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Abstract—This paper presents a comparative analysis of
hybrid reluctance actuators (HRAs), one with a solid core
and a version with a layered core, respectively. The dynamic
performance is evaluated by employing flux control and
current control for both actuators. With flux control, the
phase lag caused by eddy current diffusion in the solid yoke
HRA is reduced by 41◦ at the suspension mode as com-
pared to current control. This enables the implementation
of a cascaded control structure, with H∞ position control
reaching a closed-loop bandwidth of 750 Hz for the solid
core HRA, similar to the conventional approach using a
current-controlled laminated actuator. This offers the option
to dispense yoke lamination in favor of easier manufacturing
and increased yoke fill factor.

I. INTRODUCTION

In many fields of modern industry, high-precision motion is
needed for manufacturing and metrology applications [1].
Electromagnetic voice coil actuators (VCAs) exploiting the
Lorentz force are often employed for this purpose [2], as they
feature high linearity and a comparably long working range,
while delivering a position-independent force, known as zero-
stiffness property [3]. These actuators are used for precision
machining [4], multiaxis scanning devices [3], fast steering
mirrors (FSMs) [5] and active sample-tracking measurement
platforms [6]. However, the force-to-current ratio (i.e., motor
constant) of these actuators is relatively small [2]. Conse-
quently, a high current is required to achieve the necessary high
acceleration, required for a high-speed movement or scanning
operation. Moreover, the resistive heating of the actuator can
also impair the system performance [7].
In reluctance actuators, the force-to-current relation is
quadratic, meaning a higher force density can be achieved
with less heat dissipation [8]. However, the highly non-linear
force-to-current relationship, the magnetic hysteresis and a high
position-dependence need to be compensated [9].
In a hybrid reluctance actuator (HRA), actuation coils and
permanent magnets are combined to generate magnetic flux
in a ferromagnetic yoke, again resulting in a linear force-
to-current relationship and realising a motor constant several
times higher than conventional VCAs [2]. HRAs have been
successfully integrated in FSMs [10], tool servos [11] and
vibration isolation systems [12]. The achievable force is, how-
ever, position-dependent, as the biasing flux of the permanent
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magnet entails a negative stiffness in the system. By attaching
a tailored positive stiffness to the mover, e.g. leaf springs or
flexure beams, the negative stiffness can be counteracted around
the equilibrium point, achieving open-loop stability [13]. Addi-
tionally, a HRA shows inherent non-linearities due to magnetic
hysteresis and eddy currents in the actuator yoke, which are
caused by the changing magnetic field due to currents applied
to the actuation coils, leading to a bandwidth-limiting phase
lag with increasing frequency [14]. Eddy current formation can
be limited either by substituting the steel core with special
material, which offers a high permeability and a high specific
electric resistance [14] or by manufacturing the actuator yoke
out of laminated steel sheets with insulating layers in between
[15]. With shrinking yoke geometry, however, the achievable
performance of laminated-core HRAs is limited, if the sheet
thickness approaches the insulating layer thickness. Essentially,
less cross-section area remains to guide magnetic flux, meaning
that the effective fill factor decreases. This, in turn, limits the
achievable mover force, resulting in a reduced motor constant.
By using a solid-core HRA, the whole cross-section area can
be used to guide magnetic flux while the avoidance of yoke
lamination lifts the restriction to single 2D geometries, enabling
advanced actuator layouts. In current-controlled HRAs, actua-
tor non-linearities resulting from hysteresis and phase lag due
to eddy currents cannot be compensated by feedback control.
As a remedy, flux control can be used, as the magnetic non-
linearities show up in the flux measurement and can therefore
be rejected by flux feedback control [13]. It remains, however,
unclear how and to which extent flux control can reduce the
phase lag resulting from eddy current formation.
The contribution of this paper is the analysis of the system
dynamics of hybrid reluctance actuators for a laminated and
a solid yoke configuration. Particularly, the influence of the
sensing and control configuration on the achievable control
bandwidth is analysed, thereby offering valuable design guid-
ance for future HRA concepts.

II. SYSTEM DESIGN

In order to explore the dynamic properties of a solid core HRA
and facilitate a meaningful comparison with a state-of-the-art
layered core, this section presents the development of these
two actuator types. For both actuators, the same steel type
(EN10025-S235JR) is used, which has a residual magnetization
of Br = 1.34 T and a maximum relative permeability of
µr,max = 2400 [16]. In Fig. 1, the setup of the solid core
actuator type is depicted. Two identical actuation coils are
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Fig. 1: Experimental setup of the solid-core actuator with indicated
flux paths of coil flux Φc and magnet flux Φm and shown left and
right air gaps xg ± x.

connected in series and attached to a custom-made power
amplifier with an integrated shunt resistor to measure the coil
current. The ferromagnetic mover with the mirror is guided by
an aluminium flexure, which adds a positive stiffness to the
system and is designed for a specific suspension mode with
a resonance frequency of 193 Hz [13]. The mover motion is
observed with an interferometric sensor (IDS3010, Attocube
Systems AG, Germany). In order to enable a flux measure-
ment, the voltage induced in a search coil is measured and
amplified with an instrumenation amplifier (INA126U, Texas
Instruments, USA). A gaussmeter (G-08, Hirst Magnetics, UK)
is used to measure the flux density in the airgap. 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 interferometer signal is processed in a rapid prototyping
platform (DS1005, dSpace) featuring a sampling frequency of
20 kHz. The specifications of the setup are summarized in
Tab. I.
In order to determine the flux in the stator yoke, the induced
voltage in the search coil is measured and via Faraday’s law [2]
the flux linkage can be derived as

Φ̂ =
1

s

1

Ncoil
gIAÛcoil (1)

in the Laplace domain with a multiplicative instrumentation
amplifier gain gIA and the coil windings Ncoil. The integrator
causes a drift in the output signal due to integration of low-
frequent bias noise. Therefore, sensor fusion is implemented for
flux measurement by using a complementary filter structure,
consisting of a high-pass filter for the search coil signal
and a low-pass filter for the current monitor signal. Corner
frequencies of ωc = 10 Hz are experimentally determined to
filter out low-frequency noise of the search coil. Up to ωc,
the current monitor signal Ucur is used for feedback control.
For higher frequencies, the amplified coil voltage Uflux is
integrated and fed back to the controller. In order to correctly
add the two signals, multiplicative filter gains gs and gc are
added. The sensor fusion filter structure is depicted in Fig. 2.

III. SYSTEM MODELLING

In an HRA, the magnetic biasing flux Φm of a permanent
magnet is superimposed with the steering flux Φc of the

HRA
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Fig. 2: Block structure of the control system with the flux controller
CΦ(s) and the current controller CI(s).

TABLE I: Parameters of both experimental actuators.

Parameter Symbol Value

Half-width of yoke b 7.5mm

Cross-section area A = 4b2 15mm× 15mm

Coercitivity Hc 1MA/m

Air gaps xg , lf 1mm

Magnet length lm 19mm

Coil windings N 120

Search coil windings Ncoil 16

Path-length in yoke l 270mm

Conductivity σ 1.82× 106 S/m

actuation coils. The flux paths inside the ferromagnetic yoke
are illustrated in Fig. 1. The permanent magnet’s flux serves
as a magnetic pre-load, enabling a proportional relationship
between coil current and the actuation force on the mover. For
modelling the magnetic circuit, the permeability of the yoke is
assumend to be large enough to neglect the magnetic reluctance
of the yoke itself. The fluxes across the left and right air gap
can be described as

Φl = Φc + Φm
Rr

Rl +Rr
= Φv +

1

2
Φm, (2)

Φr = Φc − Φm
Rl

Rl +Rr
= Φv −

1

2
Φm (3)

with the reluctances Rr, Rl and by using a variable flux
component [13]

Φv (x, I) = Φc + Φm
x

2xg
. (4)

The force F acting on the mover is derived by using the
Maxwell stress tensor and results to [17]

F =
Φ2
l − Φ2

r

2µ0A
=

1

2µ0A
ΦmΦv = KmfΦv, (5)

indicating the direct proportionality between F and Φv . Sub-
stituting for Φm and Φv and assuming the magnet length lm is
sufficiently larger than the length of the air gap lf , the equation
above can also be expressed by

F =
2µ0ANHclm

2lmxg + x2
g − x2

︸ ︷︷ ︸
Kmc(x)

I +
2µ0AH

2
c l

2
mxg(

2lmxg + x2
g − x2

)2
︸ ︷︷ ︸

ka(x)

x (6)

with a motor constant Kmc(x) and an actuator stiffness ka(x),
indicating the position-dependent negative stiffness of the actu-
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Fig. 3: Equivalent circuits of magnetized solid-core without (a) and
with eddy currents (b).

ator [13]. By adding a positive stiffness to stabilize the mover
around the center position, the system can be described as a
lumped mass-spring-damper model with the equation of motion
for the magnetic force F acting on the mover

F = mẍ+ cẋ+ kx, (7)
with the mover’s mass m, the flexure stiffness k and a damping
coefficient c. With Eq. 5, 6 and 7, the set of dynamic equations
of the hybrid reluctance actuator can then be written in the
Laplace domain as

x(s)

I(s)
=

Kmc(x)

ms2 + cs+ (k − ka(x))
, (8)

x(s)

Φv(s)
=

Kmf

ms2 + cs+ k
. (9)

Using current-feedback control, the non-linearities in Kmc

impair the control performance. Additionally, hysteresis causes
a phase offset between input current and magnetic flux, which
cannot be compensated by current feedback control [18]. The
same applies for non-linearities arising from eddy current
formation [13]. In contrast, Eq. 9 highlights the advantage
of flux control: By directly measuring and controlling the
variable flux Φv , the position-dependency and the impact of
non-linearities show in the measured flux of Eq. 4 and can be
included in the control input.

A. Impact of eddy currents

In order to model the effects of eddy currents on the dynamic
system behaviour, the complex actuator impedance can be
expressed as

Z̃ = Rs + jω (Ls + Lµ) = Rs + jωL, (10)
with the wire resistance Rs and the actuator inductance L,
comprising of a leakage inductance Ls and a magnetizing
inductance Lµ due to the iron core, as shown in Fig. 3a.
This simple form, however, is only valid for a uniform current
density inside the actuation coils and a uniform magnetic
field distribution in the yoke, when omitting the effects of
eddy currents. This is a viable assumption for a dynamically
operated layered core actuator and also for a solid core in quasi-
static operation, such that the transfer function from a power
amplifier’s input reference U to the resulting actuator current
I can be expressed as

PI,layered(s) =
I(s)

U(s)
=

gamp
Rs + sL

(11)

with an amplifier gain gamp. The measured response is depicted
in Fig. 4a. The pole resulting from the inductance introduces
a characteristic low-pass system behaviour, which can be
compensated by a PI-feedback controller [19].
In the case of a dynamically operated solid yoke, the alternating

magnetic field created by the actuation current induces eddy
currents, which in turn are responsible for the formation of
an opposing magnetic field, which counteracts the magnetizing
field. The resulting field distribution shows a larger magnetic
field density closer to the surface of the yoke and a field
weakening in the yoke center, referred to as magnetic skin
effect [20]. The field distribution inside the yoke is therefore
dependent on the geometric properties of the actuator.
Eddy currents can be modelled as a current ie flowing in
parallel to the magnetizing inductance Lµ over an impedance
Ze(ω) in the equivalent circuit [21], [22], as depicted in Fig. 3b.
The magnetic skin effect is considered by Ze(ω), which is
proportional to the square root of the frequency ω. In order to
model this influence an approximation can be used to relate the
flux Φ inside a solid yoke with an applied current I . Taking
into account the half-width of the actuator yoke b, the flux path
length l and the break frequency [23]

ωb = 1/(g1b
2σµ0µr) (12)

with a gain g1, the transfer function can be written as

ΛΦ,solid (ω) =
Φ(ω)

I(ω)
≈ g2

µ0µrN

l


 4b2

1 +
√

jω
ωb


 . (13)

As depicted in the magnitude plot of Fig. 4a, this model accu-
rately describes the flux-to-current relationship in a solid yoke
up to about 1 kHz, when compared to the flux measurement
ΨΦ,solid, conducted with a gauss meter in the actuator’s air gap.
The modelled behaviour deviates slightly from the measured
data, as the relative permeability µr appears both in ΛΦ,solid and
ωb, but is in general not constant and depends on the driving
frequency and the magnetic field strength, which has to be
considered when using this model.
The proportional relationship of Eq. 13 to 1/

√
ω translates to

the −10 dB/dec slope shown in the bode plot. This behaviour
can also be seen in the measured transfer function of PI,solid,
showing the impact of eddy currents.

IV. CONTROL DESIGN

The cascaded control structure depicted in Fig. 2 is chosen
for the system, consisting of an inner current or flux control
loop and an outer position control loop. An position control
bandwidth of 800 Hz is targeted to demonstrate flux control
with solid core actuators beyond the system’s suspension mode
at 193 Hz. In order to reject disturbances in the inner loop
before they can propagate to the outer control loop, the control
bandwidth of the inner loop should be set about 10 times
higher [24].
For the measured transfer functions PI,layered(s) and PI,solid(s),
current controllers

CI = kp +
ki
s

(14)

with appropriate gains kp and ki are designed to guarantee zero
steady-state error at low frequencies and reach the targeted
cross-over frequency of 8 kHz [2]. The resulting closed-loop
transfer functions TI,solid and TI,layered are depicted in Fig. 4a.
In the layered core actuator, the measured flux ΨI,layered in the
air gap shows an almost constant magnitude up to several kHz,
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(a) Comparison of current-controlled actuators.
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(b) Comparison of flux-controlled actuators.

Fig. 4: Comparison between current-controlled and flux-controlled solid-yoke and laminated-yoke HRAs, respectively. The bode plots are
measured from the current and flux reference Uref,I and Uref,Φ to the respective output signals. TI and TΦ show the closed-loop transfer
functions while PI and PΦ denote the measured plants without active control. (a) ΨI,solid and ΨI,layered show flux measurements in the air gap
xg with active current control. The solid core actuator is unable to generate constant flux for higher driving frequencies due to eddy current
diffusion. At around 10 Hz the flux density magnitude shows a slope of −10 dB/dec, which is modelled by ΛΦ,solid. (b) With active flux
control the control input captures the effects of eddy currents, resulting in a relatively constant flux magnitudes up to 3 kHz for both actuators,
shown by the air gap measurements ΨΦ,solid and ΨΦ,layered.

as yoke lamination limits eddy current diffusion. In the solid
core, eddy currents impair the flux generation at frequencies
beyond 10 Hz, as shown by ΨI,solid, featuring a −10 dB/dec
slope, corresponding to the measured plant PI,solid(s) and the
flux model ΛΦ,solid.
In order to overcome these limitations, the flux measurement of
the search coil is used as control input, as illustrated in Fig.2.
Transfer functions PΦ,layered(s) and PΦ,solid(s) are measured
from U to Ufusion for both actuators, respectively, and depicted
in Fig. 4b. Flux controllers are designed to

CΦ,layered = kp +
ki
s

(15)

CΦ,solid = kp +
ki
s

+ kd
s

Tfs+ 1
. (16)

For the solid core flux controller, a derivative term with
Tf = 1.989× 10−5 and kd = 8.442× 10−4 is necessary
to compensate for the additional phase lag caused by eddy
currents and to ensure a sufficient phase margin at the targeted
crossover frequency. The measured complementary sensitivity
functions TΦ,solid and TΦ,layered are depicted in Fig. 4b. The
parameters for all four controllers and the gain and phase
margins of the corresponding open-loop transfer functions are
listed in Tab. II.
Air gap measurements ΨΦ,solid and ΨΦ,layered are carried out to
investigate the potential dynamic improvements gained through
flux control. Consequently, both actuator types show a rela-
tively constant flux generation up to around 3 kHz.

A. Position control

The mover dynamics are investigated for both control schemes
by measuring the position with the interferometric sensor.

Frequency response functions are measured from the power
amplifier’s reference input U to the interferometer’s position
signal output Upos and shown in Fig. 5. A shift of the first

TABLE II: Inner loop controller parameters for both actuators with
gain and phase margins.

CI,solid CI,layered CΦ,solid CΦ,layered

kp 21.877 70.794 46.901 6.309
ki 2.749× 105 4.448× 105 1.122× 105 3.964× 104

GM 11.2dB 16.3dB 6.2dB 12dB

PM 60° 52° 35° 47°

mechanical resonance from 175 Hz to 193 Hz can be observed
for both actuator types, if the control mode is switched from
current to flux control. This is caused by a change in the
mover’s operating point, leading to a changed effective stiffness
due to the switch from the current monitor to the fused sensor
signal.
With current control, the impact of eddy currents in the solid
iron yoke stands out and shows in an additional 41° phase lag at
the suspension mode of GI,solid when compared to GI,layered,
while with rising frequency the phase lag further increases.
This renders a position control bandwidth above the system’s
suspension mode infeasible.
With implemented flux control, the phase lag resulting from
eddy currents does not show up at low frequencies in
GΦ,solid, essentially showing a similar behaviour as the current-
controlled layered core actuator. With flux control, the layered
core shows a phase lead of 12° when compared to GI,layered.
This means that the implemented flux controllers effectively
compensate the impacts of eddy currents in both yoke config-
urations and enable the integration of an outer control loop for
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Fig. 5: Comparison of mover dynamics with flux and current control
used for layered and solid core actuators, respectively. The bode plots
are measured from the references Uref,I and Uref,Φ to the position
signal Upos. The plant GI,solid shows a considerable phase lag of 41°
compared to GI,layered, which in turn shows an additional phase lag of
12° compared to GΦ,layered.

TABLE III: Model parameters for the current-controlled solid core
and the layered core HRA.

Solid core Layered core

Ks 0.224 61 0.9577

ωr 2π · 1200 rad/s 2π · 1572 rad/s
ω0 2π ·193.4 rad/s 2π · 178.6 rad/s
ξ 0.0135 0.01

d1 57.68 109.3

d2 57.88 109.7

k1 3.327× 107 2.098× 107

k2 3.219× 107 2.852× 107

position control.
In the next step, the state-of-the-art current-controlled layered
core actuator and the experimental flux-controlled solid core
actuator are compared by implementing position control using
H∞ control synthesis.
In order to enable an optimal controller synthesis, the corre-
sponding transfer functions are modelled to

M = K
− s
ωr

+ 1
s2

ω2
0

+ 2ξ s
ω0

+ 1

s2 + d1s+ k1

s2 + d2s+ k2
, (17)

with the parameters listed in Tab. III. The additional 2nd-
order transfer function is added to consider the resonance-
antiresonance pair at 900 Hz due to an excitation of a rotational
mode. The system of the layered yoke, GI,layered, deviates
slightly and shows additional small antiresonance-resonance
combinations at 450 Hz and 550 Hz, which may originate from
manufacturing tolerances. The objective of robust control is
to find a controller Cx(s), which stabilizes the closed-loop
system, tracks the reference, attenuates disturbances, rejects
measurement noise and saves control energy [24]. The control
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Fig. 6: Complementary sensitivity functions of the outer position con-
trol loop for the flux-controlled solid core and the current-controlled
layered core actuator types, reaching a bandwidth of 750 Hz and
790 Hz, respectively.

TABLE IV: Weighting function parameters for both actuators.

Parameter Value Parameter Value

ωs1 2π · 700 rad/s ωs2 2π · 1 rad/s
ωt1 2π · 1× 103 rad/s ωt2 2π · 1× 105 rad/s
ωu1 2π · 700 rad/s ωu2 2π · 7× 106 rad/s

requirements can be formulated as an optimization problem

min

∥∥∥∥∥∥



WSS
WUU
WTT



∥∥∥∥∥∥
∞

(18)

with the sensitivity function S, the input sensitivity function
U and the complementary sensitivity function T . Essentially,
the H∞-norm of these sensitivities is minimized, while a
stabilizing controller Cx is iteratively determined. Frequency-
dependent weighting functions WS , WU and WT are used to
limit and shape the frequency behaviour and reflect the design
objectives. WS imposes limits on S at low frequencies to
ensure sufficient disturbance attenuation. The second weighting
function WU is used for shaping the frequency behaviour of the
input sensitivity function and is limiting the control action at
high frequencies. In order to demonstrate the position control
capabilities above the system’s natural frequency, a control
bandwidth of 800 Hz is targeted. The weighting functions are
chosen to

WS = 0.1
s+ ωs1
s+ ωs2

(19)

WU = 10−4ω
2
u2

ω2
u1

s2 + 1.4 · ωu1s+ ω2
u1

s2 + 1.4 · ωu2s+ ω2
u2

(20)

WT =
1

5

ω2
t2

ω2
t1

s2 + 1.4 · ωt1s+ ω2
t1

s2 + 1.4 · ωt2s+ ω2
t2

(21)

for both actuators, with the listed parameters in Tab. IV. The
H∞-synthesis is carried out in Matlab using the derived models
(see Eq. 17), which results in two controllers Cx(s) of 9th

order.
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V. EXPERIMENTAL RESULTS

In order to evaluate the control performance, complementary
sensitivity functions Tpos,solid and Tpos,layered, depicted in Fig. 6,
are measured for the current-controlled layered core actuator
and for the flux-controlled solid core. The bode plot is mea-
sured from the reference input Uref,pos to the interferometer
output Upos with active position control.
The simulated open-loop transfer function Lpos,solid shows a
phase margin of 55° and a gain margin of 8.4 dB at a cross-
over frequency of 360 Hz. For the layered core, Lpos,layered
shows a phase margin of 59° and a gain margin of 7.2 dB at
410 Hz. The difference in the 0-dB crossing line results from
the difference in the models used for both actuators. However, a
similar control performance is reached for both actuator types,
with a −3 dB-bandwidth of about 750 Hz for the solid core
and 790 Hz for the layered core.
In summary, four HRA configurations are analysed, where
the implementation of flux control for the solid core HRA
allows for extending the positioning bandwidth by about one
decade compared to current control. In case of the layered
core HRA, a high positioning bandwidth can be achieved with
both controllers, with flux control showing an improved phase
behaviour by capturing the impact of eddy current formation.

VI. CONCLUSION

This paper analyses the dynamic properties of applied flux and
current control for a solid core and a laminated core HRA. The
implementation of flux control for HRAs with a solid iron yoke
shows that the phase lag due to eddy currents can be reduced
by 41° at the system’s suspension frequency when compared to
conventional current control. The comparison with a current-
controlled layered core actuator of the same geometry shows
that flux control offers the possibility to dispense yoke layering
in favour of an increased fill factor. Flux control in combination
with a layered core HRA shows an mitigation of the phase lag
by 12° near the targeted position control bandwidth compared
to current control. Essentially, both actuators show comparable
dynamics in the frequency domain if the appropriate controllers
are implemented.
The applied position controller further highlights these findings
by showing that similar closed-loop position control band-
widths of 750 Hz for the flux-controlled solid core HRA and
790 Hz for the current-controlled laminated core HRA can be
achieved.
While the flux-controlled laminated core actuator is clearly
superior in terms of efficiency, the findings suggest that the
flux-controlled solid core HRA can be utilized for applications
where yoke lamination is deemed difficult. Future work in-
cludes the comparison and evaluation of the force dynamics
and energy consumption of both actuator types [25].
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