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Frequency-dependency of force dynamics in
hybrid reluctance actuators

Christian Haider, Ernst Csencsics, and Georg Schitter

Abstract—In this paper, the dynamics of hybrid reluc-
tance actuators (HRAs) are investigated by conducting
dynamic force measurements on two HRAs, one with a
laminated core and one with a solid core. The perfor-
mance of current-controlled HRAs is limited by a frequency-
dependent force-to-current relationship (FCR), which leads
to a higher current demand for a constant force generation
at higher frequencies due to eddy current diffusion in the
stator yoke. The FCR is further depending on the ampli-
tude of the driving signal due to hysteresis. Flux feedback
control on the other hand can realise a largely frequency-
independent force-to-flux relationship (FFR) up to 1 kHz for
both a solid and a laminated core actuator. The force dynam-
ics are evaluated in the frequency domain and the power
consumption for positioning applications is compared for a
current-controlled layered core and a flux-controlled solid
core HRA, showing an increased power consumption by a
factor of six in the latter case.

|. INTRODUCTION

In modern industrial environments, there is a critical demand
for high-precision motion control, particularly in sectors such
as manufacturing and metrology [1]. For precise positioning
in the nanometer range, piezoelectric actuators are commonly
used [2]. For larger actuation ranges, electromagnetic voice
coil actuators (VCAs), utilizing the Lorentz force are pre-
ferred due to their high linearity [3]. Their characteristic
zero-stiffness property ensures a position-independent force
generation, which is beneficial for vibration isolation systems.
These actuators are integral to systems ranging from precision
machining [4] and multiaxis scanning devices [5] to fast
steering mirrors (FSMs) [6], [7] and active sample-tracking
measurement platforms [8]. However, a notable limitation
of VCAs is their relatively small motor constant (force-to-
current ratio), requiring high currents for the necessary high
acceleration and leading to resistive heating, which can produce
a large temperature gradient [9]. Reluctance actuators offer a
quadratic force-to-current relationship and can achieve higher
force density with less heat dissipation but face challenges such
as non-linear force-to-current relations, magnetic hysteresis,
and high position-dependence [10], [11].

By adding a permanent magnet, hybrid reluctance actuators
(HRAs) are obtained, where the coil flux is superimposed
with the bias flux of the permanent magnet in a ferromagnetic
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yoke [12]. This presents a promising advancement by enabling
a linear force-to-current relationship and a motor constant
several times higher than traditional VCAs [12]. HRAs are
used in applications like FSMs [13], tool servos [14], vibration
isolation systems [15] and zero-power gravity compensation
systems [16] but they still encounter the challenge of position-
dependent force and inherent non-linearities such as magnetic
hysteresis and eddy currents [17], [18]. To address these
nonlinearities, strategies such as utilizing materials with high
permeability and electric resistance or manufacturing yokes
from laminated steel sheets have been explored [17], [19]. In
laminated-core HRAs, performance limitations are encountered
if the yoke cross section is reduced. The effective fill factor
decreases and thus less flux can be guided through the yoke,
limiting the achievable force and motor constant of the actuator.
Previous work compares the dynamics of a solid and laminated
core HRA, showing that flux control allows for extending the
positioning bandwith of a solid core HRA by a factor of 10
compared to current control [20].

The contribution of this paper is the comparison of HRA dy-
namics in dependence of control scheme and core configuration
together with the realization of a frequency independent force
generation demonstrated by dynamic force measurements.

Il. SYSTEM MODELLING

The operation of a hybrid reluctance actuator involves the
interaction of two types of magnetic fluxes: the magnetic bias
flux ®,, created by a permanent magnet and the coil flux @,
generated by two actuation coils connected in series. The bias
flux establishes a proportional relationship between the coil
current / and the actuation force F' generated by the actuator.
The working principle is depicted in Fig. 1.

By analysing the parallel magnetic circuit of the HRA, the
fluxes across the left and right air gap can be derived as
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with the air gap reluctances R;, R, and R;. Splitting the fluxes
into a constant part ®,,, and a variable component ®,, [18] with
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o7 — 92 1
=—=——"= 7‘?771@1) = Nm (va 4
Z0A  2nA g @

Post-print version of the article: C. Haider, E. Csencsics, and G. Schitter, “Frequency-dependency of force dynamics in
hybrid reluctance actuators,” 2024 IEEE International Conference on Advanced Intelligent Mechatronics (AIM), 2024.
DOI: 10.1109/AIM55361.2024.10637132

(©) 2024 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in
other works.


http://www.acin.tuwien.ac.at/en/publikationen/ams/
https://doi.org/10.1109/AIM55361.2024.10637132

Post-print version (generated on 03.12.2024)
This and other publications are available at:
http://www.acin.tuwien.ac.at/publikationen/ams/

Actuation coils

®NI

®NI
Permanent S
magnet Y'Y 1
m
F | iN
< Z Iy
> :<_Mover >l
Ty—T Tgt+x

Fig. 1: Working principle of a hybrid reluctance actuator. The coil
current determines the mover displacement.
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Fig. 2: Experimental setup of the solid core HRA with the mover
directly mounted to the force sensor via an aluminium adapter. For
the laminated core HRA, the solid yoke is exchanged by a stack of
laminated steel sheets. The mover actuation direction is parallel to
the force sensor’s y-axis. A Gaussmeter is inserted in the air gap to
measure the air gap flux.

with the motor constant K, 5 by using the Maxwell stress ten-
sor [21]. Using Ampere’s circuital law, the coil flux calculates
to

2N1
i) P ——— 5
c R[ + R7-7 ( )
and the permanent magnet’s flux can be obtained via
H.l
@m o R]R (6)
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with the permanent magnet’s coercivity H.. By substituting for
®,,, and ®,, the force equation can also be written as

F=Kp(z)] + kq(x)zx (7)

showing the force-to-current relationship (FCR) with a
position-dependent motor constant K,,;(x) and an actuator
stiffness k,(x) [18].

Ill. SYSTEM DESIGN

The experimental setup for the force measurement of the
HRA is depicted in Fig. 2. For the solid core, a solid steel
yoke (EN10025-S235JR) is used. For the layered core HRA
experiments, the solid yoke is exchanged by a stack of 29
steel sheets of the same type. Two identical actuation coils
are connected in series and attached to a custom-made power
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Fig. 3: Control structure for both actuator setups. Either flux or
current controllers are activated to perform force measurements. The
gaussmeter is used for reference measurements in the air gap.

amplifier with an integrated shunt resistor to measure the
coil current. The ferromagnetic mover is rigidly attached
to the vertically mounted force sensor (K3D120-500N, ME-
Messsysteme, Germany) via an adapter plate. Therefore, the
nominal moving range of about 2 mm is reduced for the force
measurements. The measured voltage across the bridge circuit
of the strain gauges is amplified by a commercial amplifier
(GSV-1A4, ME-Messsysteme) with a sensitivity of 5.99N/V.
In order to enable a flux measurement, the induced voltage in a
search coil is measured and amplified with an instrumentation
amplifier (INA126U, Texas Instruments, USA). The induced
voltage is integrated in order to derive the magnetic flux
linkage. To prevent the integration of low-frequent noise, a
sensor fusion structure, consisting of a low pass filter for the
measured coil current and a high pass filter for the integrated
search coil signal is implemented, as depicted in Fig. 3.

For reference measurements, a gaussmeter probe (G-08, Hirst
Magnetics, UK) is inserted in the mover airgap and the flux
density is measured. The measured flux and current signals
are read via 16-bit ADCs connected to a field-programmable
gate array (FPGA) (DS5203, dSpace GmbH, Germany) with a
sampling frequency of 10 MHz. The specifications of the setup
are summarized in Tab. L.

TABLE I: Dimensions of both experimental actuators.

Parameter Symbol Value
Cross-section area A 15mm x 15 mm
Coercitivity H. 1MA/m

Air gaps zg,ly 1mm
Magnet length Im 19mm

Coil windings N 120
Search coil windings Neoil 16

Sheet thickness d 0.5 mm
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Fig. 4: Dynamic force measurement of the flux-controlled solid core
HRA. The mover is actuated parallel to the y-axis and Fj, shows
the dominant contribution. F,,, represents the modelled force sensor
dynamics for this measurement.

A. Control structure

In order to compare both actuator types, current and flux
controllers are implemented on the rapid prototyping system.
The PI-controllers of the form
k.
u ®)
s
are designed for the current and flux control for the layered
core and for the current control of the solid core.
For the flux-controlled solid core, a PID-controller of the form

ks
t kg ©)

Trs+1

is implemented, as eddy current diffusion leads to a larger phase
lag in the solid core and an additional differentiating action
is needed [20]. The additional pole with Ty = 1.989 x 105
and kg = 8.442 x 10™* is added to limit the differentiating
action at higher frequencies. The controllers of both systems
are designed to show a similar closed loop bandwidth of about
8 kHz. The control parameters and the phase and gain margins
are shown in Tab. IL.

CP] ka+

Cpip =k, +

S

TABLE II: Control parameters for both actuators with gain and phase
margins.

CI,solid CI.]ayered C@,snlid C<I> ,layered
kp 21.877 70.794 46.901 6.309
k; 2.749 x 10°  4.448 x 10°  1.122 x 10°  3.964 x 10*
GM 11.2dB 16.3dB 6.2dB 12dB
PM 60° 52° 35° 47°

IV. EXPERIMENTAL RESULTS

In order to compare the electromagnetic force generation of
both actuator types for current control and flux control, respec-
tively, transfer functions are measured up to 5 kHz from the
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Fig. 5: Dynamic force measurement (divided by the modelled dynam-
ics Fmy) comparison with current and flux control for both actuators,
respectively. Ko jayered and Ko solia Show the measured FFR for flux
control for both HRAs, showing a relatively constant force generation
up to about 2 kHz. The measured fluxes in the air gap underline
these measurements, as the generated flux stays constant for about
the same bandwidth. K7 jayered and Ky soiia depict the FCRs of the
current controlled actuators, both showing a decreasing trend with
rising frequency.

respective reference to the output of the force sensor, Fi,eqs-
For a concise comparison, the terms force-to-flux relationship
(FFR) and force-to-current relationship (FCR) introduced in
Eq. 4 and Eq. 7 are used in the following.

A. Force measurements

First, a measurement is conducted for the flux-controlled
solid core actuator, with results depicted in Fig. 4. While
the y-axis is the principal axis of actuation (see Fig. 2),
the additional axes also contribute to the overall force of
the actuator. A reason for this effect could be a undulated
displacement of the mover due to variations in the mounting
screw torque and an imperfect attachment to the force sensor.
The shown dynamics of F} make it difficult to compare the
two actuators and the two control principles with each other.
As a remedy, the force sensor dynamics of the flux-controlled
solid core actuator are modelled as a 6th order system F,,,.
By dividing the force measurements by Fi,,, this model sets a
baseline and enables a comparative analysis of the four HRA
configurations.

In Fig. 5, the resulting transfer functions of the dynamic force
measurements for the solid and the layered core actuator with
active current and flux control, measured from flux and current
reference to the force sensor signal, are depicted. For current
control, the FCR of the solid core, K ¢ indicates a decline
of about -10 dB per decade, resulting from eddy current
diffusion in the solid yoke. As a consequence, the decreasing
flux density impairs the force generation. This is validated by
the Gaussmeter measurement Wy qjiq in the left air gap which
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Fig. 6: Measured hysteresis curves of the current controlled solid
core HRA for driving signals with amplitudes 0.1A4,, and 0.8A4,,,
respectively.

also shows a significant decrease in the measured flux density.
Compared to that, Uy jayerea Shows a relatively constant flux
magnitude up to 1 kHz, resulting from the eddy current
inhibition due to the layered core. The corresponding force
transfer function K7y jayereq shows a decrease of -6 dB in
the range from 10 Hz to 100 Hz. Here it has to be noted,
that the mounting of the layered mover is not as trivial as
with the solid version, possibly impairing this measurement
result. However, the flux-controlled version shows further
improvement, as the FFR of K3 jayerea Shows a decrease of
only -2 dB in the 10-100 Hz range. The flux-controlled solid
core K soiia shows a largely constant FFR up to almost 2 kHz.

B. Hysteresis

It is essential to point out that the force measurements reflect
only the differences between the two actuator cores and the
respective control schemes, since the transfer functions are
normalized to Kg gli¢ by dividing them by F,,,. Comparing
the flux controlled actuators, it can be seen that both actuator
cores can deliver a relatively constant force magnitude up to
about 1 kHz, whereas the current controlled actuators suffer
from a decreasing force magnitude. Additionally, hysteresis
influences the magnetic field generation in current-controlled
actuators, as the resulting non-linearities are not captured
by current feedback control. The motor constant is therefore
dependent on the driving frequency and the current amplitude.
This can be seen by investigating the hysteresis of the actuator
yoke.

The hysteresis of the current-controlled solid core HRA,
depicted in Fig. 6, is measured using a 0.1 Hz reference current
with an amplitude of 0.1 A and 0.8 A, respectively. For 0.1 A,
the gradient of the hysteresis curve shows a slope of 67 mT/A,
which increases to 107 mT/A for the higher amplitude of 0.8 A,
directly impairing the motor constant in the current-controlled
case. This means a smaller current produces a weaker magnetic
field, which is not strong enough to re-orientate the majority
of the magnetic domains in the actuator. Thus, less flux is
available for electromagnetic force generation and hence the
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Fig. 7: Power consumption for both actuator types. Each HRA is ac-
tuated at the drive frequencies 10, 50 and 100 Hz with active position
control to allow for a fair comparison. A sinusoidal position reference
signal with an amplitude of 20 um is used for all measurements.

motor constant is smaller. For a DC current of 0.5 A, the
nominal motor constant calculates to K,,,; = 18 N/A for both
actuators and changes for varying current amplitudes.

With flux control, the non-linearities arising from hysteresis
and eddy currents are captured in the flux measurement by the
search coil and hence the varying reference signal amplitude
does not influence the resulting motor constant. For a DC
current of 0.5 A, corresponding to a variable flux density of
B, = ®,/A = 48mT in the air gap, the motor constant
results to K,,,5 = 75 N/T, which does not change for varying
reference amplitudes.

C. Energy efficiency

In order to evaluate the power consumption of both actuator
types, the current and the voltage at the power amplifier’s ter-
minals are measured for both actuators. For a fair comparison,
position controllers are implemented for the current-controlled
layered core and the flux-controlled solid core actuator, as
described in [20]. The movers are detached from the force
sensor and guided by an aluminium flexure, adding a positive
stiffness to the HRA systems, rendering them open-loop stable
around the center [18]. The mover motion is observed with
an interferometric sensor and a cascaded control structure is
implemented, resulting in a closed-loop bandwidth of 790 Hz
for the current-controlled layered core and 750 Hz for the
flux-controlled solid core [20]. A sinusoidal reference with an
amplitude of 50 um is tracked for the driving frequencies 10 Hz,
50 Hz and 100 Hz for both actuators, as depicted in Fig. 7.
For the solid core, the power consumption is higher by a factor
of 6 when tracking a 10 Hz reference. Compensating the field-
weakening effects of the induced eddy currents necessitates
a higher voltage at the actuator coils and thus a higher power
consumption. Eddy current losses in the yoke increase quadrati-
cally with the frequency, while hysteresis losses linearly depend
on the frequency. The two aspects contribute to the overall
power demand and together with the amplitude-dependent
hysteresis in the current-controlled case, make it difficult to
distinguish the effects in Fig. 7. In the laminated actuator,
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yoke layering inhibits eddy current formation to an extent and
consequently the power consumption stays roughly constant.
In summary, the force dynamics of four HRA configurations
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