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Fig. 8: Structure of the MALTA current controller. Only one module
is considered for simplicity. There are 4 dg quantities to be controlled:
10d, 0q, %bd, and in,q. Hence, 4 PI-controllers, all designed and tuned
in the same way, are used.
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Fig. 9: Power circuit schematic of a single MALTA stator module
supplied by the 45 VDC inverter. The resistance and the inductance
of a phase winding are R = 2.2} and L = 2.8 mH. The induced
voltages e(1 2,3}{1,2,3) have the amplitude equal to Kinq - v,, Where
Kina = 7¥/L, = 1.74Vs/m, ¥ = 8.3mWhb is the flux linkage,
Ly, = 15mm is the pole size and v, is the linear mechanical speed
of the MALTA mover.

The current controller is designed using the linearized
steady-state electrical model in stationary dgq coordinates, i.e.
with ¢ = 0 and § = 0. The model is of the form

dig(t 1

B = i)+ )
where k € {0d, 0q, bd, bq} denotes the stationary coordinate
axes, cf. Fig. 5(b). The PI current controllers are tuned such
that the crossover frequency is wS® = 3000rads~!, which
is considerably higher than the crossover frequency of the
position controller. The phase margin is 60° to ensure an ac-
ceptable overshoot of the transient response. The voltages 041
and wugq2 also include an additional feedforward correction
factor ugqg,ina = Kina?, to compensate for the induced voltage
due to non-zero linear speed along the z axis during operation,
cf. Fig. 9.

(20)

Fig. 10: Two-level MALTA inverter, which consists of 24 chip inte-
grated half-bridges, control board and digital interfaces for position
sensors. The power circuit schematic for a single MALTA module is
shown in Fig. 9.
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Fig. 11: (a) Illustration of the PM field lines used to sense the axial
position of the mover and the sensor planes SP1 and SP2, at axial
distance 2ls. (b) Front side of the sensor prototype with four Hall-
effect sensors, denoted as h1, ho, hs and hy. The Hall-effect sensors
can sense z component (axial) of the PM field. The displacement
2ls is such that the sensed PM field from SP1 and SP2 Hall sensors
is shifted by a half the PM pole size L /2. (c¢) Back side of the
PCB integrated sensor prototype. The eddy current sensor coils for
direction (z*,x7) are connected in anti-series, as well as (y©,y™)
for y direction. The physical size of sensor PCBs is 8 x 8 cm.

V. HARDWARE REALIZATIONS OF INVERTER SUPPLY
AND POSITION SENSOR

A. MALTA Inverter Supply

The control system is discretized (with the backward Euler
method) and implemented in C code on the employed high-
performance digital signal processing platform (Xilinx Zyng
Z-7020, cf. Fig. 10). It is executed at a rate of 20 kHz, which
is limited by the available processing capability. The 18 inte-
grated gallium nitride (GaN) half-bridges (Texas Instruments
LMG5200) required to drive the MALTA are controlled by 18
individual pulse-width modulators implemented in the fabric
of the FPGA processing platform.

In MALTA operation, the mover exhibits accelerations and
decelerations, which reflects onto the electrical part of the
system by consumption or generation of electrical energy
that might cause oscillations of the DC-link voltage. There-
fore, a rather large capacitance of 4 x 22mF = 88mF
is used in the DC-link. For example, if the mover has a
linear speed of 5m/s, it has accumulated kinetic energy of
0.5-0.36 kg- (5m/s)? = 4.5 J. If the losses in the inverter and
the MALTA are neglected, this kinetic energy will be added
to the electric energy in the DC-link caps and would cause
a voltage oscillation of ~ 1.12V, which is around 2.5% of
the 45 VDC and it is an acceptable value. This issue could be
also addressed by e.g. adding a braking resistor in the DC-
link, which would allow to use a lower DC-link capacitance
value.

B. MALTA Position Sensor

The MALTA position sensors are realized on PCBs (cf.
Fig. 1) and placed with respect to the stator modules as shown
in Fig. 11(a). For the axial position detection, the signals from
the Hall-effect sensors located on both sensor planes, SP1 and
SP2, are used. This is a very well known method where ‘sin’
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Fig. 12: Measurements of the MALTA response for a 10 mm axial
stroke. (a) Reference axial position, simulation and actual response.
The reference for z, shown as a black dashed line, is shaped with
a sigmoid profile to improve tracking performances. The actual z
response is shown in red and it tracks the reference with 16.2 ms
rise time and <1.5% overshoot. (b) Axial position tracking error
stays below 0.6 mm (c) Axial speed profile. (d) Axial driving force
(total) and correspondent dg component (only for Module 1). It is
possible to verify the value of the drive constant of Kp ~ 5N A1,

and ‘cos’ of the PM field need to be measured such that
linear position can be detected [21]. In conventional linear
machines where the radial position of the mover is governed,
e.g. by mechanical bearings, the PM field sensed by the Hall-
effect sensors can change only if the mover moves in linear
z-direction. Since in the MALTA, the mover is capable also
to move radially (for the MALTA from approx. —0.6 mm to
0.6 mm), which is allowed by the integrated MBs, the change
of the PM field detected by the Hall-effect sensor due to radial
motion can not be differed from the PM field change due to
linear motion, which may lead to an inaccurate linear position
detection. Therefore, for the linear position detection of the
MALTA, the ‘sin’ and ‘cos’ signals are formed by the average
sum of the four Hall-effect sensors, i.e. (hy+ha+hg+hg)/4.
This mitigates the sensitivity of the sensed PM field change to
the radial motions of the MALTA mover. For example, if the
mover moves in the positive y direction (cf. Fig. 11(b)), the
PM field sensed by ho would increase while the field for hy
reduces, i.e. their average sum stays approximately constant.
Finally, in total 8 Hall-effect sensors (4 per sensor plane) are
used for the linear position detection of the MALTA’s mover.

The radial position is detected by the PCB integrated eddy
current position sensor, shown in Fig. 11(c). Detailed expla-
nation about the sensor operating principles and its equivalent
circuit may be found in [22], [23].
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Fig. 13: Measurements of the MALTA response for a 10 mm axial
stroke corresponding to Fig. 12. (a-b) Radial responses in x and y
directions for Module 1 and Module 2. The maximum deviation is
contained within 20 um. According to simulation of the dynamical
model, deviations y; and y2 are expected, whereas this is not the case
for 1 and x2. This mismatch can be explained by manufacturing
tolerances. (c-d) Commanded forces from the position controller for
Module 1 and Module 2. fy g1 is larger than fy B2 at steady-state as
the mover is unbalanced towards Module 1. Their sum compensates
the gravity force m g ~ 3.25 N.

VI. MEASUREMENT RESULTS

The shown measurements are conducted on the MALTA
prototype with the controller structure described in Sec. IV.
In order to get the shown position controller performance, the
MALTA prototype was fixed in a stable test-bench where the
commissioning of the MALTA prototype (force and attraction
constants measurements, cf. Tab. IV) and position sensor is
done, which data is then used in the implemented controller,
either in the form of the constant parameter (cf. Tab. IV) or
the lookup table (cf. ¥y in Fig. 7).

A. Axial Reference Tracking

The experimental setup of the MALTA actuator and its
inverter are shown in Fig. 1 and Fig. 10, respectively. In order
to demonstrate the operation of the MALTA, an axial 10 mm
stroke is commanded to the position controller as shown in
Fig. 12(a). The non-zero steady-state force/current that can be
observed in Fig. 12(d) from around 40 ms onwards is needed
to counteract the cogging force, guaranteeing average steady-
state errors in the order of 1um (cf. also Tab. III). Due to
feedforward control, the controller tracks the assigned sigmoid
position reference z without overshooting, which is seen from
the measurements in Fig. 12(a).

In Fig. 13, the radial position responses to the same axial
step of Fig. 12(a) are shown. The radial position control rejects
effectively the disturbances occurring during fast axial motion,
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Fig. 14: Measurement distribution of the steady-state radial positions
of the Module 1 and Module 2. Axial position reference is z* = 0,
i.e. mover is in the middle. From the 2000 samples, sensor resolution
is clearly visible to be around 1 um.

maintaining the deviations within £20 um (cf. Fig. 13(a),(b)).
In Fig. 13(c),(d) the commanded radial forces are shown. Also
in this case, after reaching steady-state they have a non-zero
value. In particular, fy g1 and fy 2 are needed to keep the
mover levitated and their sum corresponds in fact to mg ~
3.25N. As the mover is unbalanced towards the first stator
module (at the steady-state axial position of 5mm), fy B1
is larger than f; g2. It should be mentioned that additional
unknown radial disturbances, e.g. external vibrations, could
cause higher radial position deviations.

In both Fig. 12 and Fig. 13 the dashed lines are the sim-
ulated responses to the same smooth reference as obtained
from a MATLAB Simulink model. This is built according to
the modelling of Sec. II, derived from first physical principles.
By allowing for the expected differences between model and
measurements due to manufacturing tolerances, unmodeled
dynamics and noise, it can be assessed that the two are in
good agreement. An exception are the measured x; and xo
positions, which according to the model should not be affected
by an axial motion. This mismatch can be explained both
with the irregular magnetic field distribution inside the two
stator modules and tolerances in the strengths of the permanent
magnets of the mover.

B. Steady-State Positioning Performance

Positioning performances in steady-state may be further
investigated with the measurements shown in Fig. 14, for the
case of z* = 0 (mover in the middle). It can be clearly
seen that the measured radial positions are very close to the
sensor resolution of ~ 1um. This is a good result offered
by the chosen eddy current sensor technique. Tab. III finally
summarizes the statistical metrics of all the measured position
signals. The noticeably higher variance of the axial z position
is due to the Hall-effect sensor technique employed, which is
more prone to noise.

TABLE III: Statistical metrics (mean and standard deviation (STD))
of the steady-state position measurements calculated from 2000
measured samples.

Position (Symbol) | Mean (um) STD (um) Motion Range (um)
Axial (2) —0.5224 15.4277 +15 x 103
Module 1

x-direction (1) 0.0335 0.3883 +600
y-direction (y1) —0.0212 0.5579 +600
Module 2

x-direction (x2) 0.0579 0.4827 +600
y-direction (y2) —0.0735 0.4956 +600
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Flg. 15: (a) Setup of a typical apphcat10n with MALTA mounted as
an end-effector of a robot arm. If the robot arm experiences thermal
expansions during operation, the overall precision of the positioning
system is compromised. (b) The active tilting and radial control to
provide an appropriate correction of the compromised position.
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Fig. 16: Measurements of the mover tilting control. The assigned
reference is given with the expression (21).

C. Mover Tilting Capability

A special characteristic of the MALTA system is the
possibility of actively controlling the tilting of the mover,
cf. Fig. 15. This can be exploited for advanced positioning
systems. For instance, in a typical application, an actuator
like the MALTA would be mounted as an end-effector of a
robotic arm, cf. Fig. 15(a), for instance in a pick-and-place
robot application. If during the operation the whole setup
heats up, thermal expansions of the supporting robotic arm
occur. For example, a robotic arm of 0.5m length would
extend in length for around ~ 65 pm, if the temperature rises
for 10 °C (temperature expansion coefficient of steel equal to
13 x 1076°C~1 is assumed). This would totally compromise
precise positioning of the end-effector if no correction is ap-
plied. However, with the MALTA, these thermal disturbances
may be completely decoupled by active magnetic bearings and
the radial precision is determined by the precision of the radial
eddy-current position sensor. The thermal expansions may be
measured, e.g. by measuring the position of the MALTA mover
with a laser sensor mounted on a support that is not affected by
the thermal expansions. This feature may justify an effort of
integrating MBs into the actuators, as some of the conventional
solutions have water cooling systems in the robotic arms,
which limit temperature changes and thermal expansions.

This concept is demonstrated with the experiment shown in
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Fig. 16. In this case, a circumference of radius S = 200 um
is assigned as a reference to be tracked along the SP1 plane,
whereas the mover should be kept fixed at the center of the
SP2. The reference

P(t) = [Scos(2mfp-t) Ssin(2rfp-t) 0 0 0] (21)
is then directly used for integral control and transformed into
the appropriate state reference £ = [¢* 9g" /8tf, with
¢ = Py'(2)p* for full state feedback. The controller is
employed to track the circumference at f,- = 2Hz. The
measurements in Fig. 16 show the response of the system
for both modules. It can be seen how the radial motions
in the Module 1 affect the Module 2, where the controller
commands the forces fxp2 and f, po that keep the radial
position deviation from the reference center position below
4 pum.

]T

VIl. CONCLUSION

In this paper, dynamic operation of the Magnetically
Levitated Tubular Actuator (MALTA) is analyzed. The anal-
ysis starts with the dynamic mechanical modeling of the
MALTA system by using Newton-Euler equations that may de-
scribe combined translation and rotation of the MALTA rigid
mover. Each of the force types (drive, bearing or attraction)
that act on the mover are modeled, as well as the torques
that they create. As the mover position is described by the
translation and rotation of its center of gravity and the position
sensor provides measurements of the radial and axial positions,
sensor system is modeled and mapping with the center of
gravity coordinates is given. Control system is LQR feedback
controller assisted with the feed-forward compensation of
the nonlinearities due to the cogging force and the induced
voltage due to linear motion. It has cascaded structure with
inner (faster) current control loop and outer position control
loop. Additionally, a mechanical model based observer is
designed, which is used to provide information about the
states and state derivatives (speeds) such that high-frequency
noise amplification due to measurement signal differentiation
is avoided. In the measurement experiments, MALTA system
shows good axial reference tracking with the 10 mm axial
stroke amplitude and 16.2 ms of the rise time. During this axial
movement, the mover deviation from its center is below 20 um.
By studying statistical metrics of the controlled positions in
the steady-state, the radial positions exhibit standard deviation
around 0.5 pm and the axial position around 15 pm. In the final
measurement experiment an application example is proven, in
which the mover tilting control of the proposed MALTA is
used to compensate for any thermal expansions that would
deteriorate positioning accuracy, e.g. in a pick-and-place robot
application.

Future work will include analysis of the disturbance rejec-
tion capabilities of the MALTA and an enhanced disturbance
rejection position controller design. Additionally, stability lim-
its with large radial and axial displacements of the mover will
be studied.

APPENDIX
MALTA Parameters

The parameters of the MALTA prototype, used in the dy-
namic model, are given in Tab. IV. The analyzed operation of
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the MALTA considers linear region where the force constants
do not change with the amplitude of the phase currents.

TABLE IV: Mechanical Parameters of the MALTA.

Symbol  Quantity Value
Mass and Moment of Inertia
m Mover Mass 0.360 kg

Ipn Mover z-Axis Mol

Lyy Mover y-Axis Mol

1., Mover z-Axis Mol
Force Constant

1.3805 x 10~3 kg m?
1.3805 x 10~3 kg m?
4.7707 x 1075 kg m?

Kp Drive Const. per Module 52NA~L
Kp  Bearing Const. per Module 52NA-1
Ka Attraction Const. per Module ~ 8330 Nm~—!
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