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Abstract

This work presents the design, analysis, control and evaluation of a novel compact and highly integrated
fast steering mirror (FSM) system, which is based on a hybrid reluctance tip/tilt actuator. The actuator
design employs a permanent magnet for biasing the magnet circuit with a constant flux and two pairs of
coils to generate a steering flux for rotating the mover around the two system axes. The system, designed
to be used as scanning unit in compact optical metrology systems, uses a custom made eddy current sensor
system for position measurement and a titanium flexure, which compensates the negative actuator stiffness,
for suspending the mover. The FSM provides a mechanical angular range of ±3◦ (±52.4 mrad) and a small
signal closed-loop bandwidth of 1.5 kHz in the tip and tilt axis, has a small diameter of 32 mm and a system
height of only 30 mm. Compared to a state-of-the-art hybrid reluctance actuated FSM system the volume of
the system is reduced by one order of magnitude, while the product of range times bandwidth, representing
a measure for the system performance, is concurrently improved by 50%.

Keywords: Fast steering mirror, Hybrid reluctance actuation, Flux steering, Flexure Design, Tip/tilt
system

1. Introduction

Fast steering mirrors (FSMs) are opto-mechatronic devices that are used within various scientific appli-
cations, which can be divided into scanning and pointing applications. Typical scanning applications are
widely spread and include systems for confocal microscopy [1], scanning optical lithography [2], material
processing [3] and laser scanners [4]. Pointing applications range from line of sight stabilization in optical5

systems, such as in optical free space communication [5], over acquisition of optical signals and tracking
of objects [6] to pointing of laser or light beams on a target [7]. FSMs are most commonly actuated by
either piezo [8] or voice coil [4] actuators. Piezo actuators are used for high stiffness systems with higher
bandwidth but limited range, such as ±2 mrad and 1 kHz [5], while voice coil actuators are typically used
to design low stiffness systems with larger scan range but limited bandwidth, such as ±87 mrad and 350 Hz10

[7]. From the reported FSM systems it is apparent that there is a performance tradeoff required at the stage
of system design, as large bandwidth and large range are competing requirements and can not be achieved
at the same time.

In order to relax this tradeoff, actuators based on reluctance force are a promising alternative, as they
provide larger ranges than piezos and have higher motor constants than voice coil actuators [9]. But they15

come along with several challenges, such as the ability to exert only unidirectional forces [10] or the non-
linear force-to-current and force-to-gap size relations [11]. Additional aspects like ferromagnetic hysteresis
[12] make an accurate modeling of the reluctance challenging [13], which may be the reason that they have
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hardly been applied to high precision scanning and positioning systems for a long time. In recent years,
however, several designs of mechatronic systems, which are actuated based on reluctance principles, have20

been developed in order to exploit the benefits of this technology. A design study, presenting the concept
of a variable reluctance actuated FSM [14], has been reported, promising a range of ±1◦ and a targeted
bandwidth of 1 kHz. A high force linear hybrid reluctance (HR) actuator, using a permanent magnet for
linearization, with a range of ±1 mm and low stiffness has been developed for the active vibration isolation
in precision machines [15]. The term hybrid thereby refers to the use of two different sources of magnetic25

flux (coils and permanent magnets). More compact reluctance actuators with short strokes around 100 µm
are designed for linear actuation within fast tool servos [16, 17] and valve engines [18]. Reluctance actuators
have also been employed to enable rotational motion in FSM systems. A FSM with an angular range of
±3.5 mrad is reported to achieve a closed-loop system bandwidth of 2 kHz with internal sensors and 10 kHz
with a fast external optical sensor system [19]. The system uses four HR actuators, with distinct magnetic30

circuits and biasing magnets, placed around the mover, which leads to system dimensions of 65 x 65 x 40 mm.
Design studies of more compact FSM system with comparable angular range are also reported but have not
been realized so far [20, 21]. Recently also the concept of a HR tip/tilt-actuator has been developed, which
integrates the distinct actuators into a single one [22]. It enables larger angular range of motion while still
obtaining a bandwidth of 1 kHz but is still rather bulky with an outer diameter of 100 mm and a height of35

70 mm.
A common disadvantage of all these HR actuated systems is their size, which is either caused by the

size and number of actuators or the low level of system integration. The system dimensions are a key
property when it comes to the integration of FSMs into compact optical systems, such as in scanning laser
metrology [23], projection systems or optical inter-satellite communication [24]. This paper presents the first
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Figure 1: Photograph of the compact hybrid reluctance actuated fast steering mirror system. The system is 30 mm high and
has a diameter of 32 mm, with a mirror diameter of 20 mm.

40

implementation of a compact and highly integrated FSM system actuated by an HR tip/tilt actuator [22]
(see Fig. 1). With dimensions of ø 32 x 30 mm it is suited for the use in compact optical systems that require
small scanners for beam steering and provides a large angular range of ±3◦ (±52.4 mrad) mechanical. The
compact design, the system integration and the actual construction bring along several challenges. This
includes appropriate material and design choices for yoke parts and the combined suspension system, the45

integrated mover design and the placement and shape of position sensors. Solutions to these challenges are
addressed throughout the paper and represent its main contribution, together with the system integration
and the analysis of the system dynamics. The target specifications of the compact FSM system, summarized
in Table 1, are obtained based on a thorough literature review of reported tip/tilt system specifications,
typical requirements of the targeted scanning applications in optical metrology systems and the aim to50

design the most compact large range FSM system available. The mover shall accommodate mirrors up to
20 mm and has thus a diameter of 20 mm. To still provide a sinusoidal scan amplitude of at least 1 mrad
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at 1 kHz, a maximum angular acceleration of 4 × 104 rad/s2 is targeted.

Table 1: Performance goals of compact FSM.

Parameter Performance goal
Angular range ±3◦

Dimensions 30 x 30 mm
Mover diameter 20 mm
Bandwidth 1 kHz
Angular acceleration 4 × 104 rad/s2

The design of the compact FSM system with a system overview, the working principle of the actuator and
the actuator dimensioning is discussed in Sections 2.1 to 2.3. In Section 2.4 the mechanical suspension system55

is described and a parametrized model of the system dynamics is obtained in Section 2.6. Section 3 discusses
the implementation of the designed system and the controller design and is followed by the experimental
evaluation of the system performance in Section 4. Section 5 concludes the paper.

2. Compact FSM Design

2.1. System Overview60

The proposed compact FSM system is based on an HR actuator design with two rotational degrees
of freedom [22]. The actuation principle relies on the strengthening and weakening of a biasing field in
two opposing air gaps, which is generated by a permanent magnet. The motor constant of the actuator is
linearized by this permanent magnetic biasing field and is higher compared to a voice coil actuator with the
same level of dissipated power [16, 9]. The system design enables to place all system components behind65

the mirror surface, such that the field of view is not obstructed, and puts the point of rotation only single
millimeters behind the mirror plane. As no additional actuator components need to be attached to the
moving part, as it would be necessary for voice coil actuators (magnetic circuit), the inertia of the mover
can be kept minimal with respect to structural considerations.

Fig. 2 shows a CAD rendering of the compact FSM system providing an overview of the main compo-70

nents of the system. The entire system is housed in a solid aluminium body, providing sufficient stiffness
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Figure 2: CAD rendering of the compact FSM system. The mover (yellow) with the mirror rests on a pivot bearing and is
suspended by a mechanical flexure (red). It is actuated via one rotational hybrid reluctance actuator per axis. The eddy
current sensors (light blue) measure the position in tip and tilt.
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and the supporting structure for mounting the various components. The actuation system comprises the
ferromagnetic yoke parts (green), the permanent magnet (blue) and the actuator coils (brown). The ferro-
magnetic mover (yellow), which can carry the mirror component, rests on top of a pivot bearing structure,
which determines the point of rotation and is suspended by a metallic flexure (red) that constrains the75

non-actuated degrees of freedom. For measuring the position of the mover in tip and tilt an eddy current
based sensor system (light blue) is employed, which is placed directly behind the mover and is mounted to
the support structure. The non-ferromagnetic spacer (white) is used for alignment of the components and
adds additional stiffness in radial direction to the top of the actuator structure.

2.2. Hybrid Reluctance Actuator with Two Degrees of Freedom80

In Fig. 3 a cross section view of the FSM system is shown, illustrating the working principle of the HR
actuator. As the system also employs two sources of magnetic flux, it is also termed hybrid. The DC biasing
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Figure 3: Concept of the rotational hybrid reluctance actuator. The ferromagnetic circuit (green), including the mover (yellow),
is biased by a constant flux (light blue) from the permanent magnet (blue). The steering flux (red) generated by the coils
(orange) weakens and strengthens the flux in the left and right air gap, respectively, generating a clockwise torque.

flux of the permanent magnet (blue line) passes through the center yoke part (green) and the non-working air
gap and returns via the mover (yellow), the working air gaps and the outer yoke parts (green). To generate
a torque on the mover, a current is applied to the actuator coils (brown), which are wired anti-parallel, and85

generate a steering flux, depicted by the red line, which passes through the outer yoke parts, the working air
gaps and the mover in clockwise direction. As the permanent magnet represents a high reluctance for the
steering flux, the center yoke part remains field free with respect to the steering flux. The steering flux has
the same and opposing direction as the biasing flux in the right and left air gap, respectively, and strengthens
and weakens the magnetic field in the air gaps accordingly. This results in a larger attractive force in the90

right air gap and a clockwise torque on the mover. By reversing the current direction a counter-clockwise
torque can be generated. The torque on the mover can be calculated from the difference of the squared
fluxes [22]

TA =
Φ2

r − Φ2
l

2µ0Ap
· rF , (1)

with Φr,l being the fluxes in the right an left air gap, µ0 the permeability of vacuum, Ap the cross section
of the air gap and rF the lever arm. To actuate both rotational degrees of freedom, two rotational HR95

actuators are arranged perpendicular to each other, sharing the same biasing magnet and representing a
single magnetic circuit. More detailed information on the actuator modeling is provided in [22].

The permanent magnet is used to linearize the motor constant, without the need to generate the biasing
flux with the actuator coils, which would degrade the energy efficiency of the actuator [25]. This, however,
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makes the actuation scheme open-loop unstable [22], which is due to the negative stiffness introduced by100

the permanent magnet. With no coil current applied, the flux distribution of the biasing flux solely depends
on the mover position. In the middle position the biasing flux is distributed equally over both air gaps, but
with the slightest displacement the flux will increase in the shorter air gap leading to an increasing torque
towards the initial displacement.

2.3. Actuator Design105

Besides the number of coil turns and the length of the working air gaps, the magnet properties have a
strong influence on the motor constant. An approximated expression for the actuator torque from (1) in the
middle position is found by [22]

TA

∣∣∣
midPos

≈ 2Nic ·Hc
lm

lm + ln
· µ0Ap

4lw0
· rF , (2)

with N being the number of coil turns, ic the coil current, Hc the coercivity and lm the length of the magnet,
ln the length of the non-working air gap and lw0 the length of the working air gaps in the middle position.110

The simplified relation for the torque shows also that the actuator torque is linear with respect to the coil
current, which is a direct result of the biasing flux of the permanent magnet.

The working air gaps and the non-working air-gap have a length of lw0 = 0.75 mm and ln = 0.25 mm
in the middle position of the mover, respectively, to achieve the targeted angular range. The permanent
magnet (NeFeB) has a diameter of 8 mm, a height of lm = 4 mm and a flux density of 1.25 T and is sized115

to bias the outer ferromagnetic yoke parts to about 40% of the value of the saturation flux density.
In Fig. 4 the resulting torque curves of a FEM simulation (Ansys Electronics Desktop, Ansys Inc., PA,

USA) are shown for various displacement angles and current values from -6 A to 6 A. The torque curves are
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Figure 4: Simulation of torque curves with mechanical flexure. The resulting torque on the mover is shown in dependence of
the applied coil current (dashed lines for negative currents) and angular position. The positive stiffness of the flexure is used
to compensate the negative actuator stiffness.

already superimposed with the torque of the restoring mechanical flexure from the following section. For
larger displacements an increasing position dependency of the torque to current ratio is observable, which120

is due to increased biasing flux values when the mover is closer to the yoke parts. At 6 A the actuator
generates less torque at a displacement of 3◦ than at 5 A (see zoomed figure). This is because the steering
flux from the actuator coils already exceeds the DC biasing flux, such that the resulting flux density vector
changes its direction in the air gap where magnet bias and coil steering flux have opposing directions. This
reduces the difference of the squared fluxes in (1), leading to a reduced torque.125

Considering the impedance of the actuator, which is increasing at higher frequencies due to its inductance,
a tradeoff between a high current (smaller N) and a high voltage (larger N) application has to be made

5
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with regard to the capabilities of the applied amplifier, when defining the number of coil turns. A high
current application has a lower number of coil turns, entailing a smaller inductance, and requires a higher
current at the cost of a smaller terminal voltage. A high voltage application has a higher number of coil130

turns, entailing a larger inductance, and requires a smaller current at the cost of a higher terminal voltage
provided by the amplifier. The compact FSM is designed as high current application, due to the availability
of respective amplifier designs, with 45 turns per coil (0.4 mm2 wire), determined by the available space.

Parasitic dynamics due to eddy currents in the ferromagnetic yoke parts cause an additional phase lag,
which increases towards higher frequencies, and can limit the achievable closed-loop bandwidth [26]. As a135

layered yoke design is not possible and optimized yoke cross sections and shapes are required due to the small
system dimensions, common yoke materials are not applicable. To maximize the motor constant, which is
related to the maximum values of magnetic flux, further a material with high saturation flux density is
required to guide large magnetic flux in a small volume. After a review of materials the non-commonly used
Vacoflux 50 (Vacuumschmelze GmbH, Germany) is chosen due to its high saturation flux density of 2.35 T140

and its comparably high specific electric resistance (0.4 µΩm), which reduces eddy currents in the yoke
parts induced by the changing magnetic field. Simulations and analysis showed that due to the material
choice and the compact yoke dimensions (cross section of 12 mm2 with aspect ratio of 2.2:1) the phase lag
is not as severe as in actuators with larger yoke dimensions and is about 25◦ at 1 kHz (data not shown). To
enable manufacturing of the yoke and the coils, the yoke is designed and manufactured piece-by-piece in 5145

individual parts - 4 coil bodies and one center part - and assembled thereafter.
In summary guidelines for the actuator design can be formulated as follows:

• Derive air gaps required for desired angular range.

• Size magnet to bias the magnetic circuit with a flux density of about 40% of the saturation flux density.

• Choose length of the magnet lm at least a factor 10 larger than the length of the non-working air gap150

ln, to neglect influence on the motor constant (see (2)).

• Define number of coil turns to generate the biasing flux at the maximum admissible current to obtain
the maximum torque.

• Balance the tradeoff between coil turns and inductance according to the amplifier properties.

• Use FEM simulation to investigate if phase lag requires layered yoke parts.155

2.4. Mechanical Suspension System

The mechanical suspension system is crucial to obtain well shaped system dynamics that enable an
effective closed-loop control and a high system performance. The suspension system is required to (i) restrict
the non-actuated degrees of freedom (high stiffness), (ii) enable well-decoupled motion in the actuated degrees
of freedom (low stiffness) and (iii) place its structural modes well above the targeted crossover frequency, in160

order to increase the stability margins of the system. In the particular case of the HR actuator the suspension
system also needs to (iv) be capable to react the large offset forces on the mover in vertical direction (8.2 N
at 0 A, 9.4 N at 6 A), which are caused by the permanent magnet and (v) to be non-ferromagnetic to avoid
increased flux leakage. A flexure based suspension structure showing the second and the fourth property is,
however, hardly feasible. For this reason the suspension system consists of a flexure mechanism and a pivot165

bearing.
The flexure mechanism enables rotational motion around x- and y-axis and restricts translational motion

along these axes as well as rotational motion around the z-axis. It is designed to slightly overcompensate
the negative actuator stiffness in order to make the system open-loop stable and has a rotational stiffness of
kf = 5.7 mNm/deg (325.6 mNm/rad). To maximize the length of the flexure legs within the small system170

dimensions, for the sake of a large range of elastic deformation, the four flexure legs span circular sectors of
90◦ around the circular mover. With the mover dimensions fixed and the dimensions of the base structure
given, the space and thus the maximum width of the flexure legs is strictly limited to obtain a sufficient
level of stiffness. An FEM simulation guided design reveals, that this makes typical flexure materials like
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aluminium not applicable, as the desired range of elastic deformation (elastic range of e.g. aluminium only175

about 1.5◦) can not be obtained for the desired stiffness value. For this reason titanium, which has with
930 MPa a yield strength that is e.g. 3.3 and 4.5 times larger as compared to aluminium and stainless steel,
respectively, is chosen as flexure material, yielding a significantly higher safety factor and elastic range.
The obtained flexure has a leg width of only 0.75 mm and a thickness of 0.4 mm. To guarantee small
manufacturing tolerances the flexure is wire cut from a 0.4 mm titanium sheet. According to a modal180

analysis with ANSYS (Ansys Inc., PA, USA) the flexure shows a first structural mode (bending of the
flexure legs) around 6 kHz, which is well above the target crossover frequency. Fig. 5 shows the bottom side
of the flexure together with the bonded 20 mm diameter mover. The first structural mode of the mover
occurs well above 20 kHz.

ferromagnetic
mover

sensor target

titanium flexure
mounting ring

flexure legs

recess for
pivot bearing

Figure 5: Integrated mover with flexure. The bottom side of the ferromagnetic mover with the recess for the pivot bearing and
the titanium flexure is shown. Aluminium targets for the eddy current sensors are also depicted.

Fig. 4 shows the simulation results of the actuator torque superimposed with the torque generated by185

the restoring flexure, resulting in a system with a slightly positive stiffness at small displacements. At
displacements larger than 2◦ the negative stiffness dominates again, leading to a snap-in of the mover to the
yoke parts when operated in open-loop.

For reacting the high forces in vertical direction, in order to avoid damaging the flexure, and for fixing
the point of rotation of the mirror, the mover has a recess on the bottom (see Fig. 5) and rests on a pivot190

bearing. A simple ball bearing using a single sapphire ball, as used in [22], has the drawback of a comparably
large contact area and a higher friction coefficient between ball and the mover or the stator, respectively.
This increases wear and reduces the lifetime of the bearing. To decrease wear during operation, the simple
ball bearing is replaced by a pyramid like structure (cf. Fig. 3) of four individual balls. With the bottom
balls bonded to the stator and the upper ball bonded to the recess of the mover, this reduces the contact195

area to three points on the surface of the balls for rotational movement. It further fixes the center of rotation
in the center of the upper ball and locates it only 3 mm behind the mirror surface. Instead of sapphire balls,
the pivot bearing comprises four siliciumnitride (Si3N4) balls with a diameter of 1 mm. Properties of Si3N4
include high strength, a small Young’s modulus and a small thermal expansion coefficient, which makes
them well suited for bearing designs. As there is only motion between the Si3N4 balls, also the friction200

coefficient is reduced.

2.5. Position Sensor System

For enabling the mounting of a mirror onto the mover and to make used of its entire aperture, the
position sensor system needs to be integrated below the mover. To obtain the required level of integration,
eddy current sensors are chosen, which can be manufactured in arbitrary and compact shapes and directly205

integrated into an anorganic carrier material (embedded coil technology) [27]. Apart from the required
level of compactness and precision, these sensors offer long-term stability, mechanical robustness and high
temperature capabilities. The resulting geometry of the sensor ceramic has four mounting legs (cf. Fig. 2)
a thickness of only 0.6 mm and four sensor coils with a diameter of 5 mm. The integrated mover offers

7
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recesses for bonding the flexure pads to the mover and also carries the aluminium sensor targets placed210

0.8 mm above the sensor coil locations. The sensor targets are also obtainable in Fig.5.

2.6. Modeled System Dynamics

The effective stiffness keff of an HR actuated system results from the superposition of the flexure stiffness
kf and the negative actuator stiffness ka. It depends on the operating point, as the actuator stiffness ka
increases when the mover is close to the ferromagnetic yoke parts [28]. This shifts the suspension mode of215

the system to lower frequencies for operating points in increasing distance to the middle position. The same
relation is observed between suspension mode and scan amplitude α, when operating the HR actuator in
a continuously scanning mode without offset [22]. This can also be explained by an amplitude dependent
changing value of the average effective stiffness keff (α).

In order to estimate the effect of the changing stiffness on the FSM dynamics in the scanning mode, the220

relative change in effective stiffness is estimated from the gradient of the simulated 0 A torque curve, shown
in Fig. 4, at the angle corresponding to the respective scan amplitude. At small signal deflection (<< 0.1◦)
the effects of the negative actuator stiffness ka are small, such that only the stiffness of the designed flexure
kf is relevant. The effective stiffness values keff (α) obtained from the torque curves can be related to the
small signal stiffness kf , resulting in the relative stiffness kr = keff/kf . With the effective stiffness values225

keff (α), the stiffness of the flexure kf = 325.6 mNm/rad and the inertia of the mover with the mirror
I = 4.14 × 10−5 g·m2, estimated from the CAD tools, a parametrized second order system model

P (s, α) = K · 1

keff (α)
· ω2

0

s2 + 2ω0ζs+ ω2
0

, (3)

with ω0 =
√
|keff (α)| /I, ζ = c/(2

√
keff (α)I), damping parameter c = 0.011 and gain K = 40 can be

obtained. Additional dynamics due to sampling delays or eddy currents are neglected at this point.
The dynamics of the resulting system models for several scan amplitudes from 0.1 to 2.5◦ are depicted230

in Fig. 6. For the small signal case with the flexure stiffness dominating, the suspension mode is calculated
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Figure 6: Modeled system dynamics with changing stiffness. The TFs of the system dynamics are evaluated at various drive
amplitudes. The effective stiffness of the system is reduced towards higher amplitudes due to the increasing negative stiffness
of the actuator.

to occur at 418 Hz. The spring line is shifted upwards with increasing scan amplitudes, as a consequence
of the reduced effective stiffness, and the suspension mode is shifted to lower frequencies accordingly. At
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amplitudes larger than or equal to 2◦ the resonance peak of the suspension mode vanishes and the spring
line is shifted downwards again.235

This can be explained by replacing s by jω in (3), which yields

P (jω, α) = K · 1

keff
· 1

1− (ω/ω0)2 + j2ζ(ω/ω0)
. (4)

When replacing ω0 by
√
keff (α)/I in the second term of the numerator it can be seen that the sign of

the term depends on the sign of keff (α). If keff becomes negative the second term can no longer cancel
the 1 at ω0, such that the stable pole becomes unstable and the magnitude shows well-damped low-pass
characteristics, as soon as the negative actuator stiffness ka becomes dominant. Comparing the result to240

Fig. 4 shows that the slope of the 0 A curve also changes its sign around angles of 2◦, indicating a dominant
negative effective stiffness keff . This analysis also indicates that the system with the designed flexure will
be open loop stable for displacements up to around 2◦. This aspect will be revisited in Section 4.1 when
evaluating the closed-loop dynamics.

From a controls perspective this system behavior appears troublesome, when the system is controlled245

with a crossover frequency on the spring line. When, however, controlling the system with a crossover
frequency on its mass line (see Section 3.3), changing dynamics do not have to be considered, as the mass
line is not affected by the change in effective stiffness and also the observed torque-to-current relation is
almost constant [28]. This aspect will be revisited in Section 3.2.

3. Compact FSM Prototype System250

3.1. System Components

The prototype system of the compact FSM, shown in Fig. 7a, has an outer diameter of 32 mm and a
height of 30 mm. Each actuator axis is driven by a custom made power amplifier (Amplifier type MP38CL,
Apex Microtechnology, Tucson, AZ, USA), which are current controlled by PI controllers with a bandwidth
of 30 kHz, implemented on the FPGA of a rapid prototyping platform (Type: DS1202, dSPACE GmbH,255

Germany). A pair of actuator coils has an inductance of 0.155 mH and a resistance of 0.113 Ω. Due to the
small ohmic load the amplifier has to dissipate the majority of the required power internally, such that a
preceding 5 Ω power resistor, an appropriate heat sink and a 30 V supply voltage are used to stay within
the thermal limits of the amplifiers.

(a) Experimental system setup.

32 mm

20 mm

(b) Mover with mounted mirror.

Figure 7: Experimental system setup. (a) shows the compact FSM system prototype with mounted flexure and mover. The
wires of the two pairs of actuator coils are observable, as well as the black housing of the readout electronics for the eddy
current position sensors. (b) depicts the flexure with the mover and the 20 mm mirror, bonded to the mover from top. A
comparisson to the size of a 2 Euro coin is made.
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To measure the mover position in tip and tilt, a custom made eddy current sensor system from Micro-260

Epsilon is used, which is carefully aligned with the outer housing. It has a bandwidth of 50 kHz and
a resolution of 17.5 µrad rms. Fig. 7a shows the assembled system prototype together with the readout
electronics of the position sensor system.

The mover can accommodate an arbitrary optical load with a diameter equal or smaller than 20 mm,
which can be bonded to the mover. For the prototype system a conventional glass mirror with a diameter265

of 20 mm and a thickness of 1 mm was used. Fig. 7b shows an image of the flexure with the mover and a
mounted mirror, which is about as small as a 2 Euro coin. Alternatively the reflective layer can be directly
attached to the mover via, e.g. vapor deposition.

To identify the system dynamics of the compact FSM prototype for the design of position controllers, a
system analyzer (3562A, Hewlett-Packard, CA, USA) is used. The reference currents of the current control270

loops are considered as the system inputs, while the signals of the position sensors are considered as the
system outputs.

3.2. System Identification

The small signal frequency response data of both system axes are depicted in Fig. 8. Both system
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Figure 8: Measured and modeled system dynamics of the FSM system prototype at 50 mA input current. The frequency
response of both system axes (blue and red) are of second order and show a resonance frequency at 400 Hz. No bandwidth
limiting structural modes can be obtained. The system model (dashed black), the crosstalk magnitude (green) and the frequency
response at an offset position of 2◦ (dashed orange) are also depicted.

axes (solid red; dashed blue) show similar dynamics with a suspension mode at 397 Hz, which is slightly275

lower than expected from the modeling in Section 2.6. The slight double-peaking is most likely caused by
a slight pretension of the flexure due to mounting tolerances. There are no bandwidth limiting structural
modes observable, which is in good accordance with the FEM simulation. Beyond the suspension mode the
dynamics have a -50 dB slope and show an increasing phase lag towards higher frequencies. The deviation
from a pure mass line is explained by eddy currents in the conductive yoke parts [26], which can be modeled280

by a simple lag-lead term in the frequency range of interest (see (5)). The sensor and the digital system
contribute to the phase lag to a lower extend. The noise floor of the system is around -60 dB. To model the
small signal dynamics of both axes, the same third order model with time delay

P (s) = K · ω2
0

s2 + 2ω0ζ0s+ ω2
0

· s+ ω1

s+ ω2
· e−sTd , (5)
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with K = 0.141 and parameters according to Table 2, can be used. The time delay of Td = 50 µs is used
to model the entire time delay from amplifier input to sensor output including the phase lag of the digital285

system and the sensor system.

Table 2: Coefficients of the actuator system model.

Index ωIndex [rad/s] ζIndex
0 2.5×103 0.04
1 1.4×104 -
2 5×103 -

Additionally, the small signal frequency response at an offset position of 2◦ was measured and is also
given in Fig. 8. It demonstrates that the mass line is not affected by the negative stiffness and that the
motor constant also remains unchanged for larger displacements. To investigate the crosstalk between the
system axes, the magnitude response of the crosstalk frequency response (green) is measured. The crosstalk290

magnitude response is 19 dB smaller than the magnitude of the axis response at DC and has a peak value
at the resonance frequency which is 15 dB smaller than the axis response. This well decoupled behavior
justifies the application of one SISO feedback controller per axis, which are designed in the next section.

3.3. Controller Design and Implementation

The position controllers C(s) for both axes are designed with the aim to maximize the crossover frequency,295

while maintaining a phase margin (PM) of at least 20◦. They represent the outer control loop around the
current control loop discussed in Section 3.1. Based on the identification and the absence of structural
modes a PID controller is chosen and tuned for a crossover frequency of 900 Hz [29]. The P-gain shifts the
loop gain to intersect the 0 dB line at the targeted crossover frequency, while the D-gain generates a phase
lead and the I-gain (stopped below 1 Hz) is used to reduce the steady state error by increasing the loop300

gain at low frequencies. To limit the controller gain at high frequencies, the D-action is stopped by a pole
at 4.2 kHz.

The resulting controller reads as

C(s) = KC ·
(
s2 + 2ζz1ωz1s+ ω2

z1

)
(

2∏
i=1

s+ ωpi

) , (6)

with a gain KC = 174.4 and coefficients according to Table 3. As the frequency responses of both system
axes are similar, the same controller can be applied. For implementing the controllers in the processor of the305

dSPACE system they are discretized for a sampling frequency of fs = 40 kHz by using Pole-Zero-Matching
[30].

Table 3: Coefficients of the PID controller.

Index ωIndex [rad/s] ζIndex
z1 1.85×103 0.652
p1 6.28 -
p2 2.64×104 -

4. Evaluation of System Performance

To evaluate the performance of the compact FSM, the closed-loop system dynamics, the tracking per-
formance and the operation limits are investigated.310
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4.1. System Dynamics

The measured loop gain of the tip axis (black) and the complementary sensitivity function of the tip
(blue) and tilt-axis (red) of the compact FSM prototype with the designed feedback controller are shown in
Fig. 9. The loop gain has a crossover frequency of fc = 900 Hz, a PM of 21◦ and a gain margin (GM) of
8 dB. The complementary sensitivity functions of the closed-loop system with both system axes controlled315

have a -3 dB bandwidth of 1.5 kHz and 1.6 kHz, respectively, with a comparable gain peak of 4.2 dB around
1 kHz. The controller actively dampens the resonance of each axis in the closed loop, significantly reducing
the excitation of the respectively other axis and therewith the crosstalk [31]. The increased loop gain at the
resonance additionally increases the disturbance rejection capability of each axis, compensating crosstalk,
which is essentially an external disturbance, particularly well in this frequency range.
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Figure 9: Verification of controller design. The measured loop gain (black) and the complimentary sensitivity function of the
tip (blue) and tilt-axis (red) of the closed-loop system with the designed controller C are shown. The open loop frequency
response has a PM and GM of 20◦ and 8 dB, respectively. The closed-loop system axes show a -3dB bandwidth of 1.5 kHz and
1.6 kHz, respectively.

320

To investigate the change of system dynamics dependent on the scan amplitude, the sensitivity function
of the closed-loop system

S(s) =
1

1 + P (s)C(s)
(7)

is measured at various amplitudes and depicted in Fig. 10a. For frequencies well below the crossover
frequency fc the loop gain P (s)C(s) is large with respect to the 1 in the denominator, such that, as
C(s) remains unchanged, a change in the plant dynamics becomes directly observable in the sensitivity325

function. As for the simulated system dynamics in Fig. 6, the suspension mode, appearing as a notch in the
sensitivity function, shifts to lower frequencies and is increasingly damped for increasing scan amplitudes.
The spring line shifts up accordingly, which increases the loop gain and shifts the slope of S(s) to lower
values accordingly. For large scan amplitudes of 2◦ and 2.5◦ the effective stiffness keff becomes negative,
such that there is no notch in the frequency response of S(s) anymore and the slope of S(s) starts to shift to330

higher values again, as the absolute value of keff is increasing. Fig. 10b shows a comparison of the relative
stiffness values kr, as ratio of the effective and the flexure stiffness, keff/kf for various scan amplitudes. The
stiffness values obtained from the measurements of the sensitivity function S(s) and the control sensitivity
function U(s) = C(s)/(1 +C(s)P (s) (solid and dashed blue) are depicted, which show good agreement with
the relative stiffness values estimated from the simulation results (solid red) in Fig. 4. For scan amplitudes335
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Figure 10: Variation of effective stiffness in dependence of scan amplitude. (a) shows the sensitivity function of the system
measured at various scan amplitudes. With increasing amplitude the stiffness is reduced. (b) depicts the stiffness variation
relative to the small signal value for S(s) and U(s) compared to the simulated stiffness variation relative to the designed flexure
stiffness.

larger than 1.5◦ the effective stiffness becomes negative, which entails an open-loop unstable system at large
scan amplitudes.

4.2. Tracking Performance

In order to investigate the tracking performance of the compact FSM prototype, various trajectories have
been tested. In Fig. 11a dual axis operation is demonstrated by showing the result of tracking a Lissajous340

trajectory [32] with fundamental frequencies of 40 Hz and 30 Hz and a scan amplitude of 2.5◦. The areal
rms tracking error, which is evaluated for each sampled point on the trajectory, is 1.4 mdeg (25urad). To
demonstrate the applicability of the developed FSM for beam steering operations within an optical system,
it is integrated into a laser projection system. Fig. 11b shows the projection of the Lissajous trajectory on a
CMOS sensor, placed in a distance of 91 mm parallel to the mirror plane. Due to the alignment, an almost345

quadratic scan area of about 15.9 x 15.9 mm is obtained at a mechanical scan amplitude of 2.5◦.
In Fig. 12a the fast scan axis of the compact FSM is shown while tracking a raster trajectory with 30 Hz

fast axis and 0.5 Hz slow axis frequency and a scan amplitude of 3◦. Higher fundamental frequencies of the
triangular reference signal at maximum amplitude would already result in distorted position signals at the
output, caused by the current limitation. The peak-to-valley and the rms tracking error are 0.18◦ (3.2 mrad)350

and 0.031◦ (0.54 mrad), respectively. For demonstrating that the control performance is not affected by
the changing plant dynamics the rms tracking error for the raster trajectory is evaluated at various scan
amplitudes. The results are given in Table 4 showing that the relative error, i.e. the error related to the
scan amplitude, is between 1-3% for all tested amplitudes.

To evaluate the angular resolution of the closed-loop system, a step signal with a step height of 4 mdeg,355

shown in Fig. 12b, is used. The rms positioning uncertainty results to 2 mdeg (34µrad), such that the
4 mdeg steps are still well observable.

4.3. Operation Limits

For investigation of the operation limits of the closed-loop controlled compact FSM, the safe operation
area, describing the feasible amplitude/frequency combinations, is determined by applying a sinusoidal360

reference signal to one system axis. The frequency of the reference signal is varied between 1 Hz and 1.5 kHz
and the amplitude is maximized at each frequency point until either the mechanical or the current limit is
reached (data not shown). Measurements reveal that the system can be operated with the maximum scan
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Figure 11: Measured dual axis operation. (a) demonstrates dual axis operation by tracking a Lissajous trajectory with
frequencies of 40 and 30 Hz at a scan amplitude of 2.5◦. (b) Lissajous trajectory proejcted by a laser projection system
comprising the designed FSM. The trajectory is recorded by a CMOS sensor in a distance of 91 mm.
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Figure 12: Measured tracking performance and resolution. (a) depicts the fast scan axis of the system tracking a raster
trajectory with the maximum scan amplitude of 3◦ and fundamental frequencies of 30 and 0.5 Hz. (b) shows the response to
steps of 4 mdeg. The remaining rms positioning uncertainty results to 2 mdeg (34 µrad).
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Table 4: Tracking error of raster trajectory at various scan amplitudes.

Amplitude [deg] RMS tracking error [deg]
0.1 0.003
0.5 0.008
1 0.014

1.5 0.018
2 0.023

2.5 0.026
3 0.031

amplitude of ±52.4 mrad (±3◦) up until around 200 Hz. Above this frequency the admissible maximum
amplitude continuously decreases towards higher frequencies. At 1.5 kHz the system can still be operated365

with a scan amplitude of 0.6 mrad, which equals a maximum acceleration of 5.3 × 104 rad/s2, clearly
exceeding the initially targeted value of 4 × 104 rad/s2.

In summary it is shown that the designed highly compact FSM system, based on an integrated HR
actuator design, provides a high bandwidth of 1.5 kHz and an angular range of ±3◦ in two system axes,
satisfying or even exceeding the initial performance goals, while also complying with the compact dimensional370

requirements.

5. Discussion and Conclusion

In this paper a novel compact and highly integrated FSM system is presented, which relies on a 2DoF
HR actuator, a suspension system comprising a titanium flexure and a customized eddy current based sensor
solution. The actuation is based on an HR force concept using one permanent magnet to generate a biasing375

field for both system axes and two coil pairs to generate individual steering fluxes. The system provides
an angular scan range of ±52.4 mrad (±3◦) in both rotational degrees of freedom up to 200 Hz, while
having a small signal closed-loop bandwidth of 1.5 kHz for both system axes. The FSM system is with
dimensions of ø 32 x 30 mm significantly smaller than HR actuated systems reported in literature so far
having dimensions of ø 100 x 70 mm [22] and 65 x 65 x 40 mm [19], respectively, which equals a volume380

reduction around one order of magnitude. A further substantial miniaturization of the presented FSM
system concept would, however, lead to increased stray flux within the actuator due to shorter distances
between yoke parts and unfeasible flexure dimensions, such that the achieved dimensions can be considered
close to the lower feasible dimensional limit of the proposed design. The angular range and the positioning
uncertainty of the closed-loop system of 34 µrad rms is comparable to large range voice coil FSMs. With385

a product of range times bandwidth, serving as measure for the system performance, of 157.2 mrad·Hz the
compact FSM also outperforms typical reported reluctance (104 mrad·Hz) [22], voice coil (61 mrad·Hz) [7]
and piezo (12 mrad·Hz) [5] actuated systems with respect to system performance. Due to the high level
of compactness there is a wide variety of potential applications for the proposed FSM system, including
compact scanning units for optical systems, systems for tip/tilt correction in telescopes and systems for line390

of sight stabilization within optical communication devices.
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