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Abstract—This paper presents a novel integrated elec-
tromagnetic actuator with a position-independent zero
power gravity compensation mechanism for variable
masses. Gravity is actively compensated by a variable re-
luctance actuator with a seamlessly tunable electroperma-
nent magnet. To counteract the negative stiffness of the
variable reluctance actuator, Lorentz actuators are used
to stabilize the position of a magnetically levitated mover
in two DoFs. A local search algorithm tunes the EPM,
providing a variable force between 0 and 25 N. Experimental
results demonstrate a reduction of the power consumption
by at least four orders of magnitude in comparison to the
purely Lorentz actuated system and a gravity compensa-
tion tuning rate of 2.6 N/s, verifying the utilization of the ac-
tuator for energy efficient positioning systems or vibration
isolation systems with variable effective loads.

Index Terms—Actuators, Electromagnetic forces, Mecha-
tronics.

|. INTRODUCTION

RAVITATIONAL forces need to be compensated in

various industrial applications, ranging from nanoposi-
tioning systems for the semiconductor industry [1], [2] to
conventional magnetic bearings [3], vibration isolation systems
[4], potential energy storage [5] and sample tracking platforms
for robot-based inline measurement systems [6].

Lorentz actuators (LAs) are widely used in high-
performance mechatronic systems due to their linearity and
zero-stiffness [7]. A major drawback of purely LA-based
gravity compensation is the offset current in the coils, resulting
in a stationary power consumption [8]. The dissipated power
increases the temperature, which may cause a decreased pre-
cision of the entire system [9]. Moreover, the maximum coil
current available for generating dynamic forces is reduced by
the offset current, limiting the dynamic range and achievable
performance of a positioning system or a vibration isolation
system.

Various design approaches to achieve the desired zero power
gravity compensation are based on the attractive and repulsive
forces of permanent magnets [10], [11]. By adapting the mover
position according to the effective mass, the system can be
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kept in a force equilibrium operating point. This approach
is further optimized by increasing the compensating force
with Halbach arrays [12]. Another design with two degrees of
freedom (DoFs) is based on the principle of a hybrid reluctance
actuator (HRA) [13]. The negative stiffness of the HRA is also
utilized to generate a position-dependent compensation force.
However, all reported approaches based on permanent magnets
compensate gravity by vertically adapting the mover position
according to the mover mass. To solve this problem, a system
with adjustable displacements between permanent magnets
and mover is introduced [14], enabling variable compensation
forces. The permanent magnets are actuated by thermal shape
memory actuators for energy efficiency, but they limit the
bandwidth of the gravity compensation mechanism to around
10 mHz.

Compared to permanent magnets, conventional electrop-
ermanent magnets (EPMs) have the ability to switch the
remanent magnetic flux on (maximum magnetic flux) and
off (no magnetic flux) while the static power is zero [15].
This bi-stable mechanism is suitable for switchable reluctance
actuators with holding forces from 145kN to 1mN [16],
[17], stepper motors [15], microfluidic valves [18] or climbing
robots [19]. Reluctance actuators based on EPMs and operated
in the static on and off state could be used for a switchable
gravity compensation, but would still have the disadvantage
of the position-dependent gravity compensation force.

The contribution of this paper is the design of an in-
tegrated electromagnetic actuator (IEA) with an adaptable
gravity compensation mechanism, which enables magnetic
levitation of a variable mass in a desired position at zero
static power consumption. A control strategy for a tuneable
permanent magnet to adapt the gravity compensation force
according to the mover mass, as well as a position control
to stabilize the mass at a desired position are developed. The
system performance is evaluated and the significantly reduced
static power consumption is successfully demonstrated on an
experimental setup.

Il. SYSTEM CONCEPT AND REQUIREMENTS

The system concept is centered around a variable reluctance
actuator with a tunable permanent magnet, as shown in Fig. 1.
Current pulses in the enveloping magnetization coil are utilized
to magnetize the permanent magnet, generating an adaptable
magnetic flux in the air gaps between mover and stator. The
changing magnetic flux results in a tunable reluctance force
Fpa(t) at a desired mover position. By tuning the reluctance
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Fig. 1: Concept of a variable reluctance actuator with a tunable
permanent magnet. The permanent magnet generates a quasi-
static magnetic flux ® p(t) that can be adapted by the current
in the magnetization coil. The variable flux ®p(t) is used
to compensate the gravitational forces Fg(t).

force to compensate the gravitational force of the mover mass
Fpu(t) = Fg(t), the mover is magnetically levitating without
power consumption. If the mover mass m(t) is changed or
the actuator orientation with respect to the gravity vector is
modified [20], the reluctance force is retuned to compensate
the corresponding gravitational force.

The tunable permanent magnet is realized by an EPM to
reduce the volume of the magnetic material which is mag-
netized, resulting in reduced hysteresis losses while adapting
the reluctance force [15]. An EPM consists of a hardmagnetic
NdFeB and semi-hardmagnetic AINiCo material with equal
cross-sections and remanence, shown in Fig. 2. By applying
current pulses to an enveloping coil, the magnetization of the
AINiCo material can be changed. In this way, the magnetic
fluxes of both magnets either compensate each other or add
up, yielding a permanent magnet with the magnetic flux only
in one orientation. In contrast to the state of the art, the EPM is
seamlessly tuned in the range between off (no magnetic flux)
and on state (maximum magnetic flux).

The negative stiffness acting in each air gap of the variable
reluctance actuator entails an unstable equilibrium position
(Fgpm(t) = Fg(t)). Due to the unstable equilibrium posi-
tion, additional actuators need to be integrated to provide a
stabilizing force in two DoFs. Based on the desirable linearity
and zero-stiffness, LAs are chosen to be integrated. Figure 2
shows the system concept of the IEA, that combines a tunable
reluctance actuator for gravity compensation and two LAs to
stabilize the mover position.

The cascaded control design for the IEA is separated in the
inner position control loop and the outer EPM control loop,
shown in Fig. 2. The position control stabilizes the desired
mover position d,..s(t) via the LAs. The currents in the LAs
ira(t) are in a linear relation to the Lorentz force F'p4(t).
Therefore the currents in the LAs identify the deviation from
the force equilibrium, in which Fgpy(t) = Fg(t) and
Fra(t) = 0. The outer EPM control tunes the magnetic
flux of the EPM and the resulting reluctance force Frpas(t)
with magnetization current pulses ¢ pas(t) to obtain the force
equilibrium by using the currents in the LAs as feedback.
Ideally, the variable mover mass of the IEA is levitated only
by the reluctance force Fgpps(t) and the Lorentz in a desired
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Fig. 2: System concept of the IEA. The EPM generates a flux
® pps that attracts the mover and the integrated LAs stabilize
the mover position d. Using the Lorentz coil currents iy, 4, the
EPM controller compensates the gravitational forces Fi; of the
mover.

mover position without power consumption.

For the concept design of the IEA, a maximum load of 1kg
is targeted. The LAs levitate the mover in the desired position
and the EPM compensates gravity, such that a maximum
Lorentz and EPM force of about 10 N is required. The range of
high precision positioning systems are typically within a few
millimeters, hence a range of 4 mm is targeted [21]. Providing
sub-micro-meter resolution, the IEA is applicable for precision
measurement systems [6]. A positioning bandwidth of 100 Hz
is targeted to attenuate low frequent disturbance forces. The
targeted specifications are summarized in Tab. I.

TABLE I: Targeted specifications.

Position range 4 mm
Lorentz force 10N
Static gravity compensation force at 1lmm | 10N
Position control bandwidth 100 Hz
Position control resolution < lum

I1l. SYSTEM DESIGN AND MODELING
A. Mechanical system design

The mechanical design of the IEA can be separated into a
stator and a mover, as shown in Fig. 3. The stator consists
of a cylindrical NdFeB and an AINiCo magnet, which is
enveloped by the magnetization coil. Moreover, it includes
two ferromagnetic yokes guiding the magnetic flux (i) of the
EPM and (ii) of the permanent magnets for the LAs. For a
compact design, the LAs are integrated into the yokes of the
EPM, which is further discussed in Section III-C. To enable
dynamic operation, the mover is comprised of lightweight
parts, including the the Lorentz coils and the ferromagnetic
yoke for the EPM. The supporting parts are required to be
non-ferromagnetic to avoid disturbing parallel reluctances. In
order to prevent magnetic saturation, all yokes are designed
using a finite element analysis (FEA) tool (Maxwell 3D, Ansys
Inc., USA).

The mover position is parametrized by the distances d;
and do with respect to each yoke part and is combined to
the vectorial mover position d = [dl dz}T. Considering the
coordinate system and the distance l¢,s in Fig. 3, the mover
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Fig. 3: Cross-section of the IEA design. The stator consists
of two yokes, the NdFeB and AINiCo magnet with the
magnetization coil. The mover combines the yoke for the EPM
and the Lorentz coils.

position can be transformed to a translational and rotational
displacement:
di — do
. (1
ZSETLS

_ dy +ds

2
The two integrated LAs allow the control of the two DoFs
mover position. Based on the positioning range defined in
Section II, the maximum rotation results to @4, = 3° with
Eq. (1).

z

N @ = arctan (

B. EPM design

Magnetostatic FEAs are used to design the EPM in order
to meet the targeted requirements from Section II. Using
the actuator dimensions indicated in Fig. 3, simulations are
performed for parallel mover positions (¢ = 0°) with the semi-
hardmagnetic AINiCo5 (grade LNG40) and the hardmagnetic
NdFeB (grade N38) materials. The on state of the EPM with
the AINiCo and the NdFeB material magnetized in the same
direction represents the maximum force of about 18N at d =
[lmm 1 mm]7. The anti-parallel magnetization of the AINiCo
and NdFeB magnet with no observable compensation force,
defines the off sate. The EPM design intentionally exceeds
the targeted specifications to have margins for manufacturing
tolerances and differing magnetic properties.

To determine the requirements for the power electronics
supplying the magnetization coil, the magnetization current
igppm is calculated for the EPM transition between on and
off state. Currents of %7, < itune < jon,  — provide the
seamless magnetization of the AINiCo material. This enables
the adaptation of the EPM reluctance force into a tuned state
between the maximum and minimum force. Using Ampere’s
law and limiting the mover position to the translational DoF
z (i.e. p = 0°) yields

Nepymippy = 2H 1z + Halpy, (2)
Nepmippy = (Hai — Hya)lm, (3)

with the turns of the magnetization coil Ngpys, the magne-
tization current igpys and the magnetic field strength in the

air gaps Hj, the Alnico H 4;, and the NdFeB H 4 magnet.
For reasons of simplicity, the reluctance of the magnetic iron
yokes are neglected in the design phase. Applying Gauss’s
law, yields

Am (Bai + Bya) = BiA;, €]

with the cross-section of the AINiCo and NdFeB magnets A4,,,
the magnetic flux density in the AINiCo magnet By, in the
NdFeB magnet Byg and in the air gap B;. Due to the high
coercivity of NdFeB, the B/H relation is approximated by a
linear expression

Bna = By + poHna, ©)

with the remanence B,. The relation between magnetic flux
and field in the air gap is given by

By = poHj. (6)

Considering the saturation of AINiCo5 magnets at about
Hgt = 150kA/m and By, = 1.5T [22], the EPM is
switched on by magnetically saturating the AINiCo material in
the same direction as the NdFeB magnetization and switched
off with the magnetic saturation in the anti-parallel direction.
By substituting H 4; = £H a4, Ba; = £Bsqt in Eq. (2) - (6),
the analytical result for the EPM switching current results to

2ZZm14m(Br £ /JOHsat £ Bsat) + Hsatl»?nAl;UO
NEP]W/‘O(Allm, + 2Amz) )

IEPM =
@)
Eq. (7) is evaluated with the parameters from Fig. 3 and
Section IV-A for z = 0 to 4mm. The results are shown in
Tab. II. By obtaining the numerical results, a dependency of
the magnetization current based on the switching direction is
observable. This dependency is caused by the remanence of the
NdFeB magnet B,., resulting in smaller magnetization currents
for off-switching.

TABLE II: Analytical results of the EPM magnetization cur-
rent for the transitions between on and off state.

ofF

z/mm i, TA i TA
0 10.00 —10

1 11.89 —10.17

2 13.72 —10.34

3 15.51 —10.50

4 17.26 —10.66

As expected, the maximum switching current is required at
4 mm and the minimum at 0 mm (no air gap). The FEA reveals
transient attraction forces of up to 72N at z = 0.5 mm for on-
switching. This transient force is caused by the increased mag-
netic flux in the air gaps while the magnetizing current pulses
igpym. A force acting on the mover with its inertia yields a
position error, which is be stabilized by the position control
to remain in a floating position while the EPM is tuned. For
off-switching, the simulation results show maximum attraction
forces of 4N at z = 0.5mm. As previously mentioned the
remanence of the NdFeB magnet supports the off switching,
reducing the amplitude of the magnetizing pulse to turn off
the EPM and the related magnetic flux is mainly closing over
the NdFeB magnet.
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Fig. 4: Cross-section of the Lorentz actuator with the magnetic
fluxes ¢r4, ¢r1 and ¢, resulting from the NdFeB magnets
and the currents in the Lorentz coils. The mover is marked in
blue, the stator in red and the yokes are hatched.

C. Integrated Lorentz actuator

The EPM force attracts the mover with its negative stiffness
in the air gaps d; and ds, which destabilizes the mover position
in two DoFs. To stabilize the mover at the desired position
d with a fully actuated approach, two LAs are used. The
magnetic flux density in the air gap for the Lorentz coils is
obtained by 10 mm magnet cubes (NdFeB ,grade N48), which
are aligned in a Halbach array on both sides of each yoke.
The magnetic fluxes of a LA in the cross-section of a yoke
are shown in Fig. 4. ¢ 4 is the magnetic flux provided by the
magnet cubes and 47,1 and iy are the currents in the Lorentz
coils with N4 = 300 turns. ¢ and ¢ indicate the fluxes
generated by the currents in the Lorentz coils, which travel
over the mover. These fluxes yield an additional reluctance
force on the mover. Due to the symmetric distribution of the
Lorentz coils in two equal parts aligned on both sides of the
yokes, the fluxes cancel each other, if the Lorentz coils guide
equal currents (ir; = ¢r2). In this way, the electromagnetic
decoupling of the Lorentz and reluctance force is achieved,
which can be ensured by connecting the LA coils of each
yoke in series.

To achieve zero-stiffness actuation in the range of the
targeted specifications, the Lorentz coils are designed with
4 mm coil overhung. Based on simulative maximization of the
motor constant k,,, a Lorentz coil width of 6 mm is chosen.
The FEA result of the LAs verify a linear model for the
Lorentz force

Fra= k'm,iLA (8)

with a motor constant k,, = 9.95N/A for one of both
identical LAs.

D. Position sensor system

The mover position of the designed IEA is required to be
stabilized in two DoFs via its LAs. For feedback control of
the mover position d, two displacement sensors are required.
To actuate and measure the mover position at the same
location, the position sensors are aligned to directly measure
the distances d; and d», providing the desirable actuator-
sensor-collocation [23]. Due to a reasonable range, resolution

and bandwidth optical proximity sensors are well suited for
this task.

IV. SYSTEM IMPLEMENTATION

In order to verify the simulation results and to evaluate the
actuator performance, a prototype of the IEA is implemented
in an experimental setup.

A. Integrated electromagnetic actuator

Figure 5a shows the fully assembled prototype of the IEA
with the CNC machined supporting parts from AL6061 and the
S235JR steel yokes. A copper wire with a diameter of 0.4 mm
is used for the magnetization coil with Ngpps = 450 turns.
The magnetization coil, wounded around the AINiCo magnet,
has a resistance of Rppys = 3.22€) and an inductance of
Lppy = 1.99mH at 1kHz. One Lorentz coil, which is the
series connection of two coil parts, have a resistance of Ry 4 =
7.3 and an inductance of L4 = 5.40mH at 1kHz. The
mover and stator of the prototype have a weight of mpyover =
245 g and mgaer = 580 g, respectively.

The LAs are driven by custom-made amplifiers with ana-
log proportional-integral (PI) current controllers, enabling a
bandwidth of 20kHz and a maximum current of 1.99 mH.
The motor constant k,,, of each LA is measured with a force
sensor (K3D500N, ME-MefBsysteme, Germany). The mean
motor constant k,, in the range of 4mm is determined to
be 9.65N/A for both LAs, which is in good accordance to
the simulative result of 9.95N/A.

B. Prototype system

Two optical proximity sensors (TCND5000, Vishay, USA)
with custom-made readout electronics are used to measure the
positions d; and ds, enabling a bandwidth of >10kHz and a
resolution of 200 nm. The position sensors are aligned at the
bottom side of the mover to minimize thermal impact of the
LAs, visible in Fig. 5a.

The magnetic flux adaptation of the EPM requires bi-
directional, current pulses in the magnetization coil. A com-
mon approach to magnetize permanent magnets are capac-
itive discharge magnetizers [24]. Therefore, a custom-made
pulse generator based on a capacitive discharge magnetizer
in combination with a IGBT full bridge with a calibrated
current monitor is implemented, providing bi-directional cur-
rent pulses igpys up to 80 A. The rapid prototyping system
uses an industrial EtherCAT bus coupler (EK1100, Beckhoff
Automation GmbH & Co. KG, Germany) with various analog
and digital I/O-cards to control the prototype and acquire the
measurement data. The TwinCAT3 development tool enables
the real-time position control and EPM control with a Mat-
lab/Simulink model. A sample frequency of 40 kHz is set and
a time delay of 7; = 100us is identified, which limits the
bandwidth of the subsequent position control design and the
accuracy of the magnetizing current pulses.
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(b) Block diagram

Fig. 5: Experimental setup. a) shows the loaded actuator
prototype vertically mounted to an aluminium profile structure.
b) illustrates the architecture of the system components.

C. Experimental setup overview

The experimental setup consists of the vertically mounted
prototype with the load connected to the center of the mover,
which is shown in Fig. 5a. The mover load mass can be varied
by adapting the number of the 0.5 kg weight plates. A guidance
flexure with a vertical stiffness of ky = 920 N/m is connected
to the mover to ensures the correct placement of the mover in
the non-stabilized DoFs.

Figure 5b schematically illustrates the architecture of the
system components in a block diagram. The inner PI current
control loop for the LAs is implemented with an analog
power circuit and the outer position control runs on the rapid
prototyping system. Bold symbols in Fig. 5b, represent the
two DoFs of the position control and the current controllers
for the two LAs. The pulse generator applies current pulses
with desired peak values, which are achieved by variable pulse
lengths of the enable signal en, to the magnetization coil to
tune the EPM force.

V. SYSTEM ANALYSIS AND CONTROL DESIGN
A. Analysis of the EPM

To verify the magnetostatic FEA results of the EPM, the
displacement-dependent force in a parallel mover position,
ie. ¢ = 0° is acquired with a force sensor (K3D500N,
ME-Mefsysteme, Germany) in the fully on/off-switched state.
Additionally, the flux density in one air gap is measured with
a GauB-meter (GMOS8, Hirst Magnetics, UK) and a 0.6 mm
transversal probe (TP002SPO0.6, Hirst Magnetics, UK). The
flux density B; is assumed to be homogeneous in the air gap

30 :
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20 Slux

Fgpym I'N

—_
(=)

con 1 t.off
tEPM: i1
HH e Tuning area

)5 Xtuned
" tune 7
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Fig. 6: The displacement-dependent EPM force obtained in
the on state by the FEA sim (blue), the force measurement
meas (red) and the calculation via the measured flux density
in the air gap flux (yellow). The variable EPM force is marked
with the tuning area between on and off state.

and the leakage flux is neglected, resulting a reluctance force

of
B2A,

0

©

Fepu =

The EPM is fully switched on/off with current pulses of
ligpm| > 25A in every position, well exceeding the min-
imally required switching currents in Tab. II to ensure full
magnetization of the AINiCo magnet in both directions. Fig-
ure 6 shows the results of the force measurement (orange), the
force calculated analytically using Eq. (9) with the measured
flux density B; (yellow) and the force obtained by the simu-
lative FEA (blue). The EPM does not provide any significant
remanence or static force in the off state. The measurements
of the switched on EPM reveal a maximum force of 25 N at
z = 0.5mm, which is in good accordance with the simulative
FEA results. For increasing air gap lengths, the FEA reveals
higher forces in comparison to the measurements, which may
be caused by differing coercivities of the AINiCoS5 in the FEA
and the prototype.

The adaptation of the EPM force requires current pulses
applied to the magnetization coil with variable amplitudes in
the magnetization coil. These current pulses are obtained by
constant voltage steps with certain pulse lengths, resulting in
variable magnetizing peak currents igpy. The amplitude of
the voltage steps is set to 100V by considering the trade-
off between shorter pulse lengths, for reasons of energy
efficiency and tuning dynamics, and longer pulse lengths for
higher accuracy of the peak currents, limited by the sample
frequency of the rapid prototyping system. As an example, the
measured relation between the peak current and the resulting
stationary force generated by the EPM when starting from
the initial off state at z = 1mm is shown in Fig. 7 (left).
The EPM force increases with higher current pulses till the
AINiCo material is fully magnetized and the EPM reaches
the maximum force. Higher current pulses than the analytical
result for the on switching i3 ,,, from Tab. II, demonstrate
only minor increase of the EPM force, verifying the analytical
model.

Additionally, the magnetization currents for each measure-
ment are shown in Fig. 7 (right). The EPM’s non-linear mag-
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Fig. 7: EPM tuning process. (left) characterization of station-
ary tunable EPM force depending on the magnetizing peak
current. (right) magnetizing currents measured while the EPM
force tuning. The referring data points are connected with
dashed lines.

netic properties yield a non-linear magnetization inductance,
observable by the variable current slope with the AINiCo
material changing its magnetization. Summing up, the force
can be adapted by magnetization current pulses with variable
peak values. This relation is dependent on the mover position
and the magnetization direction, as discussed in Section III-B.

B. Position control

Based on the unloaded system with disabled gravity com-
pensation, a robust SISO position control is designed for the
two DoFs LA to stabilize the mover position d. Due to the
symmetric system design, the plant for each DoF d;/if a1
and do /i1, 42 can be approximated with a mass-spring-damper
model 1

%(ms2 +es+k)

—Tds

P(s) = , (10)
with the mass m = Mpyover = 245 g, the stiffness of the guid-
ance flexure k = ky = 920N/m, the damping ¢ = 2.45Ns/m
and the time delay of the rapid prototyping system 74. The
tamed PID control

1+S/U.)D ﬁ

C =k
PID Pl—i—s/wt 5

an
with the parameters wp = 1.047 - 10%rad/s, w; = 1.046 -
10%rad/s, kp = 4.131 - 10% and k; = 1.298 - 10%rad/s is
synthesized for a cross-over frequency of 75Hz in a loop-
shaping approach [7], resulting in a phase and gain margin of
48° and 26 dB, respectively.

Considering the time-variant system behaviour caused by
a variable load mass m(t) = Mmover + Mioad(t) and the
system controlled on the mass-line, the crossover frequency
of the open-loop transfer function may vary. By limiting
the maximum load mass to 1.5kg, the crossover frequency
is in the range from 75Hz to 17 Hz. The minimum phase
margin of 10° is obtained for the maximum load mass due to
the shifted crossover frequency. The gravity compensation by
the magnetization of the EPM introduces a variable stiffness
k‘(t) = k‘f — kgpm (t) with kgpar (t) > 0 to the positioning
system, as observable by comparing the slopes between on
and off state of the EPM force in Fig. 6. Since the system is

controlled on the mass-line, the phase- and gain margin are
only depending on the load mass, regardless of magnetization
of the EPM. To evaluate the stabilizing position control, the
complementary sensitivity function of the Lorentz actuated
loop is identified, shown in Fig. 8. The bandwidth of the un-
loaded system (7o) is 138 Hz and is decreased to 28 Hz for a
load of 1.5kg (T 514). The gravity compensated measurement
(Tye) is carried out with a load of 1kg and the reluctance
force of the EPM is adapted according to the gravitational
force acting on the mover mass, that Fgpys = Fg. The
measurement of T reveals a gain peak at 17 Hz, caused by
the changed system behaviour, originating from the adaptation
of the EPM force Fgpas.

C. EPM control

The reluctance force of the EPM needs to be adapted by
magnetization current pulses to obtain the force equilibrium
Frpu(t) = Fg(t), enabling the zero power gravity compen-
sation. The offset current of the LAs

Fo(t) — FEpum(t

iogs () = £ 2knyM( ) e ()
indicate the deviation between the gravitational F; and EPM
force Fgpps. By increasing the EPM force of the residual
force, ideally no Lorentz force is needed to levitate the mover
mass, yielding no currents in the LAs. The EPM filter deter-
mines the offset current 4,7 ; by averaging the Lorentz currents
ir,41 and 71, 42, which evaluates the Lorentz currents acting in
the vertical DoF (i.e. ¢ = 0°). To attenuate high frequent
disturbances, a moving average filter with a window length of
1000 is used to implement a FIR low-pass filter. Additionally,
the values of i1, 41 and iy, 42 are discarded for 20 ms beginning
at each magnetizing pulse to reduce the impact of the the
previously mentioned transient disturbance force. To avoid
deviations due to unmodelled system properties (e.g. eddy
currents, temperature dependent material properties), a robust,
iterative approach is applied. Assuming a sufficiently slow
change rate of the variable mass m(t) and the mover position
d(t) in comparison the EPM control bandwidth, the control
task can be treated as an optimization problem [25]. The power
dissipation Pp 4 (%EPM) of the LAs

Fresidual (t)

X min Pra(igpm) = 2i0pf(igpa)?Rpa (13)
tEPM e[i(zisll{zwﬂ(fs'hw]

is the cost function, which needs to be minimized. The
optimization problem is solved using a local search algorithm.
Based on the sign of i,ys, the algorithm incrementally in-
creases the current pulses igppjs by 0.1 A until the termination
condition |7, 7f] < iterm is fulfilled. The algorithm is restarted,
if the termination condition is violated. Due to the cascaded
control design, the cycle time of the outer EPM control loop
tepm = 100ms is defined around 10 times slower than the
inner position control loop. The termination offset current
term = 10mA is defined by the minimum value, which shows
a robust and permanent fulfilment of the termination condition
in the experimental setup.
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Fig. 8: Measured complementary sensitivity function of the
unloaded system (Tyg), the 1.5 kg loaded system (1 514) and
the loaded system with active gravity compensation Fgpy =
FG (Tgc)-

VI. EVALUATION OF SYSTEM PERFORMANCE

In order to verify the performance of the experimental
system, the influence of the variable load and the gravity
compensation on the stationary positioning error is evaluated.
Additionally, the dynamic behaviour and static power reduc-
tion regarding the EPM is evaluated.

The dynamic behaviour of the gravity compensation mech-
anism is evaluated with a load of 1.5kg in the stabilized
reference position d,.; = [lmm 1mm]” and the initially
switched off EPM. By enabling the EPM control at 1s, the
system response for a mover mass step m(t) of Muyoper +
1.5kg = 1.75kg is evaluated. Figure 9 shows the mover
position d, the offset current in the Lorentz coils i,ys, the
magnetic flux density in the air gap B; and the magnetizing
current pulses igpps. At the beginning the mover is levitated
by the offset current i,y = 1A in the LAs. The EPM
control is enabled at ¢ = 1s and starts to increases the
current pulses ¢gpys due to the violation of the termination
condition. These current pulses increase the magnetic flux
density B; and the resulting EPM force, reducing the offset
current 4,y . The termination condition is fulfilled at 5.5 for
the fist time while a maximum position control error of around
19um can be observed in both DoFs due to the transient
disturbance force of the magnetizing pulses igpys. The EPM
control undershoots the offset current reference of 0 A and
violates the termination condition, whereupon the EPM control
algorithm is restarted to apply linearly increasing magnetizing
pulses in reversed direction. The transient disturbance force
of magnetizing pulses to decrease the EPM force are smaller
in comparison to the pulses to increase the EPM force, as
discussed in Section III-B, such that the position control is able
to reduce the error. The gravity compensation process finishes
after 7.5s and the offset current 4,7 remains permanently in
the limits of the termination condition, verifying the adaptable
gravity compensation mechanism of the designed IEA. A final
magnetic flux density of B; = 232mT is observable, resulting
in a reluctance force of 17.1N with Eq. (9), corresponding
with the compensated gravitational force Fiz = mg = 17.1N.
The variation of the magnetization current amplitudes are
caused by the delay time and the sample rate of the rapid
prototyping system. By dividing the compensated gravitational
force of about Fi; by the duration of the compensating process

EPM control enabled

T
—d;
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Fig. 9: The EPM control dynamically tunes the force to
compensate a 1.5kg load. At 1s the EPM control is enabled
and the subsequent system behaviour of the mover position d,
the offset current in the LAs 4, s, the magnetic flux density in
the air gap B; and the current in the magnetizing coil igpas
are measured.

of 6.5s, the tuning rate of the EPM control is determined to
2.63N/s.

Based on the termination condition with the previously
experimentally defined termination offset current iyepy, =
10mA, the upper border for the power consumption for the
compensated state is given by

Peomp < 2i2 4Rpa = 1.46mW, (14)
with the resistance of the LA coils Ry, 4. The power consump-
tion of the uncompensated state with 1.5 kg load is determined
by the measured offset current with the switched off EPM
io55 = 1A, resulting in

Puncomp = 2iz0pmBra = 16.1W. (15)
Comparing these two values, the static power dissipation
is reduced by at least four orders of magnitude with the
adaptable gravity compensation in relation to the purely LA-
based positioning system. The overall energy dissipation of the
experimental setup to tune the EPM force, shown in Fig. 9,
is 3J. Considering the power savings in the compensated
state, the proposed system has a higher energy efficiency in
comparison to the purely LA-based positioning system after
remaining 190 ms in a constant position.

Lastly, the accuracy of the the position control is evaluated
with no load and 1.5kg load in a parallel mover position
dye; = [lmm 1mm]”. The RMS positioning errors in the
gravitationally uncompensated (e; = 352nm, e; = 447 nm)
and compensated state (e; = 337nm, e; = 411nm) of
the positions d; and dy are determined. All test cases show
a positioning error near the resolution of the positioning
sensors, verifying the targeted sub-micro-meter resolution of
the position control.
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