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Bearingless Permanent-Magnet Motor with 4/12
Slot-Pole Ratio for Bioreactor Stirring Applications

Thomas Reichert, Student Member, IEEE, Thomas Nussbaumer, Member, IEEE, Wolfgang Gruber, Member, IEEE,
and Johann W. Kolar, Fellow, IEEE

Abstract—This article presents a novel topology for a bearingless
permanent-magnet motor. This disk-shaped motor, featuring an
exterior rotor, can be advantageously employed in delicate biore-
actor processes. Both torque and bearing forces originate inside
this magnetically levitated motor and are generated with concen-
trated combined windings. Using 3-D-FEM analysis, the optimal
machine sizing parameters are evaluated with the goal to maximize
torque while providing sufficient bearing forces to allow a precise
and stable operation. The results from the sizing optimization and
from the force and torque analysis have been implemented and
tested with a real-size prototype setup.

Index Terms—Bearingless motor, bioreactor stirring, high
torque, large air gap, permanent-magnet synchronous motor
(PMSM).

1. INTRODUCTION

N TECHNOLOGY sectors that ask for highly clean envi-
I ronment and gentle work procedures, a motor with a mag-
netic bearing can be advantageous over a motor with a conven-
tional bearing despite its higher cost, control effort and machine
size [1]-[4]. A compact setup can be achieved with the bearing-
less motor [5]-[13], because it integrates the magnetic bearing
and the drive into a single electromagnetic device. Due to its
magnetically levitated rotor, this motor concept is completely
free of wear, which guarantees long life time and low main-
tenance costs. Moreover, it does not suffer from friction and
requires no lubrication. Therefore, this motor is highly qualified
for the use in processes that take place inside hermetically sealed
enclosures such as reactors, pumps, etc. Only the levitated rotor
is placed inside the process room, whereas the stator and all the
control, sensors, and power electronics are placed outside of the
enclosure.

The stirred vessel is the most commonly used type of biore-
actor [14]-[20]. One or several agitators create a loop flow in-
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Fig. 1. Schematic view of the lower part of a bioreactor with two different
bottom-mounted agitators. The motor in (a) transmits the rotation energy with a
rotating shaft through a sealing, whereas the motor in (b) is built with a magnetic
coupling and an additional bearing inside the tank.

side the vessel, which is necessary to maintain a homogeneous,
cell-friendly environment by constantly supplying the cell cul-
ture with air bubbles and nutrition. The agitators can either be
mounted from the bottom or from the top (requiring a longer
shaft). Top-mounting, however, significantly reduces the space
for inlets and sensor mountings (e.g., sensors for temperature or
pH-value measurements) and requires large head space for as-
sembly work, wherefore in many applications bottom-mounted
stirrers are preferred. The main requirement for the motor (agita-
tor) of such a stirred bioreactor is a high torque at usually rather
low rotational speeds [15], [18]. State-of-the-art bioreactors of-
ten use an external motor with a long rotating shaft passing
through a sealed opening in the reactor wall [see Fig. 1(a)].
Usually, a double mechanical seal is employed which leads to a
reactor that is not absolutely leakage-proof [19]. Moreover, the
seal creates pinch-off areas inside the vessel that harm the cell
culture and particles from wear can impact the process quality.
In order to avoid the risk of leakage, the torque from an outer
motor can alternatively be transmitted by means of a magnetic
coupling [see Fig. 1(b)]. However, an additional sliding contact
bearing is required within the vessel in order to stabilize the
mixing head [19]. Therefore, the problems of pinch-off areas
and particle contamination due to wear persist. Alternative agi-
tator concepts (such as the magnetic stirrer [21], [22], which is
only suitable for small-scale bioreactors) do not exist for indus-
trial bioreactors of a certain size exceeding some tens of liters
of reaction volume.

With an agitator based on the concept of the bearingless
motor, the aforementioned drawbacks of the existing agitator
concepts could be overcome. A magnetically levitated motor
requires no seals and has absolutely no direct contact with the
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Fig. 2. Schematic view of the lower part of a bioreactor with two single
bottom-mounted agitators. In order to avoid pinch-off areas and wear, a bear-
ingless motor is employed. The motor in (a) is built in interior rotor construction,
suffering from low flow zones. With an exterior rotor construction (b), an ad-
vantageous agitator can be realized.

reactor wall. Therefore, this motor will not suffer from wear and
due to low shear forces (avoiding pinch-off areas), the impact on
cell destruction can be significantly reduced. Moreover, the large
possible fluid gap makes this motor suitable for clean-in-place
(CIP) and sterilization-in-place (SIP) applications [23]. There-
fore, the goal of this paper is to propose and analyze a new motor
concept, which should significantly improve the performance of
bioreactor processes.

In this paper, a novel bearingless motor topology, consisting
of a disk-shaped exterior rotor with a pole pair number of six and
a stator with four stator teeth, is introduced. In Section II, the
motor requirements are described and the selection of the motor
setup is derived. Section III describes the combined torque and
force production of this novel machine. With 3-D magnetostatic
FEM simulations, the optimal design is derived in Section IV.
Moreover, the optimal winding number per coil is analyzed.
Finally, a prototype setup has been built for feasibility studies
and verification of the simulations (see Section V).

II. SELECTION CRITERIA FOR MOTOR SETUP

In this paper, the focus lies on a bioreactor with a single
bottom-mounted agitator. The outer diameter of the impeller
depends on the size of the vessel. For a targeted bioreactor with
a volume of 500 1, the outer diameter of the impeller is set to
170 mm. The magnetic gap between stator and rotor needs to be
sufficiently large so that the rotor has a certain distance from the
reactor wall when levitating. For a wall thickness of 1 mm, the
magnetic gap thickness is set to 4 mm so that there is sufficient
physical space between the wall and the rotor during operation.
This is necessary to avoid pinch-off areas and for the CIP and
SIP processes.

In a first step, the selection between interior and exterior rotor
type motor has to be made. Fig. 2 compares the two concepts.
In case of an interior rotor setup [see Fig. 2(a)], the vessel is
extended at the bottom so that the rotor can be placed inside and
the stator around it. The impeller has to be fixed on top of the
rotor so that the impeller blades can be mounted higher inside
the vessel allowing a higher agitation impact. However, this
interior rotor setup bears a significant disadvantage. The flow
will only slightly enter the extended bottom area, thus, creating
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anundesired dead zone. Moreover, the required impeller impairs
the stability of the magnetic bearing. Therefore, the exterior
rotor type [see Fig. 2(b)] has been selected. It consists of an
indentation at the bottom of the vessel, where the disk-shaped
stator is placed. The hollow rotor ring is then placed around it
inside the vessel. This setup allows a flexible impeller design
and guarantees sufficient flow within the whole vessel. This
new concept can be understood as a further improvement of a
magnetic coupling. Additionally to the torque transmission by
means of magnetic forces, radial bearing forces are generated
as well and transmitted through the reactor wall, which allows
abandoning any sliding contact bearings within the reactor.

In a next step, the number of stator teeth and the pole pair
number have to be chosen. The outer diameter of the motor
depends on the type of impeller. For the exterior rotor type, the
impeller blades are directly mounted at the outer part of the
rotor [see Fig. 2(b)]. The minimum blade length required is set
to 20 mm, thus, the outer diameter of the motor is limited to
130 mm. This implies that for this experimental setup the avail-
able space for the stator will be rather restricted, since it needs to
be placed inside the hollow rotor ring. Therefore, only a setup
with a small number of stator teeth is recommendable, since
otherwise there is not enough space for the stator windings.
Sufficient winding space yet is required, since the torque di-
rectly depends on the coil current (see Section III) and a certain
maximum current density shall not be exceeded. The minimum
number of coils for a bearingless motor is four, thus, at least
four stator teeth are needed. The drive of such a setup would
show single-phase characteristics and comparably large cogging
torque. Setups with five or more stator teeth would also be pos-
sible. A stator with five teeth would have almost zero cogging
torque. However, the setup with five stator teeth results in un-
balanced passive bearing forces, thus, high control currents are
required. Moreover, a computationally intensive control would
have to be implemented in order to generate smooth levitation
of the rotor and torque independently of the actual rotor angle.
Further setups with six or more stator teeth already limit the
winding space significantly so that they are not considered for
the proposed reactor dimensions. However, they could be an
interesting alternative for larger reactor volumes. These consid-
erations lead to the selection of a motor with four stator teeth
despite its aforementioned disadvantages. With a pole pair num-
ber of six, this setup can produce both torque and bearing forces
with only four coils, as will be described in the next section.

III. TORQUE AND BEARING FORCES

The motor setup was defined to feature an exterior rotor with
a pole pair number of six and a stator teeth number of four. The
rotor consists of 12 permanent magnets that are radially magne-
tized in alternating order (see Fig. 3). Four concentrated stator
coils (one per stator tooth) have to produce both torque and bear-
ing forces. Each coil can produce a radial force (often referred
to as Maxwell force) and a tangential force (often referred to
as Lorentz force). The right combination of these forces then
allows to combine drive and bearing in one stator [24]. The re-
quired current excitation can be examined separately for torque
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Pelec = 90°

(b)

Fig. 3. Excitation currents for torque generation and the resulting radial and
tangential forces. For the rotor position in (a), only radial forces can be generated
so that no torque output will result. If the rotor is turned by 90 electrical degrees
(b), tangential forces are created as well, which sum up to the peak torque at
this position.

and bearing forces and will be superimposed in the control com-
mands. This concept of combined coils (no separate drive and
bearing coils) is advantageous in terms of reducing the total
required current, thus, reducing copper losses [25].

The control algorithm for both torque and bearing forces
requires permanent knowledge about the angular position of
the rotor. Therefore, Hall-effect sensors measure the magnetic
field of the rotor in order to determine its position. This angular
position is measured in the unit of an electrical angle, which is
defined as the product of the mechanical rotor angle times the
pole pair number p

Pelec = P * Pmech- (1)

A. Motor Torque

This motor topology shows single-phase characteristics, thus,
there is a position where no torque can be produced [see
Fig. 3(a)]. In this angular position (1., = 0°), there is always
a full magnet facing a stator tooth. If any of the coils would
be excited, only radial forces would result that would move the
rotor in the xy-plane, but no torque generation is possible. In
the other specific case [for e = 90° in Fig. 3(b)] only tan-
gential forces can be produced when the coils are excited, since
the stator teeth face two magnets equally. Therefore, the torque
output is maximal for this constellation.

For the control over the whole angular range, the four stator
coils have to be fed with a sinusoidal excitation current being in-
phase with the electrical angle. Two opposite coils are in-phase,
whereas they are phase-shifted by 180° with the remaining two
coils, thus, leading two a rotating magnetic field with twice the
mechanical rotational frequency. Together with the harmonics
generated by the four stator teeth, a stator field with pole pair
number of six results [26]. All four coils then produce radial
forces that annihilate each other. However, the tangential forces
result in a motor torque, which oscillates with the square value
of a sine wave when rotating with a sinusoidal drive current. For
atorque-current factor k; y, of one coil, the number of windings
per coil N, and the peak value of the drive current [y, in one
coil, the overall motor torque is given by

ﬂmc ((Pclcc) =4 kI,Tn : SiHQ (@clec) . Ncoil N jdrv- (2)

The average torque output is then exactly 50% of the peak
torque output occurring when el = 90°. For a maximum
allowed rms value of the current /4, rms, the average torque is
limited to

Tac.avg =2- \/gkI,Tn : Ncoil : Idrv,rms- (3)

Alternatively, the coils could be excited with dc current with
commutation for el = 0° and @e1ec = 180°, respectively. The
torque of this brushless dc variant would become

Ty (Spelec) =4- kI,Tn : |Sin (@elec)‘ - Neoir - jdrv- “4)

The average torque output is then 2/m = 63.7% of the peak
torque output occurring when eje. = 90°. For this dc variant,
however, the amplitude of the drive current is equal to its rms
value. Thus, the torque is limited to

8

ﬂl(s,a»'g - ; . kI,Tn : N(:nil . Idrv,rms- (5)

When comparing the average torque

Tacavs _ 9. 5.0 _11 (6)
ﬂic.avg 8

it can be seen that for dc excitation, the average torque is 11%
smaller for the same rms value of the current. Moreover, due
to the alternating bearing currents, there is no simplification if
dc drive current was used, since the currents are superimposed
in each stator coil. For these reasons, only sinusoidal excitation
will be considered for the control.

This motor setup provokes a cogging torque that interferes
with the active motor torque. Fig. 4 shows the cogging torque
in dependence on the angular position. It can be seen that there
are two stable positions where the rotor would stop when no
drive current is applied. These two positions happen to occur at
the very same electrical angle where maximum torque can be
achieved. Moreover, there is an unstable working point at the
angular position where no torque can be generated. Any slight
angular displacement would lead to a cogging torque that would
accelerate the rotor. Therefore, even though this motor shows
single-phase characteristics for the drive, it will always be pos-
sible to start the rotation and to run it continuously. However,
the influence of the cogging torque can be seen at very low
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Fig. 4. Cogging torque of the motor in dependence on the electrical an-
gle, when no excitation current is applied, based on the optimal design (see
Section IV). There are two stable working points where the rotor would come
to standstill. For these two specific angles (90° and 270°), maximum torque
can be produced. Therefore, the rotation can always start and run despite the
single-phase drive characteristics.

speeds, where the rotation will be jerky. For higher speeds, this
influence will vanish. Additionally, the influence of the cogging
torque could be further decreased by slight topology modifica-
tions that disturb the symmetry or by temporarily displacing the
rotor from its center position.

B. Bearing Forces

The rotor of the bearingless motor has to be stabilized in six
degrees of freedom. One degree of freedom is the rotation that
is controlled with the drive currents. Therefore, the magnetic
bearing has to stabilize the five remaining degrees of freedom.
With the ring-shaped rotor type, only the radial displacements
in x- and y-direction have to be controlled actively by applying
bearing currents. The other three degrees of freedom (tilting and
axial displacement) are stabilized passively [13].

1) Passive Bearing Forces: Both axial and tilting deflections
are stabilized passively by means of attracting reluctance forces.
The rotor weight m  counteracts the axial force, thus, this reluc-
tance force has to be sufficiently high so that the rotor position
is only lowered up to a moderate extent (Az). Therefore, the
requirement for the axial stiffness factor k, can be stated as

mp -8
Az
where g is the gravitational acceleration constant (g =

9.81m/s?).

The tilting mainly depends on the ratio of motor diameter to
machine length (or height, respectively). A sufficient reluctance
force against tilting disturbance is a key requirement for the
proper functioning of the bearingless motor. It is obvious that
for a fixed rotor setup, these reluctance forces grow with the
available stator iron area that the permanent magnets can act on.
From this point of view, it would be recommendable to enlarge
the tooth tip opening angle (see Section IV).

2) Active Bearing Forces: The remaining two degrees of
freedom regulate the radial position of the rotor. There are also
passive reluctance forces acting in radial direction, yet they
do not have a stable working point. When the rotor is slightly

k., >

@)
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Fig. 5. Excitation currents for the force generation in positive x-direction and
the resulting radial and tangential forces. For the rotor position in (a), only radial
forces can be generated so that the resulting radial force is generated by the coils
1 and 3. For the other specific angular position (b), the sum of the tangential
forces generated by coils 2 and 4 results in a radial force.

displaced from its center position, the radial reluctance forces
become stronger on the side where the magnetic gap is now
smaller. Thus, the rotor is removed even further away from its
center position until it touches the stator. Therefore, the radial
displacement has to be regulated permanently with an active
control. The bearing system consists of two separate phases that
are shifted by 90°. Each phase itself consists of two opposite
coils, whereas these coils are phase shifted by 180°, thus, leading
two a rotating magnetic field with the mechanical rotational
frequency. Together with the harmonics generated by the four
stator teeth, a stator field with pole pair number of five results
[26]. As depicted in Fig. 5(a) and (b), such a coil arrangement
(current feed shown for force generation in x-direction) does
not create torque, but bearing forces in x- (or alternatively in y-)
direction that depend on the rotor angle. For the two directions

kI,Fr : COS(@ele(:) - Neoil - Ibng,l,x (@elec)

Pl = i oo N oy ®
+kr e - S (Qelec) - Neoil * Tong. 4.2 (Pelec)
and
kg - sin(@eiec) - Neoil * Thng.1,y (©elec)
Fy(¢elec) = +ki pr - cos(@elec) * Neoil - Tong, 2,y (Pelec) ©)

*kI,Ft : Sin(‘fgclcc) . N(znil ' Ibng,S.,y(wclcc)
_kI,Fr : COS(SDCICC) : Ncoil : Ibng,4‘y (SOCICC)
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hold true, with the force-current factors per coil in radial and
tangential direction kpp, and k¢, respectively, the number
of windings per coil N, and the bearing currents per coil
Iyng 1,40 and Iy, 1. 4, In Fig. 5(a), the center of the right
stator teeth faces the center of one magnet. In order to produce
a force in the positive x-direction, the field on the right side has
to be weakened, whereas it has to be fortified on the left side.
Thus, the radial forces are used to center the rotor, whereas the
tangential forces are zero in this angular rotor position. In (8),
the contribution of these radial force parts is considered with the
terms in lines 1 and 3 [lines 2 and 4 in (9) for force generation
in y-direction]. For an electrical angle of 90°, the centers of
the stator teeth face exactly the connection of two magnets [see
Fig. 5(b)]. Both radial and tangential forces are created and their
superposition results in a force in x-direction. The contribution
of these force parts is considered in (8) with the terms in lines 2
and 4 and in (9) with the terms in lines 1 and 3.

With all four coils together, bearing forces in every desired
radial direction can be generated for every possible angular
rotor position. Displacement sensors determine the radial rotor
position and feed it to the control algorithm. For a given required
force, this control algorithm then calculates the bearing currents
in dependence on the angular rotor position. Moreover, these
currents depend on the ratio of the two force-current factors.
For the generation of a desired force in x-direction F,,, which is
independent of the angular position, the coil currents have to be
set to

Ibng,l,m kI.Fr + COS (Soolcc) ~
Ibng,2,z _kLFt - sin ((Pelec) Fx
Ibng,B,z —k1,pr - cos (@elec) f (QPEIEC) Neoil
IbngA,x kI,Ft - sin (@elec) (10)
with a weighting factor f of
1 1
f (@clcc) - 5 - .
2 kfp, - cos? (@elec) + ki, - sin® (@elee)
(11)

The bearing currents for the generation of a force in y-direction
can be derived accordingly. If the bearing currents are applied
according to (10), the drive is not influenced by the forces of the
bearing.

The active radial forces have to overcome the destabilizing
radial stiffness (with factor k,.) in dependence on the maximal
displacement Ary, .. When respecting a maximally producible
radial force F, ., the required condition for both directions can
be stated as

kr N ATmax

12
EI]&X ( )

kF,overall(kI,Fh kLFt7 Soelec) >

C. Motor Control

Up to now, the torque and force generation have been looked
at separately. Moreover, the force generation has been split into
a force generation in x-direction, as well as in y-direction. In
order to control all three active degrees of freedom separately,
three coils per stator tooth would become necessary. However,
there would always be at least one stator tooth where the three
coils produce forces that counteract each other. Thus, the sum of

the three coil currents would be large even though the resulting
force is low. For this reason, the concept of combined wind-
ings is applied. This means that only one coil is mounted onto
each stator tooth and it produces the forces for both drive and
bearing. The required bearing and drive currents are calculated
in the digital control and then superimposed mathematically
prior to applying them to the stator coil. Additionally, the in-
verse mathematical transformation has to be undertaken when
the coil currents are measured in order to split it into the three
degrees again to guarantee an independent control. This con-
cept with a more sophisticated control reduces the assembly
work (only one coil per stator tooth) and leads to an optimized
power balance [25].

Since the four coils need to be excited with nonsinusoidal
currents and independently of each other, the power electronics
of the motor have to consist of four full bridges, which are all
fed by a dc-link voltage. Each coil is then connected to one of
the full bridges and excited individually.

IV. DESIGN AND OPTIMIZATION

Initial selection criteria have already defined the rough design
parameters of the new motor topology. With 3-D magnetostatic
FEM simulations the optimal shape of the bearingless motor will
be evaluated. The goal is to maximize the available torque for
mixing, to reduce the cogging torque so that it is not dominating,
and to achieve sufficient bearing forces (passively and actively).
In a second step, the criteria for the optimal winding number
will be derived.

A. Optimization Using 3-D FEM

The geometrical design parameters of the motor are depicted
in Fig. 6. The rotor consists of permanent magnets and a back
iron ring. Therefore, the optimal thickness of these two elements
(dpm and dpy, respectively) has to be found. Moreover, this
selection determines the diameter of the stator, because it has
to be placed entirely within the hollow rotor ring, respecting
the required magnetic gap thickness. For the stator, the main
parameters are the tooth width w;, the tooth tip opening angle
o and the tooth tip thickness d;¢. The derivation of the optimal
design parameters for such a topology and the influence of the
aforementioned variables are described in [27] in great detail.

In summary, the optimal design parameters are mainly influ-
enced by the tradeoff between achieving large magnetomotive
force and avoiding heavy saturation. For a large output torque,
large magnets and large magnetomotive force (requiring large
windings) are advantageous. However, this drastically limits the
available space for stator iron, which has a negative effect on the
magnetic properties (magnetic saturation is reached with lower
magnetomotive force). Consequently, an optimal stator tooth
width has to be found, for which an optimal flux-linkage with
the magnets can be achieved, while still leaving sufficient slot
space that can be filled up with windings. Interestingly, it was
found that bar shaped stator teeth without a tooth tip are optimal,
which also holds true for magnetically levitated interior rotor
motors [28], [29]. Concerning the rotor, the magnet and back
iron thickness cannot be excessive, because it would reduce the
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Fig. 6. A single stator tooth of the motor with its design parameters.
TABLE I

OPTIMAL DESIGN PARAMETER AND RATED VALUES
Parameter Symbol Value
Number of stator teeth q 4
Pole pair number p 6
Outer rotor diameter dr 130 mm
Magnetic gap thickness Om 4 mm
Machine length ! 40 mm
Magnet thickness JOpm 4 mm
Back iron thickness Jpi 4 mm
Outer stator diameter ds 106 mm
Stator tooth width wy 15 mm
Winding number Neoit 225
Rated peak torque T 8 Nm
Rated average torque T 4 Nm
Peak cogging torque Tc 0.7 Nm
Rated speed n 500 r/min
Rated drive current Liry rms 5.65 A

available stator and winding space. Moreover, the inner rotor
radius (thus, the lever arm) gets enlarged for smaller magnet
thickness.

The optimal design parameters found with the 3-D-FEM sim-
ulations are summarized in Table I.

B. Optimal Winding Number Per Coil N, .

There is a tradeoff for the optimal winding number per coil
N.oi1 between the production of torque and force and dynamic
considerations of the bearing.

According to (2), (8), and (9) the production of torque and
force would require a large winding number in order to limit the
required currents. However, (2), (8), and (9) are only valid as
long as no heavy saturation in the iron parts occurs. Therefore,
there is an upper limitation for the winding number that avoids
the saturation of the iron parts. In addition, there is also an upper
limitation considering the dynamic range of the bearing. For
these dynamic considerations, the electrical response time (7 )
and the mechanical time constant (7,;) have to be compared.
The mechanical characteristic time constant according to [6]
and [11] depends on the rotor mass mp and the radial stiffness
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Angular and
displacement sensors

Stator coil
(with insulation tape)

Magnetic gap

Permanent magnet
(Rotor)

Back iron ring
(Rotor)

Fig. 7. Prototype of the novel motor for bioreactor stirring applications. The
measurement of the position leads to a coordinate system x” and y’. In order to
align it with the coils and their force generation, it is shifted by 45°, leading to
the new coordinate system with x and y.

factor k, . For the prototype motor (see Section V), this is

e 0.975 kg
PR LR L R T 1
™ k 55000 N/m 020 mS 3

The maximum electrical response time, given by

o fbng “ Leont o 8 A

— . Lcoi
Ude 48V !

(14)

TE

with the peak value of the bearing current IAbng, the inductance
L, of the coil, and the dc link voltage Uy, (for bearing coils
driven by an inverter in full bridge configuration, assuming a
maximum duty cycle of 1), must be smaller than 7, in order to
achieve a stable bearing control. Therefore, from the viewpoint
of control dynamics, a small value for N..; is preferable con-
sidering that L.;; scales quadratically with N,,;. For a winding
number of 225, the coil inductance is 13 mH for the motor at
hand. Hence, the electrical time constant becomes 2.2 ms, which
is smaller than the mechanical time constant.

V. EVALUATION WITH PROTOTYPE SETUP

The optimal design topology has been implemented in a pro-
totype setup in order to prove the proper functioning of this new
motor concept.

A. Experimental Setup

Fig. 7 shows a prototype setup of the proposed topology. The
four stator coils produce both torque and bearing forces. In or-
der to operate the motor independently of the actual rotor angle,
each of the four coils needs to be controlled individually. In
Fig. 8, the employed power electronic converter is depicted. It
consists of four full bridges, each of them fed by the dc-link
voltage, and each coil is connected to one of these full bridges.
Moreover, the current in each of these full-bridges is measured
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1 full bridge per phase
(consisting of 4 power MOSFETs)
O

Use
de-link
capacitor
Digital signal Sensor Motor Connector to
processor connector  connector dc voltage source
Fig. 8. Picture of the employed power electronic converter. It is fed by a dc

voltage of 48 V, which charges the dc-link capacitors. Each of the four coils of
the motor is connected to one of the full bridges.

constantly. Additionally, permanent information about the rotor
position in radial direction as well as about the angular posi-
tion is mandatory. The radial rotor position can be measured
with any kind of contactless distance sensor (e.g., inductive or
eddy-current principle), whereas the rotation angle is usually
measured with Hall effect type sensors. All signals from the
various sensors are filtered and digitalized before they are fed
to the DSP, a TMS320F2811 from Texas Instruments, with a
sampling rate of 17.5 kHz. The controller is directly connected
to a dc voltage source of 48 V (not shown in Fig. 8), which is
the nominal dc-link voltage.

B. Experimental Results

Fig. 9 shows measurements with the prototype during a test
operation. In Fig. 9(a), the rotor is turning with rated speed
but without any load torque (except air friction, which is very
low). In Fig. 9(b), the motor has to overcome an average load
torque of about 2.5 Nm (using a mechanical test stand with brake
shoes) and the rotational speed is 220 rpm. It can be seen that in
both cases, the radial position is very stable, resulting in rotor
displacements smaller than 100 pym. Additionally, the currents
of two opposing coils (here 1 and 3) are measured using a current
probe. Since each coil current is composed of bearing and drive
parts, a mathematical separation needs to be undertaken first.
The actual bearing current can be calculated by subtracting the
two opposing coils (see Section III). It can be seen that the
required bearing current is comparably small. During operation
without load torque [Fig. 9(a)], the drive current (also calculated
from the two coil currents using addition) is low, too, as it
only needs to overcome the cogging torque (plus air friction
and iron losses, which are both very small). Consequently, it is
considerably larger if additional torque is applied [Fig. 9(b)].
The sinusoidal form of the drive current is distorted by the
cogging torque, yet a very smooth rotation is achieved in both
cases.

As described in Section IV, an important goal of the motor
design is the reduction of the cogging torque. However, a cer-
tain cogging torque is acceptable for the benefit of achieving a
larger motor torque, given that the two design goals might con-
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Fig.9. Measurements with the prototype setup during operation at rated speed

without load (a), and with additional load torque of 2.5 Nm (mechanically
impressed) while rotating with 220 rpm (b). The rotor position only displaces in
a small range from the center (within 100 m) and only a small bearing current
(calculated from the measurements of two opposite coil currents) is required in
both cases. The drive current (also calculated from two opposite coil currents)
has to overcome the cogging torque in (a), whereas it is obviously larger when
additional load torque is applied in (b). (Current scales: 2 A/div. (a) and 5 A/div.
(b), position scales: 400 pm/div., time scale: 40 ms/div.)

tradict each other. In any case, even a distorted drive current can
never impair the levitation, since the drive forces cannot gen-
erate any resulting radial force on the rotor per definition (see
Section IITA), which is additionally confirmed with the experi-
mental analysis.

In Fig. 10, an active displacement of the rotor into the positive
y-direction for 400 pm is shown. The x-position is completely
decoupled and not affected. The required bearing current is
calculated from the measurements of the current in the coils 1
and 3.

C. Motor Efficiency

During operation, losses appear in the stator, the rotor and in
the power electronic converter. For the latter, the efficiency can
be optimized independently of the actual motor design if the
operating values are known. As for the motor losses, they can
be subdivided into ohmic copper, eddy current and hysteresis
losses. For the targeted rotational speed, the occurring losses
due to hysteresis and eddy currents are insignificantly small if
the steel of the stator and the rotor back iron is laminated [30].
Consequently, the notable losses result in the stator windings
because of the ohmic resistance of the copper. For the prototype
setup, the resistance of one coil is 0.65 €. In case of rated
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Fig. 10. Measurements of two coil currents and the radial position. A radial

displacement step of 400 pm is shown. The bearing current can quickly con-
trol the new position. The other radial direction is unaffected. (Current scales:
2 A/div., position scales: 400 pm/div., time scale: 40 ms/div.)

operation, the losses are given by

12 =83 W.

PCu =4- RCu drv,rms (15)

The influence of the bearing has been neglected, since the bear-
ing currents are expected to be low for typical bioreactor opera-
tions [see Fig. 9(b)]. Moreover, due to the combined windings,
the bearing currents overlap with the drive currents in two of
the coils, whereas they suppress each other in the remaining two
coils. This means that even for larger bearing currents, the total
copper losses would only grow slowly. The mechanical power
of the motor is given by

P =T -2mn = 210 W. (16)

Therefore, the efficiency of this prototype for rated torque
becomes

. Prot
= Prot +PCu

Obviously, the winding area was not optimally used for this
prototype setup (see Fig. 7). Hence, the copper resistance could
still be reduced, which would lead to a significant improvement
of the motor efficiency to about 80%, which is a good value
considering the large mechanical gap.

= 72%. an

VI. CONCLUSION

A novel motor topology with an exterior ring-shaped rotor
with a pole pair number of six and a stator with four stator
teeth has been introduced. Concentrated, combined windings,
driven by a sophisticated control, allow the generation of both
motor torque and bearing forces in a very compact setup. Due to
the absence of wear, friction and any lubrication, this motor is
especially suitable for delicate bioreactor stirring applications.
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