. Besides the structural modes at 4.4 kHz and
8.5 kHz, which are observable with both sensors, the capacitive
sensor also shows additional structural modes at 2.9 kHz and
6.6 kHz. The additional modes result from deformations of the
mover with mode shapes that have nodes at the measurement
position of the internal sensor and can thus not be observed.

From a pure controls perspective the sensor placement of the
internal sensors is a benefit rather than a drawback, since the
unobservable mode at 850 Hz does not cause a phase drop and
is thus not limiting the achievable closed-loop bandwidth of
the PID controlled system. It would thus be possible to push
the closed-loop bandwidth above 850 Hz using the internal
sensors. However, for a precise scanning motion the first
structural mode, denotes an upper limit for the maximum drive
frequency of the mirror. The structural mode of the mirror may
lead to deviations of the steered beam on the target, which
cannot be compensated for.

With the identified system dynamics and a targeted scanning
application with an image size of 300x300 pixel and a frame

rate of 1 frame/s a suitable Lissajous trajectory needs to be
designed. For the choice of the two drive frequencies two
competing thoughts need to be considered: (i) the frequencies
need to be well separated in order to reduce the crosstalk in the
tuned FSM system (see Section III-B) and (ii) the difference
between the two frequencies should be small enough, such that
the resolution along the two principal axes is not significantly
different. According to these requirements the two drive fre-
quencies should range between 700 Hz (approx. 10% lower
than first structural mode) and 400 Hz. From this range the
frequenciesf1=473 Hz andf2=632 Hz are chosen. According
to the definition in [18] they results in a spatial resolutionof
0.0025 and 0.0033 (with respect to unity image size) for the
two principal axes, clearly enabling a 300x300 pixel image,
and a trajectory duration ofT=1 s (1 frame/s).

III. T UNED FSM SYSTEM

To improve the energy efficiency for a Lissajous scan with
the desired frequenciesf1 andf2 a modified system design is
employed. The conventional FSM is withf1 andf2 driven on
its mass line (see Fig. 3). An improvement of energy efficiency
of the system can be achieved by lifting the plant gain. This is
realized by shifting the resonance frequencies of each axisin
order to match one of the desired drive frequencies, resulting in
an increased plant gain at these frequencies only. At resonance
the force applied to the system is in phase with the velocity
(direction of the movement), transferring energy from actuator
force to mechanical movement with maximum efficiency. This
approach is perfectly suitable for the Lissajous scan case,
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where a high plant gain is only needed at the individual drive
frequency.

A. System description

For the setup of the tuned FSM system the same components
as for the conventional FSM (see Section II-B) are used.
For a second order rotational mass-spring-damper system the
resonance frequency of each axis is defined by

f0 =
1

2π
·
√

kr
J
, (2)

wherekr is the rotational spring constant andJ is the inertia
of the moved body. Given the resonance frequencyf0=27 Hz
of the conventional FSM and the targeted drive frequencies
of f1=473 Hz andf2=632 Hz, the resonance frequencies of
the axes need to be increased. The inertia of the moved body
is given by the conventional FSM and equal for both axes.
This leaves the rotational stiffness of each axis as parameter
to individually tune the resonance frequencies to the desired
values f1 and f2. A leaf spring (brass, 20mm wide, 1mm
thick) is attached to the mover for each axis and mounted to
an external mounting frame. The respective stiffness is tuned
by changing the length of the individual leaf spring via the
position of the clamping bracket. In Fig. 4 the tuned FSM
system setup is shown.

x

y

tunable
leaf springs

coil

voice coil actuatormagnet

Fy
-Fy

actuator forces

Fig. 4. Tuned FSM system. The spring constants of x- and y-axisare increased
using tunable leaf springs. The leaf springs are attached tothe mover part and
are mounted to a solid aluminium frame. The resonance frequencies can be
tuned by adjusting the length of the leaf springs, changing their stiffness.

B. Identification and modeling

Considering the input of the current amplifier and the
signal of the internal sensor again as the system input and
output, respectively, the system identification is performed
with a system analyzer (see Section II). Fig. 5a shows the
measured frequency responses of the tuned x- and y-axis.
It can be seen that the resonance frequency of the x-axis
is tuned tof0x=473 Hz by increasing the system stiffness
by a factor of about 512 as compared to the conventional
FSM. The resonance frequency of the y-axis is tuned to
f0y=632 Hz, corresponding to a stiffness increase by a factor
of 630. Around 2 kHz the system noise floor at about -60 dB
is reached. Fig. 5a also depicts the magnitude response of

the crosstalk between both axes (equal for both directions),
showing that the crosstalk magnitude at DC is 18 dB smaller
than the one of the y-axis. This means that the crosstalk
between the axes at DC is increased by 26 dB as compared
to the conventional FSM. Tuning both axes to the same
frequency, e.g.f0x (which would make no sense for the
trajectory), or only slightly diverging frequencies, would result
in an approximated crosstalk magnitude around 12 dB below
the axis TF atf0x, when considering the difference of the axis
and crosstalk response of the conventional FSM at resonance
(38 dB, see Fig. 3a) and the reduced difference of axis and
crosstalk response of the tuned FSM at DC (26 dB smaller).
When separating the two resonance frequencies the resonances
of both axes can no longer amplify each other via crosstalk,
so that the resulting crosstalk peaks are reduced. Thus the
crosstalk magnitudes atf0x and f0y stay below 20 dB and
26 dB, respectively. In summary this again justifies the use of
one SISO controller per axis.

The second order plant models for the x-(Gxx,t(s)) and
y-axis (Gyy,t(s)) are fitted to the measured data, using the
same structure as in (1) and identified parameters as shown
in Table I. As the digital system is not changed the phase
loss due to its sampling delay is modeled by the same Pade-
approximation as in (1).

TABLE I
PARAMETERS OF THE TUNEDFSM SYSTEM MODELS.

Model Parameter Value

Gxx,t(s) K 0.0219
ω0 2971 rad/s
ζ 0.008

Gyy,t(s) K 0.0178
ω0 3971 rad/s
ζ 0.008

The plant models of the tuned FSM are depicted in Fig. 5b
together with the plant model of the conventional FSM. It can
be seen that compared to the conventional FSM the spring
line is shifted by 54.2 dB and 56 dB for the x- and y-axis,
respectively, resulting in a stiffer system with higher resonance
frequencies. At the targeted drive frequencies the plant gain of
the tuned FSM is 31.6 dB (x-axis) and 34.6 dB (y-axis) larger
than the plant gain of the conventional FSM. This already
implies that at these frequencies the controller for the tuned
FSM will require less effort, denoting less actuator current,
to result in the same targeted loop gain. The slightly varying
mass lines of the tuned FSM axes result from additional inertia
due to the mounted leaf springs. Clearly the material choice
of the leaf springs is an important parameter as mainly the
material-inherent damping limits the quality factorQ of the
resonances, and thus the increase in energy efficiency.

IV. CONTROLLER DESIGN FORL ISSAJOUS BASED

SCANNING

In contrast to tracking raster trajectories for each scanning
direction, the controller for a Lissajous trajectory needsto
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Fig. 5. Frequency responses of the tuned FSM. (a) shows the frequency response of the x- (blue) and y-axis (red) of the tuned FSM. The resonance frequencies
of both axes are shifted tof0x=473 Hz (x-axis) andf0y=632 Hz (y-axis). The crosstalk magnitude (green) is about 20dB below the single axis responses.
(b) compares the fitted system axis models of the conventional (solid black) and tuned FSM dynamics (dash-dotted blue and red). The stiffness of the system
is increased by more than 54 dB. At the drive frequencies the plant gain of the tuned FSM is increased by more than 30 dB.

track a single frequency only. Tailored DT controllers are
reported [25] to be suitable for Lissajous-based scanning
of low-stiffness FSMs. They are simultaneously tracking a
sinusoidal signal at the drive frequency of the individual axis
and rejecting the crosstalk with the drive frequency from the
respectively second scanning axis.

A. Dual tone controller design methodology

To design DT controllers for the axes of the conventional
and the tuned FSM anH∞ approach [28] is used. The
controller for a single system axis is obtained by minimizing
theH∞-norm

min
C

∣∣∣∣
∣∣∣∣
[
WSS
WUU

]∣∣∣∣
∣∣∣∣
∞

= ||N ||∞ < γ. (3)

of the extended system model shown in Fig. 6.P represents
the plant dynamics,C the controller, andWS and WU are
the weighting functions for the sensitivity functionS(s) =
1/[1 + C(s)P (s)] and the input sensitivity functionU(s) =
P (s)/[1 + C(s)P (s)]), respectively, that guide the controller
design. An upper bound for theH∞-norm is represented byγ,
whereγ < 1 should be maintained to ensure robust stability.
In Fig. 6 p denotes the sensed mirror position,u is the control
effort, e the tracking error,r the reference, andn is the sensor
noise.

As in [25] the weighting functionWS , representing the
requirements onS, is composed of a fourth order TF

WS(s) =

2∏

i=1

s2 + 2ωriζs+ ω2
ri

s2 + 2ωri
ζ
ds+ ω2

ri

. (4)

This TF consists of two inverse notch filters with peaks
at the two drive frequencies and steep roll-offs before and

PΣ

- C

WS

r e p

w1

u

WU

w2

Σ

ΣΣ
n

Fig. 6. Block diagram of the extended model of the H∞-controller design
for a single FSM axis. The weighting functions for the sensitivity and input
sensitivity function are represented byWS andWU . C denotes the controller
andP the FSM axis plant model.

thereafter, enforcing good tracking at these two frequencies
only. The peak frequencies are set toωr1=2971 rad/s (f1) and
ωr2=3971 rad/s (f2) matching the two drive frequencies, that
coincide with the resonances of the two scanning axes. The
damping ratioζ=0.01 and the factord=100 are used to tune
the width and height of the inverse notches.

To enforce a reduced control effort at high and low frequen-
cies the weighting function

WU (s) = K ·
2∏

i=1

s2 + 2ζziωzi + ω2
zi

s2 + 2ζpi
ωpi

+ ω2
pi

, (5)

with gainK=2.886x105 and parameters according to Table II,
is used to formulate the requirements onU . The weighting
function is composed of an inverse highpass and an inverse
lowpass filter and reaches its minimum between 400 Hz and
700 Hz. This ensures a second order roll-on and roll-off of the
controller at low and high frequencies, respectively, enforcing
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TABLE II
PARAMETERS OF THE WEIGHTING FUNCTIONWU .

Index ωIndex [rad/s] ζIndex

z1 3.77x103 0.7
z2 4.4x103 0.7
p1 3.77x107 0.7
p2 0.063 0.7

a reduced control effort. Around the drive frequencies, how-
ever, the constraints on the control effort are relaxed, such
that good tracking in this frequency range is not impaired by
a limited controller output.

B. DT controller for conventional FSM

With the obtained system model from Section II-B and the
design methodology from the previous Section the controller
CDT for the conventional FSM is of 9th order:

CDT (s) = KDT ·

(
3∏

i=1

s2 + 2ζziωzis+ ω2
zi

)
· (s+ ωz4)

(
4∏

i=1

s2 + 2ζpi
ωpi

s+ ω2
pi

)
· (s+ ωp5

)

,

(6)
with gain KDT =7.285x108 and coefficients according to Ta-
ble III. The magnitude response of the designed controller is

TABLE III
COEFFICIENTS OF THE DUAL TONE CONTROLLERCDT (s) FOR THE

CONVENTIONAL FSM.

Index ωIndex [rad/s] ζIndex

z1 0.024 0.97
z2 169 4x10−2

z3 -3340 2.5x10−2

z4 -4310 -
p1 76.8 0.93
p2 2.79x103 1x10−4

p3 3.79x103 1x10−4

p4 1.12x104 0.4
p5 1.68x104 -

shown in Fig. 7. The controller shows high control gains of
70 dB and 77 dB at the drive frequenciesf1=473 Hz and
f2=632 Hz, respectively. At frequencies below 300 Hz the
controller shows a 40 dB/dec slope with a pair of conjugate
complex zeros at the resonance frequency of the plant at
f0=27 Hz. This pair of zeros is used to reduce the high loop
gain at the system resonance, which is not required at this
frequency, and would lead to increased sensor noise feedback.
The 40 dB/dec slope below 27 Hz is caused by the weighting
function WU and reduces the loop gain at small frequencies,
while the 40 dB/dec slope between 27 Hz and 300 Hz is caused
by the system dynamics. Above 2 kHz the controller shows a
-40 dB/dec slope, which results from the weighting function

WU and reduces loop gain at high frequencies. As the high
controller gains lie on the mass line of the conventional FSM,
the control system is robust against even significant parameter
variations (e.g. mass or stiffness).
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Fig. 7. Magnitude responses of the designed controllersCDT (black), and
Cx (blue) andCy (red) for the conventional and the tuned FSM, respec-
tively. CDT shows highly localized control efforts at the drive frequencies
f1=473 Hz andf2=632 Hz. The different values result from different plant
gains at these frequencies.Cx and Cy show the largest gain at the drive
frequency of the respectively other axis (reject crosstalk) and smaller gains
at their own drive frequency (tracking). At low and high frequenciesCDT

andCx show a second order roll-on and roll-off, respectively.Cy shows a
second order roll-on at low and a first order roll-off at high frequencies.

The system is built symmetrically and the controller is tuned
for both drive frequencies, so that the same controller can be
applied for both system axes.

C. DT controller for tuned FSM

The DT controllers for the tuned FSM system are also de-
signed by using the design procedure and weighting functions
described in Section IV-A. Given the system model for the
x-axis of the tuned FSM system, obtained in Section III-B,
the derived controller is:

Cx(s) =
Kx

KDT
· CDT (s), (7)

with CDT (s) from (6), gainKx=1.251x109 and coefficients
according to Table IV. The H∞-design is done in the contin-
uous time domain, so that poles and zeros above the sampling
frequency are removed before discretization, resulting ina
reduced 9th order controller.

Using the system model of the y-axis from Section III-B in
the controller design procedure, the derived reduced controller
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for the y-axis is of 8th order:

Cy(s) = Ky ·

(
2∏

i=1

s2 + 2ζziωzis+ ω2
zi

)
·
(

5∏
i=3

s+ ωzi

)

4∏
i=1

s2 + 2ζpi
ωpi

s+ ω2
pi

,

(8)
with gain Ky=6.616x103 and coefficients according to Ta-
ble IV.

TABLE IV
COEFFICIENTS OF THE CONTROLLERSCx(s) AND Cy(s) FOR THE X- AND

Y-AXIS OF THE TUNED FSM.

Cx(s) Cy(s)
Index ωIndex ζIndex ωIndex ζIndex

[rad/s] [rad/s]

z1 -0.063 1.9x10−3 -3.43x103 6x10−2

z2 2.97x103 8x10−3 3.97x103 2x10−2

z3 -3.38x103 2.7x10−2 0.044 -
z4 -2.55x103 - 0.059 -
z5 - - -4.47x103 -
p1 485 0.53 1.37x103 0.79
p2 2.97x103 9.5x10−5 2.97x103 1x10−4

p3 3.97x103 9.5x10−5 3.97x103 1x10−4

p4 1.13x104 0.37 4.04x103 0.57
p5 1.65x104 - - -

The magnitude responses of the designed controllers for
x- and y-axis are shown in Fig. 7. It can be seen that again
both controllers show highly localized control efforts at the
drive frequencies, due toWS . However, the control effort at
the designated drive frequency of each axis is significantly
reduced, in comparison to the conventional FSM plant con-
trollers (see Table V). This results from the higher plant gain at
the respective resonance frequency. At the respective crosstalk
frequency (drive frequency of the other axis) the control effort
is equal or slightly reduced. Both controllers show low control
efforts and a 40 dB/dec roll-on at low frequencies, due to
WU . At high frequenciesCx andCy show a -40 dB/dec and
-20dB dB/dec roll-off (to fulfill the requirements onU(s)),
respectively, while the gain ofCy lies constantly below the
gain of Cx. The deviations of the controller TFs at low and
high frequencies result from the optimization process thatuses
the same weighting functions but different plant models and
aims to fulfill the phase requirements in both cases.

TABLE V
CONTROLLER GAINS OFCDT (s), Cx(s) AND Cy(s) AT THE DRIVE

FREQUENCIES.

Frequency [Hz] CDT [dB] Cx [dB] Cy [dB]

f1 = f0x = 473 70 38 70
f2 = f0y = 632 77 73 48

D. Controller implementation

For implementation on the dSpace system the controllers
are discretized using Pole-Zero-Matching [29] for a sampling
frequency offs=50 kHz. Using the relationz = es/fs , poles
and zeros are directly transformed to the discrete time domain,
ensuring that the controller poles are located exactly at the
drive frequencies.

The simulated open loop frequency responses of both sys-
tems are shown in Fig. 8a. At low frequencies the TFs of the
tuned FSM are dominated by the controller, while the TF of
the conventional FSM is flat due to the cancellation of the plant
dynamics by the controller betweenf0 and f1. The gains at
the two drive frequencies lie for both systems around 48 dB.
The roll-off above the drive frequencies is a combination of
the controller roll-off and the low-pass characteristic ofthe
systems. Considering parameter variations, the control system
is robust against changes of the axis resonance frequencies
up to 15%. The more critical change is when the resonance
frequencies of the axes approach each other, while a change
that increases the gap between the resonance frequencies is
less critical (robust to changes up to 50%). Robustness of the
system thus also supports the desire for well separated drive
frequencies (see Section III-B).

The measured complementary sensitivity functions of the
feedback controlled conventional and tuned FSM are depicted
in Fig. 8b. It shows that the TFs of both systems reach the
0 dB line exactly at the two drive frequenciesf1 and f2
and roll-on/-off steeply before/after. At these frequencies the
TFs show perfect phase match of 360◦ and 720◦, which is
achieved by two right half plane zeros. This phase match is
achieved at the cost of a positioning delay of 1 and 2 periods,
respectively, which, however, can easily be accounted for by
post-precessing of the acquired data. Below the resonance
frequencyf0 of the plant the TF shows a 40 dB/dec slope
resulting from the controller TF. Above 2 kHz a -80 dB/dec
slope can be obtained. The TF of the tuned FSM both show a
40 dB/dec roll-on at low frequencies while at high frequencies
the x-axis and the y-axis show a -80 dB/dec and -60 dB/dec
roll-off, respectively. The differences in the closed-loop TFs
at low and high frequencies result from the differences in the
controllers that are due to the H∞-design (see Section IV-C).

V. EXPERIMENTAL RESULTS

To investigate the closed-loop system performance both
systems are tracking the desired reference Lissajous trajectory
with different scan amplitudes. The scan amplitudes of both
systems are increased until the current limit of the actuator
coils is reached. The internal optical sensor is used for position
measurement. The spatial tracking error is calculated as the
rms value of the two dimensional euclidean distances between
reference trajectory and measured position at every sampling
point. For evaluation of the current consumption the sum rms
current through the coils of both system axes, necessary to
track the Lissajous pattern with the given scan amplitude, is
measured.

Fig. 9a shows a comparison of the spatial rms tracking errors
of the two system configurations for different scan amplitudes.
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Fig. 8. Transfer functions of the conventional (black) and tuned FSM (x-axis blue, y-axis red) system. (a) shows the simulated open loop frequency responses of
both systems. At low and high frequencies roll-ons and roll-offs due to the controller and plant dynamics are observable. At the drive frequencies (473/632 Hz)
both systems show localized high loop gains around 48 dB. (b) depicts the measured complementary sensitivity functions of both system with the related
controllers in closed-loop. At the drive frequencies the TFs of both systems reach 0 dB and the phase equals -360◦ and -720◦, respectively.

The conventional FSM (black slope) shows a tracking error
around 1.8% of the scan amplitude in the feasible scan range.
The tuned FSM (red slope) shows a rms error below 1% for
amplitudes smaller than 2 mrad and a slowly increasing error
for larger amplitudes. This means that the resulting tracking
error of the tuned FSM is 48% lower, as compared to the
conventional FSM. With increasing amplitudes the rms errorof
the tuned FSM slightly increases and is 1.2% at the maximum
scan amplitude of 2.62 mrad.

Fig. 9b depicts the current consumption of the conventional
and the tuned FSM with DT controller for different drive
amplitudes. The conventional FSM has a sum current con-
sumption of 1.21 A at the smallest measured scan amplitude
of 0.16 mrad and 2.61 A at the largest feasible scan amplitude
of 0.34 mrad. The tuned FSM requires only a sum current of
0.12 A for a trajectory with a scan amplitude of 0.16 mrad.
This current consumption is a factor 10 smaller, as compared
to the conventional FSM, denoting a reduction of dissipated
energy by a factor of 100. Due to the reduced current
consumption the tuned FSM can reach a scan amplitude of
2.62 mrad (10% of the full amplitude range) before reaching
the coil current limit, while the conventional FSM reaches only
0.34 mrad (1.6% of the full range amplitude). This means that
the tuned FSM has a maximum scan amplitude which is 7.7
times larger than the one of the conventional FSM, equaling
an about 60 times larger scan area.

To demonstrate the improvements of the tuned FSM a sim-
ple projection system consisting of the closed-loop controlled
conventional/tuned FSM a modulated laser and a projection
screen is set up. The FSM systems track the desired Lissajous
trajectory with the related maximum scan amplitude and the
synchronized laser is switched on/off to project the applied
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Fig. 9. Performance comparison of the conventional (black) and tuned
FSM system (red) for different drive amplitudes. (a) comparesthe rms
tracking error, which lies around 1.8% for the conventionalFSM and feasible
amplitudes. The error of the tuned FSM is 48% smaller. At the maximum scan
amplitude the rms error of the tuned FSM is 1.2%. (b) compares therms drive
currents. The conventional FSM has a higher current consumption, reaching
the current limit at a scan amplitude of 0.34 mrad. The current consumption
of the tuned FSM is a factor 10 smaller at a scan amplitude of 0.16mrad. The
maximum amplitude of the tuned FSM before reaching the current limit is
with 2.62 mrad a factor 7.7 larger than in the case of the conventional FSM.
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pattern (TU Wien logo) on the 3m distant screen. The pro-
jected patterns are acquired with a conventional camera at
shutter times of 0.1, 0.5 and 1 s, equaling 10%, 50% and 100%
of the frame time, respectively (trajectory duration 1 s). Fig. 10
depicts the projected patterns, illustrating the significantly
enlarged scan area. It also shows the gradually increasing
resolution (multi-resolution property [18]) of a Lissajous scan
with evolving scan time.

t = 0.1s t = 0.5s t = 1s

(a)

(b)

t = 0.5s

Fig. 10. Projection application using the conventional andthe tuned FSM
system. (a) shows the projection using the conventional FSM at maximum scan
amplitude (0.34 mrad) and a shutter time of 0.5 s. (b) depicts theprojection
using the tuned FSM at maximum scan amplitude (2.62 mrad) and shutter
times of 0.1, 0.5 and 1 s.

In summary, the design choice of placing the system’s
resonance frequencies at the drive frequencies of the desired
Lissajous trajectory and applying the designed dual tone
controllers reduces the current consumption by a factor of 10,
enlarges the scan range by a factor of 7.7 and reduces the
tracking error as compared to the conventional FSM system
with DT controllers.

VI. CONCLUSION

In this paper an energy efficient design of a FSM sys-
tem tailored for Lissajous-based scanning is proposed and a
suited controller design is presented. To improve the energy
efficiency as compared to a conventional FSM, the rotational
stiffness of the FSM axes is modified, such that the resonance
frequency of each axis matches the desired drive frequency.
Tailored feedback dual tone controllers with highly localized
control efforts at both drive frequencies are designed for
tracking the Lissajous trajectory and crosstalk rejection. Due to
the matched resonances, these controllers require less control
effort at the individual drive frequency to reach the same
loop gain as compared to controllers for a conventional FSM.
Applying the dual tone controllers to the tuned FSM, the
current consumption can be reduced by a factor of 10 as
compared to a conventional FSM. Vice-versa the scan range of
the tuned FSM is increased by a factor of 7.7. This representsa
significant performance improvement of FSM systems for high
resolution Lissajous-based scanning and makes them attractive

for future applications in optical scanning application, such
as optical metrology systems. Current work is focused on
the employment of phase-locked-loops to further increase the
scanning precision.
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