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Abstract—In the semiconductor industry, where bearingless
pump systems are employed as the state-of-the-art technology, the
trend goes toward higher fluid temperatures (150 °C and more) in
order to further increase process efficiency. This fact translates
into the requirement of a high-temperature bearingless pump
system and/or the elimination of thermal-critical components such
as Hall sensors. This paper introduces a new method for a hall-
sensorless control of a permanent-magnet synchronous machine
bearingless pump in its operating range from 0 to 8000 r/min and
from zero load to full load. The sensorless operation is performed
by the following three novel control functionalities: a controlled
startup routine, enabling a sure levitation and zero-angle setting;
an open-loop angle estimation based on stator voltage and stator
current measurement and known machine parameters; and an
angle synchronization establishing a robust operation of the pump
in the whole operating range even for a large machine parameter
drift. In particular, considering the temperature degrading of the
permanent-magnet flux density, the novel robust control concept
is of great benefit for bearingless pump systems employed in
high-temperature applications.

Index Terms—Angle synchronization, bearingless pump,
permanent-magnet synchronous machine (PMSM), sensorless
control.

I. INTRODUCTION

EARINGLESS motors have been extensively investigated

in the past and have been employed successfully in high-
purity environments (e.g., in semiconductor, pharmaceutical,
and medical industry) due to their great variety of benefits such
as noncontact bearing capability and the lack of mechanical
wearing, lubricants, and seals [1]-[4]. In addition, they feature
high power density; thus, these pumps are, nowadays, the best
choice for high-purity and high-tech areas, e.g., in semicon-
ductor process applications. In order to further increase the
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Fig. 1. Sectional view of a bearingless pump system with fully integrated
power electronics.

productivity and process quality, higher temperatures of the
process fluids are employed more and more.

These high fluid temperatures cause problems for the bear-
ingless pump system. Fig. 1 shows the sectional view of a
bearingless pump system with integrated power electronics [5].
As one can see, the sensors for detecting the radial and angle
positions have to be positioned close to the impeller in order
to measure satisfying signals. Particularly for the angular Hall
sensors, the vicinity to the high-temperature fluid is very crit-
ical, which raises the demand for a sensorless control of the
bearingless pump, i.e., the complete elimination of the Hall
sensors. The radial position sensors can be assembled based
on inductive or eddy-current principle and are therefore not
thermally critical.

In the literature, many methods for eliminating angle and
speed sensors have been established [6]-[8]. The motivation
in most cases was to eliminate the sensors for reasons such
as costs, reliability, weight, and size of the machine. However,
for the considered high-tech applications, such cost-related
aspects are of minor importance compared to the technological
challenge associated with the high-temperature application.

In contrast to most concepts presented in the literature, which
are typically built up as three-phase motors driven by three-
phase half-bridge modules, the existing bearingless pump is
built up with a two-phase drive system, which is driven by
two full bridges. The reason for this choice is the combination
of the bearing and drive together on one iron circuit [1]-
[3]. The established concepts in literature can be subdivided
into methods using the induced voltage uinq [9]-[15] on one
hand and methods measuring the rotor-angle-dependent phase
inductance on the other hand [16]-[18]. However, the back-
EMF methods are not useful at low speed and standstill, and the
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Fig. 2. Rotor position at standstill and start angle calculation.

phase-inductance measurement is not effectual at high speed.
For the high-temperature bearingless pump system, the rotor
angle is needed from standstill to ensure levitation until high
speed of approximately 8000 r/min to achieve the needed output
power.

In the following, methods for estimating and calculating the
rotor angle without using any Hall sensors will be described.
Section II introduces a method to calculate the initial rotor
position at standstill, since this angle is very important to
ensure levitation and a proper angle estimation. In Section III,
a simple method for estimating the rotor angle out of the phase
voltages, currents, and given machine parameters is introduced.
Finally, a new method for synchronizing the estimated rotor
angle by measuring the freewheeling current in one drive phase
will be introduced in Section IV. The improvement of the
synchronization method regarding robustness against dynamic
load and rotational speed changes will be shown in Section V
by measurements on an existing pump system. In addition,
measurements verify the correctness of the theoretical consid-
erations in each section.

II. STARTUP ROUTINE

Starting up levitation without the knowledge of the rotor-
angle position is an inherent challenge of bearingless pumps,
since the rotor angle is needed to apply the superposed magnetic
field for suspension force generation. A detailed force genera-
tion description can be found in [19].

First of all, the initial rotor angle has to be found. For the
estimation of the rotation angle at standstill, several possibilities
for bearingless motors are well known (see, e.g., [20]). The
goal is to estimate the initial angle position without turning
the rotor, which would cause abrasion. The biggest advantage
of bearingless pump systems is the contact-free handling and,
hence, a low contamination of the pump medium.

The needed initial rotor angle g can be found by using an
inherent property of unipolar permanent magnets: Looking at
Fig. 2, one can see that the rotor is always sticking to the stator
wall with one magnet pole but not being defined as to which
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Fig. 3. Startup algorithm flow diagram.

one. However, it is not assured that the orientation of the magnet
is exactly according to its polarization, i.e., the point of contact
is not exactly the magnet pole. First, this is due to reluctance
forces to the stator claws which are placed at some defined
positions of the stator. Second, it is not sure which pole (south
or north) is directed to the wall. The initial rotor angle g can
now be assumed using the included radial position sensors for
a- and b-axes

(o = arctan (b0> . (D)
Qo

For starting up levitation, the algorithm shown in Fig. 3 can
be used. After having set the initial rotor angle out of (1), the
correct magnet pole has to be found. Since the rotor can stick
either with the north pole or with the south pole at the stator
wall, the initial rotor angle can be assumed wrongly by 180°. In
the used algorithm, the north pole is assumed to point toward
the stator wall first. Afterward, a rotor fixed frame (d- and
g-axes) is defined by setting the d-axis in the direction of (.
Activating now the levitation will lead to forces in negative
d-axis and a resulting rotor displacement.

This displacement depends on the magnet direction in reality.
If the north pole was sticking, the assumption was right and the
rotor will move toward the stator center. In contrast, if the south
pole is directed toward the stator wall, the initial rotor angle ¢
was calculated wrongly by 180° and has to be corrected. One
might think that the displacement, which is necessary to detect
which pole is sticking at the stator wall, can be calculated out of
the relative change of r = rg & Ar (with Ar = vV Aa? + Ab?).
However, this calculation may fail, since a radius decrease
(which would mean a sticking north pole) can also be detected
for a small rotation of the rotor with the south pole sticking at
the stator wall. The reason for this is the nonlinear characteristic
of the position sensorics together with the circular shape of the
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Fig. 4. Rotor displacement in dependence on time and which pole is sticking
to the stator wall.

Rotor displacement

o North Pole
o South Pole "™

Rotor displacement |Ar| [mm]

-120 -60 0 120
Rotor angle ¢y according to North Pole [°]

Fig. 5. Rotor displacement in dependence on the rotor angle o and which
pole is sticking to the stator wall for a wait time of 50 program cycles
(11.4 ms).

rotor surface. Since the algorithm is still expecting the rotor
north pole sticking, the reference bearing current will increase
constantly due to the PID position controller. Thus, this may
lead to an overcurrent situation caused by the subordinate PI
current controller.

Therefore, the absolute radius change r = |Ar|, instead of
the relative radius change, is used to identify the sticking pole.
Measurements done with this estimation are shown in Fig. 4.
One can see that the radius change in case of a sticking south
pole reaches lower values in comparison to the radius change
in case of a sticking north pole. After a short hold time of
approximately 50 program cycles, which is equal to 11.4 ms,
the difference between both lines is big enough to determine
the sticking pole. On the other hand, this time is short enough to
ensure that in case of the south pole sticking at the stator wall,
no damage of the bearing coils will appear due to the current
impressed into the coils.

In Fig. 5, the dependence of the rotor displacement after a
hold time of 11.4 ms on the rotor angle is shown for various
cases of north and south poles sticking at the stator wall, respec-
tively. One can see that for most of the 200 measurements, the
radius displacement is different between sticking north or south
pole, and a limit to decide which pole is sticking can be found.
Although most of the points are far below or beyond the limit,
it may appear that the sticking pole is not detected correctly.
Thus, the rotor is not levitating after a defined waiting time,
which will lead to a reset by the algorithm shown in Fig. 3, and
the startup operation will be started again until the correct pole
orientation is detected.
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Fig. 6. Equivalent circuit diagram of a common PM synchronous motor drive.

Once the pole detection succeeded, the rotor starts to levitate.
It is important to keep the initial rotor angle ¢, since this angle
is needed for the further angle calculation. Therefore, a current
14 1s applied by the drive system to fix the rotor (cf. Fig. 3).

After starting the rotor up to levitation, it can now be
accelerated up to the minimum needed speed to turn on the
sensorless position estimation, by rotating ¢4 impressed by the
drive system in a feedforward operation. The switch between
feedforward acceleration and sensorless control has to be done
at a rotational speed, where virtually no mechanical load ap-
pears. Since a typical operation point of the used magnetically
levitated pump is beyond 4000 r/min, turning on the sensorless
operation is possible in between the speed ranges of 1000 and
4000 r/min. As it will be shown in the forthcoming section, the
minimum needed speed to ensure a proper angle calculation is
in the range of 1000 r/min. Therefore, the rotor is accelerated
up to 1000 r/min and a switch to the sensorless operation can
be performed there without losing information about .

III. ROTOR-ANGLE ESTIMATION

In this section, a simple but effective rotor-angle-estimation
method will be described. The principle is based on the es-
timation of the back-EMF-induced voltage u;,q by using the
knowledge of the stator voltage u, and calculating the load
angle ~ between the stator voltage us and wui,gq [21]. Fig. 6
shows the equivalent circuit of a standard permanent-magnet
synchronous machine (PMSM). Out of this, the vector diagram
for field-oriented control [shown in Fig. 7(a)] can be drawn.
To ensure field-oriented control and therefore highest available
motor power, the actual rotation angle ¢ has to be known. This
angle appears between the rotor fixed d — ¢ system and the
stator fixed a — b frame.

The goal is to estimate the position of the rotor fixed
d-axis, respectively, the angle ¢, out of known values like the
impressed stator currents or voltages. The stator voltage

Us,a
@s - |: Us,b :| (2)
can be used to calculate the voltage angle o [22]
Us
L 3)

Without any mechanical load, the stator voltage u, is in phase
with the induced voltage u;,4. By applying a mechanical load,
an additional angle v between the stator voltage u, and the
induced voltage u;,q appears. This load-specific angle can be
calculated for a certain angular frequency w using the machine
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Fig. 8. Angle calculation at 7000 r/min in comparison to measured angle
at a hydraulic operation point of 6.5-L/min hydraulic flow and 1.3-bar out-
let pressure (angle scale: 120° /div; current scale: 5 A/div; and time scale:
2 ms/div).

parameters L, R, and Upys and the phase current 7, or in case
of field-oriented control 4,

wigLy

_ Wiels 4
iqu + wV¥pMm @)

vy = arctan

In case of small resistance values R, a speed-independent load
angle results in

vy = arctan

iqLs 5)
Wpyp
All needed values to calculate v and y (stator phase voltages
Us,a, Us p, the stator current 7, and the machine parameters L
and Wpyr) are known, and the estimated rotor frame angle pest
can be calculated to

Yest = @ —y — 90°. (6)

Measurements, as shown in Fig. 8, show that the actual
(upper line) and the estimated (middle line) rotor angle match
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very well, i.e., the load angle v is estimated correctly.! For
the measurements, a test setup (cf. Fig. 9) consisting of the
bearingless pump, a hydraulic tank, water pipes, pressure and
flow sensors, and a ball valve to change the hydraulic load
was used.

The minimum achievable speed with this method depends
mainly on the minimum stator voltage needed for a sufficiently
exact calculation of (3), i.e., at low speed, the amplitude of u
is too small to calculate « correctly. The minimum achievable
speed for the pump at hand has been identified with 1000 r/min.

The introduced angle-estimation method works satisfactory
if the machine parameters L, and Wpy; are well known. How-
ever, uncertainties in these values lead to a computational error
in (4). This results in a wrong rotor angle ¢ and, hence, in
an incorrectly impressed stator current 7,. The consequence is
a resulting current component ¢4 as shown in Fig. 7(b). The
additional current ¢4 leads to a voltage drop Rsiq and wLgig
and, consequently, to an increased stator current ¢. In practice,
this means more needed current to drive the motor and, thus, a
decreased maximum power and efficiency of the drive system.

In the same manner, also an error in calculating (g during
the startup sequence leads to a constant angle error in (6). In
order to avoid parameter and initial angle dependence, it is
indispensable to synchronize the rotor angle from time to time
with a real physical parameter. In the following section, an
effective synchronization by means of freewheeling current will
be presented.

IThe actual angle ¢,y is measured for comparison reasons in a conven-
tional manner through two reference Hall sensors H; and H, by evaluation of
arctan(Hy/H,) inside the DSP. Due to the limited number of output ports,
both angle signals ¢pa) and @est could only be displayed through the PWM
output ports and a subsequent low-pass filter, which is the reason for the round
shape of the angle signals at the falling edges.
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Fig. 10. Switching states within one pulse period for an inverter bridge of one drive phase using three-level PWM. State 1: positive inductor voltage. State 2:
freewheeling path, current in the inductor is decreasing. State 3: negative inductor voltage. State 4: freewheeling path, decreasing inductor current.

In addition, due to the fact that the introduced method is only
a feedforward control, a potential failure of the angle estimation
and/or speed calculation and even a system crash cannot be
detected by the control, which incorporates a drawback for
practical implementation.

IV. ROTOR-ANGLE SYNCHRONIZATION BY
FREEWHEELING CURRENT MEASUREMENT

Driving a motor only with rotor-angle estimation may lead
to a wrongly calculated angle due to uncertainties in the param-
eters and, thus, to a non-field-oriented operation as described
before. The angle estimation is basically a feedforward control
with a correction of the load-dependent angle offset between
the stator voltage u, and the induced voltage u;, 4. Therefore, in
this section, a method is described, how the wrongly calculated
rotor angle can be detected and synchronized by measuring the
physical rotor position using the freewheeling current.

Fig. 10 shows the four appearing switching states within one
pulse period for a full bridge driven by a three-level PWM
signal. To achieve a lower current ripple in the motor inductor,
the voltage over the inductor is set to zero for two switching
states (states 2 and 4). During state 2, the impressed inductor
current is flowing through the freewheeling path and through
the current measurement, which can be realized as a simple
shunt resistor.

If the freewheeling state (state 2) is applied for a longer time
period (several milliseconds), the current waveforms shown
in Fig. 11 appear. State 2 is active from @.g until ¢e,. The
current i,(t) measured by the current sensor is, in general, a
superposition of two fictitious currents

Z‘s (t) = is,f (t) + 7:ind,f(t) (7)

which occur due to the superposition of two voltage sources,
namely, the stator voltage u(t)

us(t) = Uy - sin(wt + ) (8)

with

Us =/ @Tpni +igRa)? + (igwL)? ©)

: . ) Peak shift ;
0 Iy (t) - Iiml',f(l) + ls,f(t) f s
N 'o'.’". 4 7 VAN iin(l,_f'(t) P
e g® & \/ ,
AONC s p—" o
ERC
y PLis~— Step 1
90°~ Step 2
A Ts Jindg~— Step 3
& \‘. —_ Uind
.‘ / \ @
,': : "|' / (
/ i\ . : :
. s / 2
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XY / \ i1 ot
= i ) :
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%N ‘d
\‘.‘ ;‘V Psync \ :,
A
. Moment of peak
T d
urn off window detection
wt
Poff Pon
Fig. 11. Superposition of fictitious phase currents and peak detection during

the turn-off window.

for field-oriented control (i, =1i,) and the induced voltage
Uind (t)

Uind (t) = wUpy - sin (wi). (10)
The appearing phase shift v between u,(¢) and uinq(t) (in
case of field-oriented control, this angle appears between u(t)
and i4(t), too) was already defined in (4).
Fig. 12 shows the equivalent diagram of the whole motor
drive [Fig. 12(a)], the equivalent circuit only with the sta-
tor voltage source ugs(t) [Fig. 12(b)], and the circuit only
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Fig. 12. Superposition of voltage sources appearing in a PMSM.

with the induced voltage wing(t) [Fig. 12(c)]. One can see
that the induced voltage uinq(t) is driving a fictitious current
Z.ind,f(t) [23]

) — w¥pnm
(1) = ==t

which is part of the stator current i,(¢) and can therefore be
estimated out of i,(¢) during the freewheeling state 2. The
current i,4(t) contains, therefore, information about #inq, ¢ (%),
which on its part contains information about the actual rotor
angle .

The fictitious current i, ;(t) before activating the freewheel-
ing state is given by

(1)

- sin(wt — Tinq)

Us
VRZ + w22

The phase shift 75 appearing between the stator voltage
us(t) and i, ¢(t) is equal to the phase shift 73,4 in (11) between
the negative induced voltage —u;,q () and the fictitious current
lind, f (t) and can be written, in case of field-oriented control, as

wlyg
R. > . (13)

After turning off the stator voltage us(t) (t > tog With tog =
@off /w), the fictitious stator current i, ;(t) decreases by an
exponential function (cf. Fig. 11)

is,f(t) = ssin(wt + 7y — 7)) Vi <tog. (12)

Ts = Tind = arctan <

iop (1) = g p(tog) - e ODTEY E > tg. (14)
The current shunts (cf. Fig. 10) can be used to measure i(t)
during the turn-off window.

Near the zero crossing of winq (%), the current éing, £ (¢) shows
a peak, which also appears in i,(¢) (cf. Fig. 11) with a phase
shift of ¢; s caused by i (t) [cf. (14)]. This appearing peak in
i5(t) can be detected, and the actual angle of uinq(t), which is
used for synchronization, is calculated as (cf. Fig. 11, derivation
steps indicated with steps 1, 2, 3)

@sync = Pis — 900 + Tind (15)
NG —~~

~—~

Step 2 Step 3

Step 1

by taking the phase shift ¢; ,, caused by the decay of i (t),
into account. As can be seen in Fig. 11, ¢gync represents the
time interval between the induced voltage zero crossing and
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Fig. 14. Calculation of ¢gsync at the moment of peak detection for a fixed
turn-off angle pof.

the moment of peak detection and therefore is the actual rotor
angle.

The synchronization block diagram is shown in Fig. 13. The
detected peak in i,(t) activates the sample and hold block, and
the difference between the estimated and the synchronization
angle is low-pass filtered and added to the actual estimated
rotor angle et ;—1. The low-pass filter is important, due to the
necessity of a continuous angular signal for the operation of
a PMSM.

The value of @gyne can be seen in Fig. 14 for a fixed turn-
off angle ¢.g. This correction can be calculated analytically
by using (11), (13), and (14). However, the implementation of
the calculation is not advisable on a digital signal processor,
since the computational time and storage space are limited.
Therefore, a lookup table should be generated for a practical
implementation. The influence of the load [cf. (9) and (12)] on
the decay of i ¢(t) can be considered in the analytical angle
calculation and in the implemented lookup table, respectively.
For reduced complexity, the turn-off angle ¢.g should be
assumed to be constant with respect to u;nq () to simplify the
calculation of ¢, f(tom) and, furthermore, the decay of i r(t).

Measurements of typical appearing waveforms are shown in
Fig. 15. One can see that the estimated rotor angle eg fits
perfectly with the measured hall signal ¢yp,). The lower lines
show the measured voltage over Rgnyunt representing the phase
current and the detected peak signal produced by the imple-
mented software. The peak in i4(t) during the freewheeling
path can be seen directly.

As one can see, the introduced method is still depending on
the machine parameters L and R, [cf. (9) and (12)]. There-
fore, the same performance concerning fluctuation of these
parameters will be achieved as for the rotor-angle estimation.
However, these motor parameters are usually well known or can
be estimated [24], and the fluctuation is within a tolerable range.
The main improvement of the synchronization method concerns
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Fig. 16. Quality of the calculated rotor angle in dependence on permanent
magnet flux variation (the magnetic flux degrading has been achieved through
heating up the permanent magnet rotor according to Fig. 17).

fluctuations of the rotor magnet field density. As shown in
Fig. 16, the quality of the rotor-angle estimation is depending
on the magnetic field impressed by the rotor Wpys [cf. (4)],
while in contrast, almost no dependence on the magnetic field
for the method introduced in this section appears. Since a
method for driving a magnetically levitated pump at high fluid
temperatures has to be found and the magnetic flux Upy is
highly depending on the fluid temperature (cf. Fig. 17), this
influence is of high importance and must not be neglected. As
shown in Fig. 17, the impressed magnetic flux will be decreased
about 20%—-30% for a fluid temperature increase of around
150 °C. As depicted in Fig. 16, this leads to a calculation error
of west up to 10°, whereas if the rotor angle is synchronized
as presented in this section, the same magnetic field reduction
leads to a calculation error of @gyn. = 2°.

As mentioned before, also a system failure can be detected
by synchronizing the estimated rotor angle ¢.s; with the intro-
duced method in this section, as no peak in i, (t) will appear at
standstill.

Since the introduced method turns off one drive phase for al-
most 1/4 period, a torque reduction may result. In [25, eq. (18)],
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Fig. 17. Temperature dependence of NdFeB (VACODYM 633HR) and SmCo
(VACOMAX 225HR) permanent magnets.
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Fig. 18. Influence of synchronization on the wrong estimated angle @est, due
to a prior load change (angle scale: 120° /div; current scale: 10 A/div; voltage
scale: 5 V/div; and time scale: 10 ms/div).

the influence of repetitive nonsinusoidal currents on torque
generation of bearingless motor drives has been calculated.
Adapting this equation to the pump at hand shows that for
operation in air above np,i, = 1258 r/min, no significant torque
ripple occurs. Driving the pump with water will further decrease
this calculated minimum needed speed significantly below
1000 r/min. In addition, the synchronization appears only in
one phase and at one of 10-50 cycles; wherefore, the current
distortion caused by turning off the phase voltage through this
method does not have any influence on the pump operation.

V. IMPROVEMENT BY ANGLE SYNCHRONIZATION

The improvement by synchronizing the estimated rotor angle
@est according to the previous section can be seen in the
measurements shown in Fig. 18. The estimated angle @est
is calculated wrongly due to a prior load change until the
synchronization is turned on and the angle is corrected. For
the measurements done in this section, the same test setup as
mentioned in Section III was used (cf. Fig. 9).

Fig. 19 shows the response of the system to a rotational speed
reference step. As the zoom shows, this leads to a steady offset
in the estimated rotor angle est [cf. Fig. 19(a)] which cannot
be detected by the estimation algorithm. By synchronizing
the estimated angle @es; With (gync as described before, the
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Fig. 19. Rotor angle after a speed step from 1000 to 6000 r/min at full load (hydraulic flow: 14 L/min; hydraulic pressure: 0.7 bar). (a) A speed step leads to
a permanent angle offset in case of angle estimation. (b) The appearing offset can be eliminated by angle synchronization (angle scale: 120° /div; current scale:

10 A/div; voltage scale: 5 V/div; and time scale: 4 ms/div).
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Fig. 20. Rotor angle after a load step at 6000 r/min from zero load (hydraulic flow: 0 L/min; hydraulic pressure: 0.8 bar) to full load (hydraulic flow: 14 L/min;
hydraulic pressure: 0.7 bar). (a) A load step leads to a permanent angle offset in case of angle estimation. (b) The appearing offset can be eliminated by angle
synchronization (angle scale: 120° /div; current scale: 10 A/div; voltage scale: 5 V/div; and time scale: 4 ms/div).

constant offset can be eliminated [cf. Fig. 19(b)]. During the
peak detection, a small offset appears, which results from
turning off the angle estimation during this state. However,
this error is eliminated permanently after one turn by the
synchronization algorithm.

Finally, the angle calculation in case of a load step from
zero load to full load is shown in Fig. 20. The resulting error
after a step in the estimated angle (st is corrected through the
synchronization and thus gy, in the same manner.

VI. CONCLUSION

High fluid temperatures, as they are needed in semiconductor
industry to further increase the process speed, cause problems
for the bearingless pump system, since temperature-critical Hall
sensors have to be placed close to the fluid to measure satisfying
signals. This paper introduces a new control method of a PMSM

bearingless pump by estimating and calculating the rotor angle
without using temperature-critical Hall sensors.

First, the initial rotor angle is calculated using the radial
position sensorics to enable levitation. This method uses an
inherent property of unipolar permanent magnets, as always one
pole is sticking to the stator wall. An algorithm was described
to find out which pole is sticking to finally calculate the rotor
angle and startup levitation.

Second, a simple but powerful method for estimating the
actual rotor angle in a speed range of 1000-8000 r/min by using
the impressed stator voltage and calculating the load-dependent
phase shift between the stator voltage and the induced voltage
is described. Measurements show that the estimated angle is
equal to the measured rotor angle even at high load. However,
this method is basically a feedforward control, and therefore,
a synchronization with a discrete physical rotor-angle informa-
tion is necessary to ensure a stable operation.
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A method to calculate the actual physical angle out of
the freewheeling current of one drive phase for synchroniza-
tion with the estimated angle is described subsequently. This
method greatly improves the robustness of the angle calcu-
lation against permanent magnet flux density degrading as it
occurs for pump operations with high fluid temperatures. This
improvement is finally verified by various measurements on an
existing bearingless pump prototype system, e.g., for load steps
and rotational speed steps.

With the described methods, an important step toward a
hall-sensorless bearingless pump system for fluid temperatures
beyond 150 °C is done by implementing a combination of all
introduced methods.
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