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Abstract
A pediatric implantable rotary blood pump (RBP) is under development in a research collaboration between
the ETH Zurich, the University of Innsbruck, the University Medical Center Hamburg-Eppendorf and the
Medical University of Vienna, in order to assist the Fontan circulation in newborns with a single ventricle.
The RBP is driven by a small bearingless double-stator axial-flux permanent magnet synchronous machine,
providing 2.2 mNm of torque at a rotational speed of 5500 rpm. The paper tackles the crucial challenge
of defining an axial/angular position measurement concept with adequate resolution and bandwidth to
enable magnetic levitation. As the sensors are integrated close the motor’s winding, the measurement
signals are significantly disturbed by stray fields generated by the phase currents. Such disturbances are
compensated to obtain a usable signal for closed-loop position control. The experimental results show
that, with the proposed compensation, the measurement errors are reduced to only 45 µm and 2.2°.

1 Introduction
One out of thousand children is born with a single
ventricle [1], and the only treatment option is to
undergo a series of three surgeries to create the
Fontan circulation. Unfortunately, this is just a pal-
liative solution and the patients’ life quality and ex-
pectancy remains significantly limited. In fact, in the
Fontan circulation, the single ventricle is responsi-
ble for sustaining both the systemic and pulmonary
circulations, which are surgically connected in se-
ries through the total cavopulmonary connection
(TCPC). This can lead to a progressive decline of
the hemodynamics, ventricular failure, and even
premature death [2]. These adverse consequences
can be mitigated by using a cavopulmonary assist
device (CPAD), i.e., an implantable blood pump.
In the last decades, a large variety of rotary blood
pumps (RBPs) has been developed and a few found
its way to the clinical practice, but mainly for adult
patients [3]. Only few VADs, mostly based on RBPs,
meet the spatial requirements for long-term pedi-

Fig. 1: The pediatric implantable cavopulmonary sup-
port device. The small blood pump is located at
the total cavopulmonary connection (TCPC).

atric implantation, and could be re-purposed in the
course of pilot studies [4]. In contrast, the develop-
ment of (natively) pediatric implantable VADs has
lagged behind, with the result that the only device
approved is the Berlin EXCOR, a paracorporeal
blood pump to support the left or right ventricle [5].
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Recently, the company also introduced a cannula
to support the cavopulmonary circulation of Fontan
patients [6]. The PediaFlow [7], [8] and the Jarvik
2015 [9] are two promising examples of natively
pediatric VADs, where unfortunately only the first
one is still under development. However, they are
not tailored for cavopulmonary support in Fontan
patients. Noticeably, a RBP based on a Bearingless
Dual-Stator Axial-Flux Motor has been proposed
[10], but it is not specifically designed for cavopul-
monary support in Fontan patients, with a ≈ 30 %
larger volume with respect to the proposed RBP.
Furthermore, the chosen position sensors used to
levitate the impeller are not integrated within the
motor’s volume. In this context, a long-term assis-
tive cavopulmonary device, specifically designed to
support the Fontan circulation, has been proposed
in [11]. As illustrated in Fig. 1(a), the small rotary
blood pump is located at the TCPC, and propels
the blood entering from its two axial inlets centrifu-
gally to the two radial outlets. A first version of
the pump with mechanical bearings has been de-
signed, realized, and experimentally verified [11],
[12]. The next step in the development is to ex-
ploit the key advantages of a magnetically levitated
impeller, as in state-of-the-art third-generation ro-
tary blood pumps [13]. This paper presents the
electric motor required to drive the impeller and en-
able magnetic levitation, a Bearingless Dual-Stator
Axial-Flux Motor (BDSAFM), i.e., with simultaneous
bearing force and torque generation. Integrating
magnetic bearings in the existing motor design is
challenging. Of crucial importance is the choice
of the appropriate displacement sensors, which is
the focus of the paper. The sensors are required to
measure and control the axial and angular positions
of the impeller with sufficient accuracy and band-
width. In particular, the number of sensors and their
location in the system has to be defined properly,
to guarantee satisfactory measurement accuracy.
Furthermore, due to the targeted pediatric use, the
device needs to be extremely compact, which sig-
nificantly restricts the design options.
The paper is organized as follows. Sec. II de-
scribes the BDSAFM, explaining how torque and
bearing force are generated. Sec. III discusses the
position measurement concept with details on the
sensors chosen, their location in the motor, and the
required compensation of the measurement distur-
bances due to the phase currents in the winding.
Sec. IV presents the realized motor prototype and

Tab. 1: Geometric parameters of the BDSAFM.

Name Symbol Value Unit
Inner diameter din 11.5 mm
Outer diameter dout 20.5 mm
Stator height hst 3.8 mm
Coil height hc 2.8 mm
PM thickness dPM 1.6 mm
Nominal air gap dag 1.3 mm

the test bench needed to commission it. Sec. V
reports the experimental measurements demon-
strating successful correction of the measurement
disturbances. Finally, Sec. VI concludes the paper.

2 Bearingless Dual-Stator Axial-
Flux Motor

The proposed BDSAFM that drives and magnet-
ically levitates the impeller is shown in Fig. 2(a).

The chosen PMSM topology is based on the
first version of the pump with mechanical bear-
ings [11], [12]. The geometric parameters of the
motor are reported in Table 1. Each of the two
(top and bottom) stators has Ns = 9 slots and a
multi-layer concentrated winding with Nc = 9 coils
having Nt = 106 turns. Embedded in the impeller,
there are two rotors, each interacting with one sta-
tor. Each rotor consists of a set of axially mag-
netized permanent magnets, creating Np = 3 ro-
tor pole pairs. Each set is backed by a thin disc
of ferromagnetic material, which closes the mag-
netic circuit. Simultaneous torque and bearing force
generation with the proposed BDSAFM can be ex-
plained considering the one-third sector view in
Fig. 1(b). Using field-oriented control with the elec-
trical angle φel = Np φmech, tangential force (and
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Fig. 2: The proposed bearingless, dual-stator, axial-flux
motor (BDSAFM), together with a one-third sec-
tion view to visualize its operating principle.



hence torque) generation is standard, i.e., it is ob-
tained with the quadrature-component of the stator
currents iq,{top,bot} in the rotor-oriented frame:

Md = km (iq,top + iq,bot). (1)

In a BDSAFM, the bearing force is instead gen-
erated by a combination of field weakening with
one stator and field strengthening with the other,
using the direct-component of the stator currents
id,{top,bot} in the rotor-oriented frame, hence

Fb = kb (id,top − id,bot). (2)

The generated bearing force Fb is controlled to
counteract the magnetic attraction force Fa and
maintain the rotor at the nominal distance δ{top,bot}
from the corresponding stator. Fa is the resultant of
the reluctance forces existing between each rotor
and its corresponding stator, and can be linearly
approximated as

Fa = (Fa,top − Fa,bot) ≈ ka zsec, (3)

where zsec = δtop − δbot thus defined is the axial
position of the impeller (at the considered sector).
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Fig. 3: (a) Simulated axial force and torque versus φel

for 1 A of current amplitude. The peaks of the
two curves are shifted by 90° electrical, indicat-
ing that force and torque generation are decou-
pled and correspond to the d- and q-components.
(b) Simulated attraction forces for the top and
bottom stators Fa,{top,bot} and their difference,
i.e. the net attraction force Fa, with a negative
slope (stiffness).

This force has a destabilizing effect, as it points
towards the stator with the smaller air gap length,
and it would be zero only in the ideal condition
of a perfectly axially centered impeller. Finally, to
achieve full 6-DoF controllability of the impeller’s
position and orientation, i.e, including tilting about
the x and y axes, at least three distinct bearing
forces are required. Therefore, each sector needs
to be controlled individually, which requires a to-
tal of 9 currents per stator, i.e., 18 phase currents
for the full motor. The achievable torque and bear-
ing machine constants are predicted using Finite
Element Method (FEM) simulations. The results
reported in Fig. 3(a) clearly show decoupled gener-
ation of the drive torque Mz and the bearing force
Fb as indicated by Eq. (1) and Eq. (2), with the ma-
chine constants km = 8.6 mN m/A and kb = 1.7 N/A.
Furthermore, an attraction constant (negative stiff-
ness) of ka = 20 N/mm is predicted (cf. Fig. 3(b)).
Importantly, the simulated force at z = ±0.4 mm
represents the liftoff force Flo = 8 N that needs to
be provided to the impeller at the startup.

3 Position Measurement Concept
To control the axial and angular positions of the im-
peller, accurate measurements are required. This
section presents the proposed position measure-
ment concept, with details on the chosen type of
sensors, their number and location in the motor,
and the compensation of the undesired measure-
ment disturbances due to the phase currents.

3.1 Type/Number of Sensors and Post-
Processing

Measuring the position of a sealed impeller requires
contactless position sensors such as eddy-current
or Hall sensors. Eddy-current sensors typically offer
superior signal quality due to their high-frequency
operating principle. [14] In contrast, Hall sensors
are less robust against low frequency disturbances.
Nevertheless, due to the extremely tight spatial con-
strains of the considered application, Hall sensors
are selected. They are simple to use and available
in miniature packaging formats, which allows for
close integration within the volume of the motor.
As illustrated schematically in Fig. 4, the proposed
measurement concept requires six Hall sensors per
sector, i.e., three per side, electrically displaced by
120° (corresponding to 40° mechanically with Np =
3). This way, the measured magnetic flux densities
h{1,2,3} and h{4,5,6} are ideally three 120°-phase-
shifted sinusoidal signals for both top and bottom
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Fig. 4: Proposed measurement concept, requiring
six Hall sensors per sector (three per side
top/bottom). The measured flux densities are
post-processed with PLLs to obtain an axial and
angular position measurement per side δ{top,bot}
and φ{top,bot}. The two are subtracted to obtain
the axial position measurement of the sector zsec,
and averaged for φel.

sides. From these, two PLLs are used to provide
two measurements of the angular position of the
impeller φ{top,bot}. The angle φel = 0.5 (φtop+φbot)
is then used both for field-oriented control and to
calculate the angular speed ωz. The amplitude in-
formation returned by the PLLs is instead used to
determine two measurements δ{top,bot} of the axial
position of the impeller. These are then subtracted
to obtain the final differential measurement zsec for
each sector, finally used for magnetic levitation con-
trol.

3.2 Sensor Location and Sensitivity
In order to ensure that the signals h{1,...,6} meet
the desired ideal conditions as far as possible, the
most favorable location of the sensors in the mo-
tor is studied using 3D FEM simulations. This is
an essential step, as it guides the selection of an
appropriate Hall sensor offering sufficient axial po-
sition sensitivity and bandwidth. Due to the tight
spatial constraints in the considered stator geome-
try, there is very few options. The outer dimensions
of a single sensor (including connecting pins) are
limited to a maximum of 2-by-2 mm, in order to fit
within a stator slot. It is only possible to place a thin
flex-PCB hosting the Hall sensors either above the
coils (top of the teeth, Case 1) or below the coils
(bottom of the teeth, Case 2), as visible in Fig. 5(a).
Moreover, the total thickness of the sensor and the
flex-PCB should be minimized as far as possible, to
avoid reducing the height (i.e., number of turns) of
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Fig. 5: (a) Sector view with two possible locations for
the Hall sensors, i.e., above or below the coils.
(b) Corresponding 3D-FEM results for the two
considered locations and different values of the
air gap δ. The signals exhibit a third harmonic
distortion.

the coils excessively. The FEM results in Fig. 5(b)
show the average magnetic flux density Bhall, calcu-
lated over the sensor planes indicated in Fig. 5(a),
versus the rotary position φmech. With a peak of
180 mT, the signal amplitude for Case 1 is too large,
with the risk of saturating the Hall element of the
sensor, especially for the case δmin = 0.9 mm (zsec
= −0.4 mm, touchdown). An off-the-shelf sensor of
suitable dimensions with such measurement range
could in fact not be found. Therefore, as already vis-
ible in Fig. 2, the selected location is at the bottom
of the stator’s teeth, i.e., Case 2. With an amplitude
of 17.5 mT at δmax = 1.7 mm (furthest), 20 mT at
δnom = dag = 1.3 mm (nominal), and 24 mT at δmin

= 0.9 mm (closest), the predicted axial position sen-
sitivity is of about 8.1 mT/mm. The chosen sensor
is the ams AS5510, which offers a resolution of
97 µT and a sampling frequency of 20 kHz. There-
fore, the achievable axial position resolution is of
12 µm, which is adequately small compared to the
considered 0.8 mm range of axial motion. Notice-
ably, for both cases there is a certain (spatial) third
harmonic distortion on the measured flux density.
As visible further in Fig. 8, this translates into a
tolerable magnitude ripple of 50 µm.



3.3 Measurement Disturbance due to the
Phase Currents

A crucial problem to consider is that, by being
placed very closely to the motor’s winding, the Hall
sensors are inevitably disturbed by the phase cur-
rents. The entity of such disturbance can be studied
in detail with the aid of FEM simulations. To first
visualize and describe it qualitatively, consider the
magnetic field distribution in Fig. 6, obtained with
FEM simulations for a simplified 2D geometry. To
solely include the magnetic field generated by the
currents circulating in the coils, the PMs are re-
moved from the model at this stage. It is hence
assumed that the field component generated by
the phase currents and the one generated by the
PMs can be superimposed, and that the relative
permeability of the PMs is µr,PM ≈ µ0. For this anal-
ysis, an ideal ferromagnetic linear material (µr,Fe

= 4000) is chosen for the magnetic cores. Con-
sider now the chosen sensor location at the bottom
of a stator slot. When the two adjacent coils are
energized, in this example with the same current
Ileft = Iright = Itest = 1 A, there is some stray field
through the sensor at the selected sensor location.
With an average value of 20 mT, this disturbance is
as large as the measurement signal. Therefore, it
is necessary to consider it explicitly, characterize it
in detail, and finally compensate it. It is also a fur-
ther reason to place the Hall sensors away from the
rotor, as the current disturbance could potentially
saturate the sensors.
3.3.1 Characterization on a Single Sensor
The detailed characterization of the disturbance in-
troduced by the phase currents is conducted on
the complete 3D FEM model of the motor (i.e.,
with nonlinear materials and PMs included). The
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Fig. 6: Simplified 2D-FEM simulation to visualize the
magnetic field distribution generated by the cur-
rents in the coils, causing a stray field that dis-
turbs the sensor’s measurement signal.
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Fig. 7: FEM characterization of the measurement dis-
turbance on a single sensor. (a) Average flux
densities at the sensor plane for different axial
positions and currents. (b) Calculated offsets
for the cases Itest = 1 A and 2 A by subtracting
the corresponding values obtained for Itest = 0 A.
The offset scales linearly with current and does
nearly not depend on the rotor’s axial/angular
position.

goal is to assess whether the amount of stray field
through the sensor depends on the axial and an-
gular positions of the rotor, and to verify its lin-
earity with respect to the assigned current exci-
tation in the adjacent coils. Therefore, the sim-
ulations are conducted for different angular and
axial positions (again φmech = {0,5,...120}° and δ
= {0.9,1.3,1.7}mm) and currents (Itest = {0,1,2}A),
with the same current Itest in the two adjacent coils),
obtaining the results of Fig. 7(a). As can be ob-
served, the flux density curves are the same as
in Case 2 of Fig. 5(b) for Itest = 0 A, and they are
shifted up by a certain offset for the other two cases
Itest = {1,2}A. This can be better visualized in
Fig. 7(b), showing the difference between the sig-
nals for Itest = {1,2}A and the corresponding ones
for Itest = 0 A. With an offset of 25 mT for Itest = 1 A
and 50 mT for Itest = 2 A, the linearity of the distur-
bance is verified, with 25 mT/A. Furthermore and
importantly, the disturbance offset does not exhibit
any relevant dependency on the axial or angular
positions of the rotor. This result is reasonable and
can be understood by observing how the stray field
closes within the stator itself in Fig. 6.
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3.3.2 Characterization for Typical Operation
With these intermediate simulation results, the anal-
ysis can be brought a step further. Assigning the
same current to both the adjacent coils is useful to
study and characterize the disturbance on a single
sensor, but is a case that never occurs in practice.
Two realistic cases for typical operation are when d-
and q-currents are assigned to the motor’s winding
for field-oriented control. As seen, the former is
used to generate the bearing force, whereas the
latter for the drive torque. For the FEM results of
Fig. 8, the nominal axial position δ = 1.3 mm (zsec
= 0 mm) and 1 A of d- or q-current are considered.
The analysis is extended to one side of a sector,
i.e., considering three sensor signals h{1,2,3}. For
the d-case, h{1,2,3} are amplified by a factor 1.6,
which is due to field strengthening. This does not
influence the electrical angle φel detected by the
PLL, but of course strongly influences the ampli-
tude and hence the detected axial position δ, with
a large error of 906 µm. Conversely, for the q-case,
the signals h{1,2,3} are rather distorted. This affects
both the detected electrical angle φel, with about
30° of error, and the amplitude δ, with a less pro-
nounced but still relevant 260 µm error. Therefore,
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Fig. 9: Diagram of the post-processing of the Hall sig-
nals, with the proposed disturbance compensa-
tion (one sector).

as expected, it is essential to compensate the stud-
ied disturbance, i.e. to derive a signal suitable for
controlling the impeller’s position.

3.4 Proposed Disturbance Compensation
The complete diagram of the Hall sensor signals
post-processing is shown in Fig. 9. The disturbance
due to the phase currents is compensated individ-
ually for each sensor before feeding the signals to
the PLLs. This is because, in practice, the manu-
facturing tolerances will influence the final position
of each sensor in the motor. Due to the verified lin-
earity, the disturbance can be modeled by a simple
weighted sum and can be compensated as

hcomp = k0 · hraw − k̂1 · I1 − k̂2 · I2, (4)

where k0 ≈ 1 is an adjustment factor to account
for sensor and manufacturing tolerances. The esti-
mated factors k̂1 and k̂2 depend on the exact coil
geometry and sensor position and should hence
be specifically calibrated. As explained further in
Sec. 5.1, due to the limited sampling frequency of
the Hall sensor and its inherent transmission delay,
a median filter is used to further improve the sig-
nals when an incorrect compensation occurs. The
further processing of the compensated signals is
straightforward and follows the same steps already
illustrated in Fig. 4.

4 Hardware Prototype and Test
Bench

The hardware prototype of the BDSAFM is shown
in Fig. 10. The stator yoke and the rotor back iron
are realized with special ferromagnetic materials,
namely the Valbruna MG2 and the VACOFLUX50,
which offer high magnetic saturation (2 T and 2.3 T),
and are hence particularly suited for a compact re-
alization. The nine concentrated coils have Nt =



106 turns and are realized with a 0.125 G1B enam-
eled copper wire. Finally, the permanent magnets
are custom made with thickness dPM =1.6 mm and
N48 magnetization grade. The motor is fed by a
custom 18-phase inverter, based on the MP6536
(Monolithic Power Supply) three-phase inverter
module. The controller is implemented on a AMD
Xilinx Zynq 7020 module. Due to the number of
current controllers to be executed simultaneously,
they are implemented in the FPGA. They are ex-
ecuted with an update rate of 500 kHz allowing a
bandwidth of fcc =10 kHz. To commission the pro-
posed BDSAFM, the test bench in Fig. 10 is real-
ized. The impeller assembly (containing the two
rotors) is connected to a 6-axis force/torque sen-
sor (BOTA systems) mounted to a top fixture. This
allows measuring not only the generated torque,
the axial attraction force, and the bearing force, but
also the tilting torques applied to the impeller. This
can be done for different relative positions of the
impeller and the stator assembly, which is mounted
on two precision vertical (standa 7VT174-5) and
rotary (standa 7R150) positioning stages, fixed to
the baseplate. The stator assembly features an
interconnection PCB and a round stainless steel
mount replacing the pump’s enclosure.

5 Experimental Results
This section presents the experimental measure-
ments conducted on the presented testbench.
These include the verification of the machine con-
stants and of the measured sensor signals, with

Vertical
pos. stage

Rotary
pos. stage

Impeller
assembly

Stator
assembly

Force/Torque 
sensor

Interconn.
PCB

Flex-PCB
(Hall sensors)

Single stator

Single rotor

Fig. 10: Experimental test bench for the proposed BD-
SAFM. The stator and rotor assemblies are
shown in detail.

particular focus on the proposed disturbance com-
pensation.

5.1 Machine Constants and Sensor Sig-
nals Verification

The measurements in Fig. 11(a) demonstrate suc-
cessful and well-decoupled torque and bearing
force generation, with the torque constant km =
9.1 mN m/A and the bearing constant kb = 1.6 N/A
per stator (top and bottom). The measured attrac-
tion constant is ka = 15 N/mm. With the maximum
z-position of zmax = 0.4 mm, it results to a maxi-
mum required liftoff force of Flo = 6.0 N. The re-
quired liftoff current is hence id,lo = 1.88 A. Finally,
the measured Hall sensor signals are shown in
Fig. 11(b). The signal amplitude of 25 mT corre-
sponds to the predicted one from FEM, and also
the expected third harmonic distortion is visible.

5.2 Disturbance Compensation: Calibra-
tion

The individual position of each sensor introduces a
gain factor, which is measured by normalizing the
sensor amplitude when rotating the mover at a fixed
vertical and radial position. It is crucial that the im-
peller is centered vertically, such that the difference
of the amplitudes is zero. The sensor zero value off-
set is specified as maximum 0.45 mT, translating to
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stator field with Î = 1 A. The torque- and bear-
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decoupled. (b) Measured sensor signals of a
sector side for a complete revolution of the im-
peller at the nominal (centered) axial position.



a maximum offset of 30 bit. This offset is measured
without a rotor present and zero phase currents and
then subtracted from the measured signal. The dis-
turbance compensation factors (k̂1 and k̂2, for each
sensor) are calibrated at the nominal (centered)
axial position z = 0µm with the rotor mechanically
fixed and positioned using the test bench. To deter-
mine the individual compensation factors for each
sensor, the electrical angle is assigned such that
only one of the two adjacent coils at a time carries
a current. As it is not possible to thermally sus-
tain a continuous DC current in the winding for the
whole duration of the measurements, it is decided
to apply four short (20 ms duration) current steps
with amplitudes from 0.5 A to 2 A in steps of 0.5 A.
As shown in Fig. 12 (red signal – uncompensated),
the linearity of the disturbance is verified, at least at
the considered axial position, with 10 mT/A. How-
ever, for the 2 A case, a slight saturation of the rotor
core leads to an overcompensation. All in all, the
proposed compensation proves to be effective for
currents till about 1.5 A and low frequency, with a
maximum residual signal disturbance of only 2 mT.
Importantly, the magnified signal edge shows that
the compensation results incorrect for the first two
samples after a current step. This is due to the
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Fig. 12: Investigation of the measurement disturbance
on a single sensor without and with compensa-
tion. The zoomed view shows the effectiveness
of the median filter in suppressing the signal
spikes occurring due to incorrect compensation
at the edge of the current steps.

low possible readout frequency of the Hall sensor,
i.e. 20 kS/s, compared with the high current sam-
pling rate of 500 kHz and controller bandwidth of
10 kHz. For the chosen Hall sensor, the frequency
behavior is not entirely specified, and it is hence
investigated experimentally. No low pass behavior
could be observed up to 2 kHz. However, the sen-
sor exhibits a zero-order hold characteristic with
50 µs hold time. This can only be compensated ac-
curately if the sampling frequency is well above the
signal bandwidth or the sampling instant is exactly
known. Neither is the case for fast-changing current
steps with a current controller bandwidth of 10 kHz.
This leads to an over- or under-compensation for
one to two measurement samples. These distur-
bances are estimated to be above 100 µm, which
is not acceptable for magnetic levitation. For this
reason, a median filter with window three is used to
successfully suppress the uncompensated spikes
with minimal additional phase lag.

5.3 Disturbance-Compensated Measure-
ments for Typical Operation

Once the compensation factors for each sensor
are calibrated, the effectiveness of the proposed
compensation for the realistic case of d- and q-
current excitations can be assessed experimen-
tally. Also in this case the rotor is fixed in the test
bench and its position adjusted with the position-
ing stages. Two short d- and q-current steps are
commanded. The amplitude of the d-current step
is inverted to −1 A, to emulate the current step nec-
essary for liftoff in the bottom stator. The measure-
ments are conducted for three axial positions (z =
{-0.4,0,0.4}mm) and three angular positions (φel =
{0,30,60}°). An exemplary repetition is reported in
Fig. 13. The three Hall sensors of one sector are
recorded (cf. Fig. 13 (a)) and used to derive the
axial and rotational positions. The d-current step
leads to an axial position error of 600 µm, whereas
the rotational angle is only disturbed marginally,
with an error of about 2°. Also in this case, if un-
compensated, the disturbance in the axial position
is larger than the axial motion range. The distur-
bance on the rotational angle is non-zero due to
machine imperfections. For the q-current step, the
expected angle error of 24° can be measured, as
well as an error in the axial position measurement
of 200 µm. The proposed compensation reduces
the influence of the stray magnetic field created
by the phase currents by a factor of about 10 to a
value below ±45 µm.
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Fig. 13: Final measurement of the calculated zsec and
φel in one sector shown as measured (raw)
values and with the proposed compensation
over time. (a) Flux density h1,2,3 of the three
sensors. (b) measured zsec disturbance. (c)
electrical angular disturbance φel. (d) current
pulses in d- and q-axis.

−0.4mm 0mm 0.4mm
φel

zsec
id iq id iq id iq

0◦ 14.4 14.0 23.9 31.7 45.0 18.0

30◦ 17.0 6.9 29.6 33.2 39.2 14.2

60◦ 18.1 8.1 33.7 25.0 42.2 10.9

Tab. 2: Maximum absolute z-position error in microm-
eter for all six sectors at maximum and mini-
mum height and three electrical angles when
disturbed with id = −1 A or iq = 1 A.

−0.4mm 0mm 0.4mm
φel

zsec
id iq id iq id iq

0◦ 1.53 0.58 1.33 1.44 2.02 1.89

30◦ 1.46 1.17 1.19 0.62 1.97 0.78

60◦ 1.90 2.03 1.47 1.35 1.76 0.27

Tab. 3: Maximum absolute angular position error in de-
grees for all six sectors at maximum and min-
imum height and three electrical angles when
disturbed with id = −1 A or iq = 1 A.

6 Conclusion
Pediatric implantable rotary blood pumps (RBPs),
specifically designed for cavopulmonary support in
Fontan circulation and currently under development
in a research collaboration between ETH Zürich,
the University of Innsbruck, the University Medical
Center Hamburg-Eppendorf and the Medical Uni-
versity of Vienna shall exploit the key advantages
of magnetic bearings for improved durability and
hemocompatibility. However, the design and inte-
gration of extremely compact bearingless motors
poses numerous challenges, especially for the
position measurement of the levitated impeller. In
this paper, an axial/angular position measurement
concept for a compact bearingless double-stator
axial-flux motor (BLDSAFM) has been proposed.
Importantly, this requires a compensation of the
measurement disturbances caused by the currents
in the motor windings. The experimental results
demonstrate that the compensation works and that
clean and usable position measurement signals
with disturbances below 45 µm and 2.2° can be
achieved. Therefore, in future work, the proposed
sensing concept can be used for closed-loop
position control of the BLDSAFM.
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