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Abstract

This paper presents an air gap design approach to improve the linearity of rotational Hybrid Reluctance Actuators (HRAs) used in
fast steering mirrors. The approach involves modeling a one-degree-of-freedom HRA with a magnetic equivalent circuit to identify
and analyze sources of non-linearities. On the basis of the verified model, solutions for an improved linear system behavior are
analytically searched. Two linearized HRA designs are proposed, one with linear cross-section dependency and the other with
hyperbolic air gap length dependency. Finite element method simulations are employed to evaluate the performance with respect
to the linearity and the motor constant of these designs, showing factor 50 improved system linearity.
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1. Introduction

The actuation technology significantly defines the performance
of mechatronic systems, with respect to range and bandwidth.
Mechatronic systems are commonly driven by piezo actuators
for high bandwidth applications but limited range or Lorentz
actuators for large range applications but limited bandwidth. In
recent years hybrid reluctance actuators (HRAs) revealed the
highest range-bandwidth product [1]. Furthermore, HRAs are
shown to deliver higher forces per volume with higher motor
constants than Lorentz actuators [2].

HRAs are used in a large number of applications, ranging
from nanopositioning systems [3, 4, 5, 6] to linear scanners [7,
8], positioning systems with zero-power gravity compensation
[9], deformable mirrors [10, 11], fast tool servos [12, 13, 14]
and self-holding actuators for mechanical gear shifting [15].

HRAs are particularly widespread in fast steering mirrors
[16, 17, 18, 19, 20, 21, 22, 23, 24, 25]. Fast steering mirrors
are high performance optomechatronic systems, which can be
distinguished based on their application into pointing and scan-
ning. Pointing applications involve tasks such as stabilizing op-
tical systems in optical free-space communication [26], acquisi-
tion of optical signals and tracking of objects [27] and pointing
of laser or light beams on a target [28]. Scanning applications
are even more extensive, including laser scanning [29], material
processing [30], scanning optical lithography [31], confocal mi-
croscopy [32] and inline metrology [33]. All these applications
desire an actuation technology, that is compact for system in-
tegration and efficient to avoid negative thermal impairment of
the mirror surface or the nearby sensors. HRAs are a promising
actuation technology with respect to those two key characteris-
tics.

However, conventional HRAs have a non-linear system be-
haviour, causing a operating point-dependent performance and
properties, such as the stiffness of the system and the motor
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constant [20]. This system non-linearity might impair the sys-
tem performance due to the following effects. First, the non-
linear dynamics of the system significantly increases the de-
sign complexity of the control system by requiring non-linear
feedback and/or feedforward compensators [4, 34, 35]. Second,
unlike Lorentz-actuated systems with zero stiffness, which is a
key property for vibration isolation and high-precision position-
ing systems, the variable negative stiffness of HRAs cannot be
compensated independently of the operating point by mechan-
ical flexures [36, 8]. Third, position-dependent resonance fre-
quencies reduce the efficiency in resonant scanning applications
[22, 5]. These drawbacks prevent the use of conventionally
non-linear HRA technology in highly linear mechatronic sys-
tems. The need for electromagnetically actuated systems with
linear dynamics can be observed by several examples, such as,
linearization of magnetic bearings by non-linear feedforward or
feedback compensators [37, 38, 39] and linearization by intel-
ligent current, voltage and magnetic flux conditions [40].

This paper proposes a design approach to improve the lin-
earity of rotational HRAs used in fast steering mirrors. By mod-
eling a one-degree-of-freedom HRA with a magnetic equivalent
circuit, the source of the non-linear system behaviour are iden-
tified and discussed in Section 2. On the basis of the evaluated
magnetic equivalent circuit, solutions for an improved linear
system behavior are analytically derived in Section 3. The solu-
tions of the linearized HRAs, as well as the conventional HRA,
are evaluated by finite element method (FEM) simulations and
the resulting performance is discussed in Section 4.

2. Modeling of conventional hybrid reluctance actuators

State of the art HRAs demonstrate a non-linearity in the
torque acting on the mover with respect to the angular deflection
and the coil current. To identify the source of this undesired
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Figure 1: Conventional design of a titling HRA with a central permanent mag-
net indicated in red (NdFeB, Grade 45, 8 x5 x5 mm3), the ferromagnetic com-
ponents in gray (Carbon Steel, Grade 1008), and the actuation coils in orange
(number of turns N = 300).

non-linearity, a one degree-of-freedom is HRA modeled. Due
to the good compromise between complexity and accuracy, a
magnetic equivalent circuit is used to model the rotational HRA
[41]. Based on the magnetic equivalent circuit, the magnetic
fluxes are obtained and the resulting, non-linearly depending
torque acting on the mover can be determined.

Generally, HRAs consist of the following main components:

e One or multiple permanent magnets to introduce a bias-
ing magnetic flux in the working air gaps,

e One or multiple actuation coils to dynamically adapt the
magnetic flux in the working air gaps,

o A ferromagnetic mover

o A ferromagnetic stator to guide the magnetic flux in the
non-moving part.

The literature reveals many different versions of HRA de-
signs consisting of the main components mentioned [25, 20,
16, 19, 18]. This paper focuses on a design with one permanent
magnet, an angular range of +4° (mechanical) and two actua-
tion coils due to compactness and performance [20], shown in
Fig. 1. However, the subsequently defined design guidelines to
improve linearity can be applied to all HRA designs, which can
be modelled with the subsequently derived magnetic equivalent
circuit model, shown in Fig. 2.

The magneto motive forces (MMF) of the magnetic equiv-
alent circuit are defined by

. Nicoi
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with the MMF of the actuation coils ¥, ¥», the MMF due to
the magnetization of the permanent magnet \V',,, the number of
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Figure 2: Magnetic equivalent circuit of a conventional HRA with the reluc-
tances R, the magneto motive forces ¥ and the fluxes ®.

turns of both actuation coils N and the coil current i.,;. A con-
stant MMF ¥, models the permanent magnet with the coerciv-
ity of the magnetic material H, and the length of the perma-
nent magnet /,,, which introduces a biasing magnetic flux in the
working air gaps. The coil current i.,; in V| and P, is reversed
to obtain increasing/decreasing magnetic fluxes in the working
air gaps @, and ®,, respectively. This principle enables bi-
directional torques of rotational HRAs by two unidirectional
reluctance forces in a pull/pull configuration [17].

The reluctances of the magnetic equivalent circuit model
are defined by
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with the constant reluctances of the permanent magnet R,,, the
non-working air gap above the permanent magnet R, and a re-
luctance R, to model the stator, as well as the mover yoke.
Corresponding air gap lengths, cross-sections and permeabil-
ities are denoted with /, A and p, respectively. The position-
dependent reluctances, defined as R (@) and R,(«), describe the
behavior of the left and right working air gap with x, being the
air gap length for @ = 0°. Due to the limited range of +4°
and the subsequent analytical discussion, the change of the air
gap length between mover and stator in relation to the angular
deflection @ is modeled using the small angle approximation
yssina = y;a with y; being the distance from the axis of rota-
tion (x-axis) to the center of the stator yoke. In addition to the
desired main flux paths ®;, ®, and ®,,, a stray reluctance Ry
is connected in parallel to model the stray flux ®;. The stray
reluctance models flux paths, which are not contributing to the
mover torque, e.g. to the rotation axis radially oriented flux
components or magnetic fluxes from the vertical surface of the
permanent magnet to the stator.

By applying Gauss’s and Ampere’s law on the magnetic
equivalent circuit in Fig. 2, the following circuit equations are

Published version of the article: A. Pechhacker, E. Csencsics, and G. Schitter, “Decreasing the non-linearity of hybrid
reluctance actuators by air gap design,” Precision Engineering, vol. 91, pp 255-262, 2024. DOI:
10.1016/j.precisioneng.2024.09.018

(© 2024. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/


http://www.acin.tuwien.ac.at/en/publikationen/ams/
https://doi.org/10.1016/j.precisioneng.2024.09.018
http://creativecommons.org/licenses/by-nc-nd/4.0/

Published version (generated on 26.09.2024)
This and other publications are available at:
http://www.acin.tuwien.ac.at /publikationen/ams/

AIC]IIN

200

=
z 100
=] N
s _(])/;A 3
g 00| | NG
RS 0A b
— 05A
200 || — -1A
I | |
-4 -2 0 2 4

Angular deflection @ / °

Figure 3: Mover torque of the conventional HRA. Comparison of the FEM
simulations (circles) and the magnetic equivalent circuit (lines) at various coil
currents i, clearly indicating the non-linearity, especially towards increasing
angular deflections.

derived

Wi =@ (R +Ry) = Op(Ryy + R) + Wiy
Y, = @, (R2 + R).) — DRy + R) + ¥
Wy = OuRy + QR

O, =D + Dy + D, 3)
with the previously defined MMFs ¥, magnetic fluxes ® and re-
luctances R. By eliminating ®,, and @, in Eq. (3), the magnetic
fluxes in the working air gaps can be expressed with Eq. (1) and
(2) as functions of the coil current and the angular deflection of
the mover, denoted as @ («, izi) and Dy (@, icyir)-

With the derived magnetic fluxes in the working air gaps
between mover and stator, the torque acting on the mover is
determined based on the reluctance force by [5] and the small
angle approximation cos @ ~ 1

D, icon) — DY, icoir)
™ ¥s

Teom (@, icoit) = )
with the permeability of vacuum py, the cross-section of the
stator yoke at the air gap A and the distance from the axis of
rotation (x-axis) to the center of the stator yoke y;. Due to the
alignment of the permanent magnet in the center and the sym-
metric design, the mover torques resulting from the magnet flux
of the permanent magnet ®,, or the stray flux @, are negligible.
In the remaining mover degrees of freedom, torques and forces
are absorbed by an external structure, e.g. a flexure hinge or a
bearing [42, 43].

For verification of the introduced magnetic equivalent cir-
cuit model, FEM simulations (Maxwell 3D, Ansys Inc., USA)
with non-linear BH curves for the ferromagnetic parts (Carbon
Steel, Grade 1008) and the permanent magnet (NdFeB, Grade
N45) are performed. The CAD-model, used for the simulations,
is shown in Fig. 1. Based on the illustrated coordinate system,
the mover torque around the x-axis is evaluated in relation to

iii

the angular deflection « and the coil current i.,;. The resulting
torque is shown in Eq. (4), marked by circles.

The torque determined by the magnetic equivalent circuit
model in Eq. (4), is evaluated in a range of +4° and an coil
current in range of +1 A, as shown in Fig. 3 with solid lines.
Since R, is a parasitic stray reluctance and the yoke reluctance
Ry is non-linearly and locally depending on the operating point,
these parameters are evaluated by FEM simulations. The re-
maining parameters are adopted according to the model used in
the FEM simulations. As expected from the state of the art, the
non-linear system behavior of conventional HRAs is observable
in the simulation and the model results [20, 21].

This non-linear behaviour is majorly caused by the follow-
ing two effects. Firstly, the deflection gradient of the mover
torque is changing due to the unequal distribution of the per-
manent magnet flux @, in the parallel connected reluctances
Ri(@) and Ry(a) for @ # 0. Secondly, the current to torque
relation is increasing towards the mover deflection limits, ob-
servable by the increasing torque change for the equidistantly
distributed coil currents towards higher deflections, since the
stray reluctance R; is connected in parallel to the reluctances
Ri(@) and Ry(@). E.g for @ = 0, the permanent magnet flux
®,, is distributed between R;(a), Ry(@) and Ry, but towards the
mover deflection limits, either R(a) or R>(a) becomes rela-
tively small in comparison to R, and the main flux path of the
permanent magnet is either R;(a) or Ry(@). An example of a
low stray flux HRA from [25] confirms that behavior. How-
ever, the problem with the unequal distribution of the perma-
nent magnet flux ®,, in the parallel connected reluctances R;(a)
and R, () is still present. Beyond that, the simulation results are
in good agreement with the introduced model to describe the
behaviour of a rotational HRA in range of +3°. Minor model er-
rors occur towards larger angular deflections, originating from
the unmodelled saturation effects of the ferromagnetic parts and
the small angle approximation, as well as the non-uniform air
gap length of the reluctances R (@) and R,(@). To avoid major
saturation effects of the ferromagnetic parts, the cross-sections
are designed to be sufficiently large. Despite these model er-
rors, the magnetic equivalent circuit model achieves an RMS
error of 10.32mN m compared to the FEM simulation results
in full range. The introduced model shows sufficient accu-
racy and simplicity to apply the subsequent hardware lineariza-
tion of HRAs to reduce the non-linear effects of the unequally
distributed permanent magnet flux and the stray reluctance in-
duced non-linearity.

3. Hardware linearization of HRAs

Based on the verified model, a design method to improve
the linearity of the conventional HRA is analytically derived.
The analytical results of the introduced design approach are
evaluated using FEM simulations and compared to the mag-
netic equivalent circuit model.

The goal of the hardware linearization is a linear HRA with
the mover torque described by

(&)

Tlin = kilcoil + K@
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with the rotational stiffness « and the motor constant k,,, which

are defined by
dr
K=—,
da
dt
m= - (6)
dlcoil

These first order derivatives of the mover torque 7 must be non-
zero, otherwise the HRA design is not valid. For instance, if
the motor constant k,, is zero, the torque is independent of the
coil current, losing the required connection of the electrical and
the mechanical domain in an electromechnical actuator. The
targeted model, defined in Eq. (5), implies a linear system be-
haviour, requiring the higher order derivatives to be zero
d't
W = 0
d't
i

n
Leoil

with neN, n>2

)

By applying Eq. (7) on the mover torque of the conventional
HRA, defined in Eq. (4), the previously discussed non-linearity
is observable as non-zero higher order derivatives. Closer in-
vestigations showed that higher order derivatives with respect
to current are zero for the operating point of @ = 0°, which is
visible in Fig. 3 by the equally distributed torque for variable
coil currents of +1 A. Consequently, conventional HRAs can
be linearly approximated in a sufficiently small range, justify-
ing the claimed linearization of the actuation torque or force
by the biasing flux of the permanent magnet [12, 13, 17, 5, 20].
However, large range applications require linearity in full range.

The underlying idea of the hardware linearization is to adapt
the mechanical structure to obtain a linear system behavior in a
fundamentally non-linear system, as shown for various sensors
in [44]. Since, the parasitic stray reluctances R, can hardly be
chosen in a HRA design and the reluctances of the yoke R,,
the air gap above the permanent magnet R, and the permanent
magnet R, are independent of the mover deflection, only the
reluctances of the working air gaps R;(a), Rx(«) are used as
design degrees of freedom for the hardware linearization.

To model the mover torque with the general mover deflection-
dependent reluctances of R (@), Ry(@), Eq. (4) needs to be ex-
tended due to the potentially variable cross-sections of the work-
ing air gaps. The generalized torque of a HRA with variable
cross-sections A (a) and A,(a) of the working air gaps is

(D2|(Qa i(:uil)y _ ‘1)%((1/, i('vil)y
2uoAi@) ’ 2uoAda) T

Tgen ((I, icoit) = (8)
By solving the differential equations, defined in Eq. (7), with
the generalized torque (8) for the generalized reluctances R, (),
R, (@), no valid solution is found. This might be an indication,
that the reluctances of the working air gaps R|(@), Rx(a) can
not be adapted, such that the mover torque is linearly depen-
dent on the mover deflection @ and the coil current i.,;. Since,
there are no further deflection-dependent reluctances available
for the hardware linearization, the model complexity is reduced

iv
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Figure 4: Solution I: Linearized HRA with linear cross-section dependency
Aj2(a) of the working reluctance Rj»(«), realized by the trapezoidal stator
cross-section. The mover is rotational symmetric around the x-axis to keep
both the air gap lengths constant to /y.

by neglecting the yoke reluctances R, for the following investi-
gations. By limiting the mover deflection to its initial position
a = 0° for the torque derivatives with respect to the coil cur-
rent and by limiting the coil current i.,; = 0A for the torque
derivatives with respect to the mover deflection, two solutions
with the generalized reluctances

Li(a)
R =
@ HoA ()
Ly(@)
R =
0= L@
with
LLao) =l orll:  Lisa)= ——
l() + lla
A =apFaa Ara(@) = ag )

with the variable cross-sections A; >(«) and the variable air gap
lengths L (@) are identified. In contrast to the conventional
HRA, the rotational stiffness x remains constant for no coil cur-
rent and the motor constant k,, is constant at the initial mover
deflection with both solutions, representing an fundamental en-
hancement. Further analytical investigations without the limi-
tation of the mover deflection and the coil current revealed, that
the torque derivatives higher order than three (n > 3 in Eq. (7))
are zero for both solutions. For comparison, the torque deriva-
tives of the conventional HRA up to order n = 100 are identified
to be non-zero. Based on the reduced number of the non-zero
torque derivatives for both solutions, a significantly improved
linearity in the entire operating range is expected in relation to
the conventional HRA design.

In the following subsections, two exemplary linear HRA
designs, which implement the solutions I, II of the reluctances
R, . The remaining components, such as the permanent magnet
or the actuation coils, are adopted from the conventional HRA
to ensure an reasonable perfromance overview of each HRA de-
sign. Both hardware linearized HRA designs are evaluated with
respect to linearity by FEM simulations.
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Figure 5: Mover torque of the linearized HRA with linear cross-section depen-
dency Aja(@): Solution I. Comparison of the FEM simulations (circles) and
the magnetic equivalent circuit (lines) at various coil currents i.,;;, indicating
improved linearty in comparison to the conventional HRA.

3.1. Solution I: Linear cross-section

Solution I in Eq. (9) requires reluctances R »(a) with lin-
early increasing and decreasing cross-sections A »(@) and con-
stant air gap lengths [y of the working air gaps. To design a
structure with the mentioned characteristics, two design steps
are essential. Firstly, to keep the air gap length constant /y, the
mover surface, as well as the stator surface at the working air
gaps, are rotationally symmetrical designed around the x-axis
with the radius r,,, as visible in Fig. 4.

Secondly, to obtain a linearly increasing cross-section A »(a),
the mover has a rectangular cross-section in the xz-plane while
the stator is has a trapezoidal shape, as shown in Fig. 4. The
effective cross-section of the air gap is equivalent to the convo-
lution of the rectangular mover cross-section A,, and the trape-
zoidal stator cross-section Aj:

Arle) = f " A A@ - y)dy

Ymin
wo — Wi Wi —Wo, o
=———hya+hywg+ ———h (10)
hye " " 2h, "
N —_—
ap dao

with the geometric parameters wy, wy, hy, h,,, defined in Fig. 4.
By comparing the coefficients of Eq. (9) and Eq. (10), the geo-
metric parameters can be related to the gradient of the variable
cross-section a; and the cross-section of the initial mover posi-
tion ayg.

These design steps lead to the linearized HRA design, shown
in Fig. 4. Based on the introduced design, FEM simulations are
used to evaluate the mover torque. Since the stray reluctance
R, is a parasitic phenomenon and the magnetic field is not ex-
actly homogeneous in the air gaps, the parameters a;, aop, as
well as R; are also evaluated by a least-squares fit of magnetic
equivalent circuit model to the FEM simulations. However, the
comparison of the parameters a; and ay expressed in Eq. (10)
and the simulations are within the same order of magnitude.

Working air gap lengths
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Figure 6: Solution II: Linearized HRA with hyperbolic air gap length depen-
dency L »(a) of the working reluctance R; >(«), realized by the parameterized
shape of the stator surface facing towards the mover. The mover is rotational
symmetric around the x-axis with the radius r,.

The modeled and simulated mover torques over an angular
range of +4° and an coil current in range of +1 A are com-
pared in Fig. 5 with solid lines and circles, respectively. An
improved linearity is clearly observable compared to the con-
ventional HRA torque, shown in Fig. 3. A minor non-linearity
shows up toward increasing coil currents for angular deflections
close to the maximum range of +4°. This non-linearity is ex-
pected to be present, as the proposed hardware linearization is
only analytically exact for either i.,; = 0 A or @ = 0° and non-
zero torque derivatives are identified up to the order of three.

By fitting a linear model from Eq. (5), to the simulated
torque, a motor constant of k, = 4.98 mNmA~! and a rota-
tional stiffness of xk = 87.6mNmrad™' are determined. The
fitted linear model shows a RMS error of 0.432 mN m, which is
highly linear compared to conventional HRAs with a linearity
error of 27.7 mN m.

A limitation of this linearly dependent cross-section design
is its relatively low motor constant. This limitation arises due
to the constrained gradient of the cross-section a;, which is in-
fluenced by geometric parameters such as wy, wy, hy, and hy,.
These constraints originate from the need for compact size in
HRAS, therby it is undesired to increase the width wy or the sta-
tor height 4. Also the minimum mover height 4, is limited,
since the mover needs to be sufficiently rigid to withstand the
acting torques. Furthermore, saturation effects of the ferromag-
netic parts limit the smallest cross-section, defined by the width
wy paired with the mover height /,,. Summing up, this design
improves the linearity by a factor of 64, but decreases the motor
constant by 81 % compared to conventional HRAs.

3.2. Solution II: Hyperbole air gap length

Solution II in Eq. (9) requires reluctances R »(«) with hy-
perbolically increasing and decreasing air gap lengths L (@)
and constant cross-sections ag of the working air gaps. To de-
sign a structure with the desired behavior, the following adap-
tations of the conventional HRA are made.

The mover cross-section is selected to be constant and rect-
angular in the xz-plane. The mover surfaces at the working air
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gaps are rotationally symmetrical around the x-axis with the
radius r,,, as visible in Fig. 4. To obtain a hyperbolically in-
creasing and decreasing air gap length L; >(«), the stator surface
facing the mover is parameterized by

Y12(@) = (rm + Ly 2(@)) cos &
z12(@) = (rm + Li2(@)) sina (11)

in the yz-plane, as illustrated in Fig. 6. Since the mover ro-
tates around the x-axis, the air gap length L, »(a) is added to
the mover radius r,,, ensuring a hyperbolic variation in the air
gap length with respect to the angular deflection a.

Based on the introduced HRA design, FEM simulations are
used to evaluate the mover torque. The parasitic stray reluc-
tance R; is calibrated by finite simulative analysis, in accor-
dance to the conventional and the solution I HRA design. Since
the magnetic field is not exactly homogeneous in the working
air gaps and the effective length is influenced by the height of
the mover £,,, the parameters /y and /; of the parameterized air
gap length L; (@) are also determined by a least-squares fit of
the magnetic equivalent model to the FEM simulations. How-
ever, the comparison of the parameters /; and /) expressed in
Eq. (11) and the simulations are within the same order of mag-
nitude. As discussed previously, the target of this study is to
find a structure with a hyperbolic increasing/decreasing air gap
length. The remaining parameters, such as the coercivity of
the permanent magnet H,, the corresponding permanent mag-
net length /,, or the number of turns N are adopted from the
conventional and the solution I HRA design.

Finally, the mover torques modeled and simulated in an an-
gular range of +4° and an coil current in a range of =1 A are
compared in Fig. 7 with solid lines and circles, respectively.
An improved linearity is observable compared to the conven-
tional HRA torque, shown in Fig. 3. Especially, the linearity
for @« = 0° with respect to the current to torque relation and
the linearity for i.,; = 0 A regarding the angular deflection to
torque relation. This effect corresponds to the previously de-
fined condition of limiting the operating points to find a solution
for the differential equations (7), verifying the approach of the
analytical hardware linearization. A minor non-linearity is ob-
servable towards increasing coil currents for angular deflection
close to the limits of +4°, which is expected, since non-zero
torque derivatives up to the order of three are analytically deter-
mined in the entire range of the HRA.

By fitting the linear model, defined in Eq. (5), to the sim-
ulated torque, an improved motor constant by factor 2 of k,, =
9.59 mN m A~! is obtained compared to the solution I and a ro-
tational stiffness of x = 97.0mNmrad™' is determined for the
HRA design of the solution II. With an RMS error of 0.580 mN m,
the linearity is significantly increased compared to the conven-
tional HRA of 27.7 mN m.

However, considering the saturation effects of the ferromag-
netic material, this design also has its limitations with respect
to the motor constant. A higher motor constant is achieved by
increasing the gradient of the working reluctances R »(«) [45].
By increasing the gradient of the working reluctances, the air
gap length decreases at the maximum angular deflection. With

vi

20

Torque / mNm

Angular deflection a / °

Figure 7: Mover torque of the linearized HRA with hyperbolic air gap length
dependency L (@): Solution II. Comparison of the FEM simulations (circles)
and the magnetic equivalent circuit (lines) at various coil currents i.,;, indicat-
ing improved linearty in comparison to the conventional HRA.

an unchanged MMF of the permanent magnet and the actua-
tion coils, the flux is increased at maximum angular deflection,
which is limited by the saturation effects of the ferromagnetic
material. Apart from that, the mover height £, could be de-
creased to reduce the averaging effect of the air gap length, but
to avoid saturation effects the mover width in x-direction needs
to be accordingly increased. By increasing the mover width, the
desirable compactness of the actuator is reduced, as well as the
mechanical stiffness of the mover against the actuator torque is
reduced. Therefore, the geometry of the working air gaps R; »
is tuned, considering the trade-off of on the one hand, to stay
within the saturation boundaries of the ferromagnetic material
with a mover width of 9 mm and on the other hand to obtain a
reasonable motor constant.

4. Linearized HRAs vs. conventional HRA

The reasonable selection of the proposed linearized HRA
designs or the conventional HRA depends greatly on the final
application and the desired system specifications. As this paper
is especially interested in the linearity of HRAs for high preci-
sion applications and the main task of a rotational electromag-
netic actuator is to obtain high output torques of low currents
for high efficiency, a performance comparison between these
two parameters is provided in Fig. 8.

The linearity error of each design is defined by the RMS er-
ror of the fitted linear model from Eq. (5). Since fast steering
mirrors are operated predominantly around the initial position
of @ ~ 0° in scanning applications, the motor constant is evalu-
ated at this operating point. The linearzed HRA design with the
hyperbolic air gap length dependency, as well as the design with
the linear cross-section dependency, significantly improves the
linearity in comparison to the conventional HRA, as observable
in Fig. 8. The linearity error could be reduced from 27.7 mN m
to 0.432 mN m (solution I) and 0.580 mN m (solution II), result-
ing in an improvement by a factor of 50.
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The motor constant of the better performing linearized HRA 30 5 6 Line: - T T
design is reduced by a factor of 2.7 compared to the conven- _ PO >_<_ L. 1n_eilr_1t_y_e_rr_0_r ______ K
tional HRA. As the angular deflection gradient of the working @ !
reluctances R >(«) of the linearized HRAs are smaller in com- g 1
parison to the conventional HRA design, a decreased motor- % 20| =
constant is expected. This indicates a trade-off between linear- = E X2.7 Motor-constant
ity and motor constant. Considering application requiring high- g '
est energy efficiency, the optimization of the current to torque % :
relation, e.g. by topology optimization [46], and a non-linear S 10 b X Conventional g
control approach [34] could be more efficient. Whereas, for res- 8 O Hyperbolic air gap length L; (@)
onant fast steering mirrors, the linearized HRA approach could § Linear cross-section Ay »(a)
be more efficient, since the resonance is not shifted in contrast [ ) Voice coil actuator
to conventional HRAs [22]. Due to the highly linear behavior 0 : ‘ : ‘ ‘
of Lorentz actuators, or more specifically voice coil actuators, 0 3 10 15 20 25 30
they are commonly used in high-precision applications. With Linearity Error / mNm RMS

respect to them, conventional HRAs obtain an up to 9.6 im-
proved motor constant [2], i.e. the introduced linearized HRAs Figure 8: Performance comparison of the introduced linearized HRAs, the con-
have an up to factor 3.5 higher motor-constant than voice coil ventional HRA and an ideally linear voice coil actuator with the relative motor-
actuators. as observable in Fie. 8. Additionally. conventional constant from [2]. The linearized HRAs indicate an improved linearity, but re-
’ ) g o . yf X duced motor-constants, in comparison to the conventional HRA. With respect
HRAs show a higher range-bandwidth-product in comparison to the motor-constant of voice coil actuators, the linearized HRAs outperform
to Lorentz actuators in high performance mechatronic systems  them significantly.
[1]. Therefore, the proposed linearized HRA designs might be
able to enhance the performance of mechatronic systems, be-
ing a reasonable actuator choice to outperform Lorentz actuated
high-precision systems.

6. Conclusion

This paper presents an air gap shaping approach to improve
the linearity of rotational HRAs used in fast steering mirrors.

5. Tipytilt fast steering mirror The approach involves modeling a one-degree-of-freedom HRA,
using a magnetic equivalent circuit to identify and analyze sources
For the targeted utilization in fast steering mirrors, an ex- of the non-linear system behavior. The non-linear behavior of
tension by a second axis is required for many applications [17,  conventional HRAs is observable in the mover torque with re-
1]. The second axis can be implemented by another decou-  spect to the angular deflection and coil current.
pled magnetic circuit in a serial kinematic approach, which is Based on the verified magnetic equivalent circuit, differen-

equivalent to the proposed linearized HRA approaches. The  tial equations are derived to enhance linearity. Two linearized
decoupled design ensures the system linearity and avoids the HRA designs are proposed, one with a linear cross-section de-

non-linearity, originating from the permanent magnet flux dis- pendency and the other with a hyperbolic air gap length depen-
tribution in the working air gaps and the stray reluctance effects, ~ dency. FEM simulations are employed to evaluate the perfor-
as shown for the one-degree-of-freedom linearized HRA. With  mance with respect to the linearity and the motor constant of
regard to the compactness of tip/tilt fast steering mirrors, acou-  these designs. The proposed hardware linearized HRAs show
pled magnetic circuit with only one permanent magnet in the  a substantial improvement in the linearity error, reducing it by
center for both axes would be reasonable with a parallel kine- a factor of 50 compared to conventional HRA designs. The re-
matic approach, as introduced in [21, 20]. However, the ad-  sults clearly indicate a trade-off between the motor constant and

ditional reluctances for the second axis impair the distribution  the linearity. The linearized HRA designs show a reduced mo-
of the permanent magnet flux, expecting a cross-talk between  tor constant, but offer significantly enhanced linearity. Com-
the tip/tilt axis. Additionally, a tilt of the second axis changes pared to Lorentz actuators, the linearized HRAs offer better
the reluctances in the tip axis. Therefore, further work towards performance with respect to the motor constant, these actuator

linear tip/tilt fast steering mirrors is required and their experi- designs are potential candidates for high-precision applications
mental validation. to further enhance mechatronic systems. Future investigations
In summary, the air gap shaping approach to improve linear-  could further develop the linearization by air gap designs appli-

ity resulted in two HRA designs, one with linear cross-section  cable to magnetically coupled tip/tilt fast steering mirrors.
dependency and the other with hyperbolic air gap length de-
pendency. Both designs improve linearity by a factor of 50 in
comparison to conventional HRAs and provide a higher motor
constant than Lorentz actuators.
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