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Abstract—For the bearingless slice motor (BSM) concept, which
has been successfully introduced in semiconductor fluid-handling
and medical applications over the last years, different motor con-
figurations in terms of stator construction, number of phases, and
winding arrangement exist. This paper comparatively evaluates
these topologies for their suitability in possible future industry
applications, such as the food, biotechnology, and pharmaceutical
industries. The comparison is carried out for two-, three-, and
four-phase BSM concepts based on performance indexes such
as motor losses, losses in the power electronics, and voltampere
requirements depending on the required magnetic bearing force
and the motor torque. Finally, the performance data are discussed,
and also, practical aspects such as realization effort, copper and
iron mass, control effort, and scalability of the concepts are taken
into account.

Index Terms—Bearingless motors, fluid handling, losses, mag-
netic levitation, motor torque.

I. INTRODUCTION

N TODAY'’S bearingless pump systems, which have suc-

cessfully been launched on the market, a two-phase bear-
ingless motor with a symmetrical configuration of the drive
and bearing windings is used to actively control the impeller of
the pump. This pump setup offers several advantages compared
with conventional pumps currently employed in semiconductor
and medical applications. The various benefits for the handling
of ultrapure and aggressive fluids in these markets are described
in literature [1], [2]. A schematic cut view of the motor in
its compact temple motor configuration is shown in Fig. 1.
Therefore, it is shown that the stabilization of the impeller
of the pump is realized with contactless magnetic bearings
that are placed around the claws, which are carrying the flux
of the bearing and drive system. The six spatial degrees of

Paper 2008-EMC-030.R 1, presented at the 2007 International Conference on
Power Electronics and Drives Systems, Bangkok, Thailand, November 27-30,
and approved for publication in the IEEE TRANSACTIONS ON INDUSTRY
APPLICATIONS by the Electric Machines Committee of the IEEE Industry
Applications Society. Manuscript submitted for review June 25, 2008 and
released for publication March 23, 2009. First published July 14, 2009; current
version published September 18, 2009.

M. T. Bartholet is with Celeroton AG, 8092 Zurich, Switzerland (e-mail:
martin.bartholet@celeroton.com).

T. Nussbaumer is with Levitronix GmbH, 8005 Zurich, Switzerland (e-mail:
nussbaumer @levitronix.com).

S. Silber is with Johannes Kepler University Linz, 4040 Linz, Austria, and
also with the Linz Center of Mechatronics GmbH, 4040 Linz, Austria (e-mail:
siegfried.silber @jku.at).

J. W. Kolar is with the Power Electronic Systems Laboratory, Swiss Federal
Institute of Technology (ETH) Zurich, 8092 Zurich, Switzerland (e-mail:
kolar@lem.ee.ethz.ch).

Digital Object Identifier 10.1109/T1A.2009.2027366

Pump
Casing

Levitated
Impeller

Drive / Bearing Stator

Fig. 1. Schematic of the basic principle of a centrifugal pump based on the
BSM concept.

freedom of the rotor are stabilized magnetically through the
housing wall. For the bearingless slice motor (BSM) concept,
this is done passively for three of them, i.e., the axial displace-
ment (in z-direction) and the angular displacement (tilting in
z- and y-directions). The three remaining degrees of freedom
are controlled actively, i.e., the radial displacement (in x- and
y-directions) and the rotation of the rotor. Therefore, the active
motor part generates the drive torque as well as the radial
magnetic bearing forces.

Due to the fact that the design of a bearingless motor offers
a lot of constructive freedom, several different topologies have
been developed over the last years [3]-[9]. They often highly
differ in the way how the bearing forces and the motor torque
are generated. When looking at the winding configuration, they
can be broadly categorized into two groups. First, they can
be categorized into those which are comprised of a dual set
of winding configurations [3]-[6] where the drive and bearing
windings are arranged separately (similar to the configuration
shown in Fig. 1) and spread over one or more claws. The second
group comprises configurations, which only have a single set of
windings that carry both the torque and the levitation currents
[7]-[9]. Furthermore, the proposed setups are different in terms
of the number of phases for the drive and the bearing system,
such as two-, three-, and four-phase systems.

To this day, only the pump concept shown in Fig. 1 and
described in [2] has been employed in industry applications,
such as blood pumps as heart assistance devices [10] and
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ultrapure fluid pumps in the semiconductor industry [1]. How-
ever, for new markets, where the employment of bearingless
pumps could also be highly interesting, probably, different
motor concepts in terms of winding configuration and number
of phases could be advantageous. Therefore, in this paper, a
comparative evaluation of some selected promising polyphase
BSM configurations is performed, which can serve as a calcu-
lation and selection guideline for development engineers.

The potential markets for a next-generation bearingless pump
system are shown in Fig. 2. Pharmaceutical, biotechnology, and
food-processing applications do also require a very high level of
purity in the fluid-handling process. They demand a high degree
of sterility and precision to ensure the quality of the end prod-
uct, e.g., drugs, enzymes in biochemical processes or dairy, and
cereal and beverages in food-processing applications. Standard
centrifugal pumps cannot be used in these applications, since
their ceramic housing does not sustain the hot steam, which
is commonly used to sterilize the process plant. Therefore,
mainly tube pumps are used in these applications. Contrary
to centrifugal pumps, tube pumps have a much shorter service
and maintenance interval which diminishes their acceptance in
these markets and underlines the necessity for an evaluation of
alternative pump concepts suitable for fluid-handling applica-
tions in general with a lower complexity than that of today’s
commercially available bearingless pump systems. Aside from
this area, a big potential for such systems is also located in
applications where magnetically coupled pumps are currently
used to deliver hazardous materials, e.g., chromic acid, sodium
hypochlorite, or sulfur dioxide. The biggest advantage of a
bearingless pump compared with magnetically coupled pumps
lies in the fact that they can run dry without the destruc-
tion of their bearings and thus offer an extended lifetime in
comparison to standard magnetically coupled pumps. Another
very attractive market is the plating market. The problem with
magnetically coupled pumps in that area is that the plating
material tends to be deposited in the narrow bearing gap.
This can potentially result in a locking of the bearing. This
problem particularly arises in copper-, gold-, and nickel-plating
processes and often leads to down times of the production plant
and subsequently large maintenance costs of the pumps. Again,
both factors can be significantly reduced with the use of a bear-
ingless pump. Additional potential markets for BSM pumps
with a strong demand for long durability without maintenance
are heating and cooling pumps.

For a comprehensive comparison, the motor performance of
each configuration is evaluated based on performance indexes
regarding power electronic requirements, the motor losses
(including copper and iron losses), and the power electronic
losses depending on the chosen pump operating point and the
necessary bearing forces. First, the mathematical background
for the calculation of the performance parameters is presented
in Section II. Starting with the characteristics of the two-phase
BSM with separated bearing and drive systems for torque and
force generation, four additional polyphase BSM configura-
tions are presented and explained in Section III. The evaluation
of these concepts is subsequently carried out in Section IV,
where a detailed comparison of the copper, the iron, and the
power electronic losses occurring in the different embodiments
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Fig. 2. Future application areas of bearingless pump systems.

is presented. Furthermore, in Section V, the necessary power
electronic voltampere (VA) requirements needed to guarantee
the required performance of each motor is calculated. Finally,
in Section VI, cost-related realization issues are discussed for
the different concepts, and the suitability of the presented
assemblies for future applications of bearingless pump systems
is evaluated.

II. FORCE AND TORQUE CALCULATION

In a bearingless motor, two magnetic force types may con-
tribute to a resulting bearing and/or drive force, namely, the
Lorentz and the Maxwell forces. With the analytical force and
torque model, which was first presented in [11] for the design
of BSMs in disk shape with concentrated coils, these quantities
can be evaluated. The model is valid under the assumption of
a completely linear system where the impeller, meaning the
rotor of the motor, is positioned exactly in the center of the
iron circuit and no unbalances are present. Furthermore, no
saturation of the iron circuit is occurring, and any armature
reaction is neglected. In the following, only a brief summary
of the theoretical fundamentals will be given here. Continuative
information on the analytical model can also be found in [12].

With the precise knowledge of the electromagnetic field
variables in the air gap (which have to be derived, e.g., by
electromagnetic 3-D simulations), a general force and torque
model can be derived with the use of the Maxwell stress tensor
Ty [13]

H? — 1H? H.H, H,H.
Ty =p H,H, H? — 1H? H,H, . (D
H.H, H.H, H?-1H?

Here, H is the magnetic field intensity, which is com-

posed of
H=[H, H, H.]", H = |H| )

and p is the permeability. The mechanical stress o acting on a
surface element can then be calculated with

O — T[\/[ €, (3)

where e,, represents the vector perpendicularly to the stator
surface (cf. Fig. 3). Furthermore, it is assumed that the perme-
ability of the ferromagnetic stator is much higher than that of
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air (2 > 1), and thus, the tangential component of the flux
density H1; in the air gap can be neglected for the following
calculation of the torque and the forces responsible for the
levitation of the impeller.

With this, the mechanical tension o1 on the interface be-
tween air (medium 1) and stator iron (medium 2) can be
approximated by

B3,
2p0

By, J s “)
0

012 =

where J, is the current density distribution on the stator surface,
which is assumed to be of cylindrical shape, and B, is the
normal component of the flux density in air. Furthermore,
Bfn /2 represents the Maxwell force, and By, J, the Lorentz
force.

The forces acting on the rotor of the BSM are then deter-
mined by the surface integral

F = j{ o 12dA (5)
A
where A represents the area of the surface. With the help of (5),

the torque M (depending on the rotor angle «) and the force
F, which act on the rotor can be calculated as

Ky

M, = — ;2 / BinAsda (6)
T lcosa —sina 0 ]2371?"

F, = —lSTS/ sina¢  cosa O - 31;348 da. (7)
i 0 0 1 0

Here, [, represents the length of the stator, and 74 represents
the stator radius.

Looking at these equations reveals that the bearing forces and
the motor torque can be derived with the knowledge of the flux
density in the air gap and the current density distribution on
the stator surface, whereby the flux density in the air gap is
the superposition of the flux density of the permanent magnets
(PMs) and the flux density that is caused by the stator windings.
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As can be seen in (6) and (7), the resulting bearing force and the
torque are both depending on the rotor angle. Strictly speaking,
the magnitudes obtained in (6) and (7) are acting on the stator.
Thus, the respective forces F,. and torque M, acting on the
rotor are calculated with

F, = —F, ®)
M, = — M,. (€))

Before this model can provide the basis for the analysis of
the different concepts, simulations of all the topologies must be
carried out in order to identify the electromagnetic field distrib-
ution in the different motor embodiments. Although analytical
equations may serve in some cases for the estimation of the flux
density in the air gap, an accurate calculation should be based
on 2-D or 3-D finite-element-method simulation results. In the
presented case in this paper, the simulations are carried out with
the simulation program Maxwell [14]. Given a specific load
point in a pump application with the therein required torque
on the impeller and the arising bearing forces to stabilize it, the
currents in the drive and bearing system can be obtained with
this mathematical model. These currents provide the basis for
the copper and semiconductor loss comparison of the different
motor configurations. Furthermore, the electromagnetic field
distribution obtained by simulations also provides the base
for the evaluation of the eddy current and hysteresis losses
in the iron circuit of the respective motor embodiments. The
calculations and simulation results are shown in Section I'V.

III. INVESTIGATED BSM CONFIGURATIONS

With regard to the previously discussed performance indexes,
different BSM configurations suitable for pump applications
in general are assessed in the following. The targeted pump
applications are specified by the maximum rotational speed, the
rated torque, and the maximum bearing force. As a base for
the comparison, the following assumptions are considered for
the design of the BSM.

1) The required rated drive power at the chosen operating
point is Ppr = 1200 W.

2) The bearing system is designed in order to ensure suffi-
cient levitation forces for the whole operating range.

3) The rotor diameter and the stator bore, respectively, are
the same for all the chosen configurations.

4) At rated torque, the current density in the drive windings
is the same for all the chosen configurations.

5) The flux density in the iron circuit is assumed to be the
same for motor configurations (a)—(d). Furthermore, these
configurations are realized as a temple motor, whereas
configuration (e) is a disk-shape configuration.

With these assumptions, the assessment of the bearingless
motors shown in Fig. 4 has been carried out. The configurations
are the following.

1) Fig. 4(a) shows a two-phase BSM with 12 separate wind-
ings for the drive and bearing system and a two-pole (pole
pair number p = 1) PM rotor. This symmetrical winding
configuration represents the standard setup in today’s
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bearingless pump systems [15] and possesses a total
of eight claws. In order to independently generate the
levitation forces and the motor torque, eight full bridges
are needed, consisting of a total of 16 power transistors.
However, as has been shown in recent research [16], this
motor embodiment could also be operated with only six
half bridges. In order to ensure full control flexibility,
special modulation schemes must be employed [17]. For
the comparison in this paper, the standard full-bridge con-
figuration will be used for the sake of fair comparability
with the other concepts.

2) Fig. 4(b) shows a three-phase BSM with six claws and
nine separate windings for the drive and bearing systems
and a two-pole (p = 1) PM rotor. In contrast to motor
configuration (a), the currents in the drive windings do
not only generate the motor torque but also cause shear
forces which then need to be compensated by the bearing
currents and thus possibly lead to higher losses. This
drawback can be overcome with an adequate control
algorithm. With this, the currents applied to the drive
windings only lead to the generation of the desired torque
without influencing the stable levitation of the impeller.
The subsequent calculation of the copper losses for this
motor embodiment is carried out with regard to this
optimized control scheme.

3) Fig. 4(c) shows a three-phase BSM with six claws and 12
separate windings forming the drive and bearing systems
and a two-pole (p = 1) PM rotor. In this configuration,
the drive currents do not lead to a generation of bear-
ing forces as it is the case for the previously described
configuration.

4) Fig. 4(d) is an interesting novel three-phase BSM topol-
ogy with six claws and six coils which generate the torque
and the axial forces in common. The current rating is the
same for all coils, and again, a two-pole (p = 1) PM rotor
is employed. The pitch winding configuration results in a
more efficient torque generation and lower power losses
compared with those of the motor embodiments (a)—(c)
as will be shown later on.

5) Fig. 4(e) shows a four-phase BSM with four concentrated
coils and a four-pole (p = 2) PM rotor. Contrary to the
previously described configurations, which are realized
in a temple motor design with each claw being placed
in an orthogonal manner to the back iron, this motor is
preferably realized in a disk shape with a homogeneously
oriented lamination of the iron sheets. The absence of
intersections between the claws and the back iron in this
configuration has a major impact on the total iron loss
reduction as will be shown later on. Although the motor
has four phases, the torque generation has a single-phase
motor characteristic. Furthermore, it offers the benefit
that only four power half bridges are needed to generate
the torque and levitation currents in the motor.

The advantage of the converter topologies (b), (c), and (d) is
that three-phase power modules with integrated features such
as gate drivers and overcurrent detection can be applied, which
leads to a significantly higher compactness. Furthermore, the
manufacturing cost is lowered, since such power modules are
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used in a large variety of applications and thus produced in high
numbers.

As an immanent property of the motor embodiments shown
in Fig. 4(d) and (e), the rated currents of all windings are
showing the same value, which leads to a good utilization of
the power electronics. On the other hand, the concentrated
coils contribute to a coupled and highly nonlinear force and
torque generation and thus require a more complex control
algorithm in order to safely operate the motor. Contrary, for
the configurations shown in Fig. 4(a)—(c), separate winding
systems for force and torque generation are used. This results in
different current ratings for the drive and bearing windings and
hence leads to an unbalanced utilization of the semiconductor
devices if identical three-phase power modules are utilized. In
order to quantify these facts, a detailed comparison will be
carried out in the following.

IV. Loss CALCULATION

The evaluation of the losses in the motor and the power
electronics is indispensable for a thorough comparison of the
motor concepts. The most important portion is the copper losses
occurring in the windings of the motor. In order to obtain a
better comparability between motors (a)—(e), the same current
densities in the drive and bearing windings, respectively, have
been assumed as design criteria for the calculation of the wind-
ings. A further important portion is the speed-dependent iron
losses, which are evaluated for all the presented embodiments
subsequently. In Section IV-C, the equations for the calculation
of the switching and forward losses occurring in the power
semiconductors are presented. With this, the total losses will
be comparatively evaluated for the five concepts.

A. Copper Losses

The calculation of the copper losses in the motor phases is
given by the following:

Pou=> Ri I} s (10)
=1

where m is the number of winding phases of the subjected
motor and R; is the corresponding resistance value, which is
calculated with

R — PCu * lw'

i Ao (11

Here, [,, stands for the average winding length of the drive
or bearing winding, pcy, is the specific resistance of copper, and
Acy, is the wire cross area. Due to the concentrated coils and the
chosen design of the motor configurations, there exist no end
windings that must be included in the calculation of the copper
losses.

Doing this for all of the motor embodiments shown in Fig. 4
for the load point specified in Section III leads to a loss distrib-
ution as shown in Fig. 5. Looking at the values at zero bearing
force reveals that motor embodiment (d) only generates 56% of
the losses occurring in configuration (b). While increasing the
bearing force up to 100% (which equals 20 N), this proportion
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Fig. 5. Total copper losses subject to an increasing levitation force at the
design point of a 1200-W drive power for the motor configurations (a)—(e)
shown in Fig. 4. 100% equals the maximum bearing force requested in a
transient condition.

stays almost the same. The largest increase in losses due to the
generation of the levitation forces arises for motor (d). There-
fore, at maximum force, the losses are increased by 30% com-
pared to the load point with no currents in the bearing phases.

B. Iron Losses

According to [18], the hysteresis losses of iron can be ap-
proximated under the assumption that the magnitude of the flux
density Bof an alternating field is in the range of 0.2-1.5 T by
the following:

Piy = cay - fo - B - mpe. (12)

The hysteresis losses are thus linearly dependent on a mate-
rial constant cpy, the electrical frequency f. of the motor, and
the iron mass mp,, while the dependence on the flux density is
of higher order. On the other hand, the eddy current losses [19]
in the stator iron are given by

Pgq = cga - 2+ B? - dp, - mpe (13)
if the iron circuit is built up with isolated laminated sheets with
a thickness of dpe.

However, for the evaluation of the hysteresis and eddy cur-
rent losses, the magnetic flux density in the iron path cannot be
assumed to have a homogeneous distribution; wherefore, (12)
and (13) cannot be used directly. In Fig. 6, this circumstance
is illustrated by the field distribution in the iron circuit of the
polyphase motor configuration shown in Fig. 4(e).

In order to calculate the iron losses accurately, the whole
stator needs to be segmented into k parts with each having a
constant flux density BZ and a mass mp. ;. The whole iron
losses of each motor configuration can then be calculated
according to

Pre = Py + Pra
k k

ey fer D Bl +ewa f20) B di

= MkFe,i *
i

(14)
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Fig. 6. Flux density distribution in the iron circuit of motor embodiment (e)
(cf. Fig. 4) caused by the PM for rotor angles of 0° and 25°.

TABLE 1
IRON LOsS FACTORS

Configuration (a) (b).(c).(d) (e)
k; [W/1000 rpm] 0.921 0.850 0.671
% [W/(1000 rpm)*2] 0.645 0.602 0.153
T | —
B 30k il
Qﬁ
20fececerens Tesesennes $eesecenns Teesenoyen Beserens
10k ceneenn T T :
0¢ 7;'/: 1 1 1 1 (e) 1
0 1000 2000 3000 4000 5000 6000
n [rpm] —»

Fig. 7. Total iron losses Pg, of the presented motor configurations (a)—(e)
depending on the motor speed 7.

This correlation can also be written as

Pre = k1 - ne + ko - n2 (15)

where £y is the linear loss factor, ko is the square loss factor,
and n is the motor speed. These factors, which have been
extracted from simulations and validated by measurements
on experimental test setups, are compiled in Table I for all
configurations.

It can be seen that, particularly, the square loss factor (due
to the eddy current losses) is significantly lower for configura-
tion (e). The main reason is the fully radial construction of that
setup with an equally oriented lamination of the iron sheets.
Contrary, the concepts (a)—(d) are built in a temple motor
design, where the stator parts have to be linked in an orthogonal
manner and a continuous lamination is not possible. Further-
more, setup (e) has a lower iron mass, which is, however,
compensated by the higher electrical frequency (due to p = 2).

In total, as shown in Fig. 7, a clear advantage for the motor
configuration (e) is given regarding the iron losses, particularly
for higher rotational speeds. However, due to dynamical limi-
tations (as will be discussed later), this concept does not allow
rotational speeds above 8000 r/min, which is a limiting factor
for some applications.
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C. Power Electronic Losses

All of the presented motor configurations are operated with
a symmetrical pulsewidth modulation switching pattern. Due to
this and the utilization of similar components in the drive and
bearing system of all configurations, the switching losses can
be evaluated based on the same switching loss energy data. The
switching losses of a device are then given by the integration of
the loss energy over a 7w/2-wide interval

/2

Pa= £ 2 [wiode,

0

(16)

With the assumption of a linear dependence of the loss energy
on the switched current

A7)

for a given voltage, the calculation of the switching losses based
on the component specific factors kop, kofr, and ke, for the
turn-on, the turn-off, and the reverse recovery losses, respec-
tively, can be utilized. These parameters, which have been eval-
uated by switching loss measurements on a three-phase power
module [20], account to ko, = 22.54 pl/A, kog = 11.43 pl/A,
and kyey = 1.35 pl/A for a de-link voltage of Uy = 325 V.
For the sake of a fair comparison, these parameters have also
been used for the full-bridge topology (cf. Fig. 4(a), two-phase
configuration) and the half-bridge topology (cf. Fig. 4(e), four-
phase configuration). With this, the total switching losses per
bridge leg are given by

2'fs
T

PPE,SW = . (kon + ko + krr) . (18)

The forward characteristics of the semiconductors can be ap-
proximated by a forward voltage drop and a forward resistance.
The parameters Ucg o and rog for the insulated-gate bipolar
transistor and Ug and rp for the diode, respectively, have
also been evaluated by measurements and account to Ucg,g =
1.11 V, TCcE = 77 mQ, UF,O =1.05 V, and TF = 83 mf).
With this, the conduction losses of any semiconductor can be
derived by

19)
(20)

2
PFW,T - UCE,O ' IT,avg + TCE,on * IT,rms

2
PFW,D = UF,O : ID,avg +TE - ID,rrns'

The total power electronic losses in the half bridges due to
the bearing and drive currents can then be evaluated.

D. Total Losses

With the help of the aforementioned equations, the over-
all losses P, including the copper, the iron, and the power
electronic losses can be calculated. Their distribution is shown
in Fig. 8.

This comparison has been carried out for a rated drive power
of Ppr = 1200 W at 70% bearing force at a speed of n =
3600 r/min, which is a typical operating point value. It can
be seen that the total losses are lowest for configuration (e),
followed by setup (d).

1827
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Fig. 8. Overall loss distribution for the motor and converter configurations

shown in Fig. 4(a)—(e). The shown losses are the copper losses in the drive
system (Pcy,p) and in the bearing system (Pcy, g), the iron losses (Pre),
the switching losses (PpEysw), and the forward losses (Ppp, ) in the power
electronics.

V. POWER ELECTRONIC REQUIREMENTS

Another important figure for the evaluation of the motor
topologies is their VA power electronic requirement. In the past,
a lot of research has been carried out on the VA requirements
of different motors [21], [22]. Among different definitions, the
VA rating in terms of the inverter peak voltage and rms current
of the motor is the most suitable for the comparison of the
evaluated BSM topologies.

The VA rating in a mathematical form is given by

PVA = i Uz ' Ii,rms
i=1

21

with the rms current [; .,s and the peak phase voltage Ul
When neglecting the resistive voltage drop across the drive or
bearing winding, the required value of the peak phase voltage
Ui results in

Ui = \/(wLifi)Q + Uz?,ind 22)
with the phase inductance L;, the peak phase current I;, and the
amplitude of the induced voltage (A]i,ind.

For the configurations (a)—(c), which feature separated drive
and bearing systems, different peak phase voltage requirements
can be calculated for both systems. However, due to the avail-
ability of only one common dc-link voltage of the converter, the
higher voltage requirement (which occurs for the drive system)
has been considered for both systems. Hence, the bearing
system has a broad stability margin to compensate for external
disturbances. For the configurations (d)-(e), which generate
the levitation forces and the torque in the same windings,
a certain stability margin for the bearing system has to be
added explicitly in order to also guarantee a safe operation.
Measurements on laboratory prototypes have shown that the
voltage requirement has to be increased by a factor of 1.3 for
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Fig. 9. Normalized VA requirement of the presented motor configurations
(normalization basis is rated drive power Ppr = 1200 W).

the considered speed range, which is already taken into account
for this comparative evaluation. For higher rotational speeds,
this margin would have to be increased even more, and it was
observed experimentally that, for a dc-link voltage of 325 V,
the configurations (d) and (e) can no longer be operated above
8000 r/min. Additionally, for configuration (e), the maximum
achievable speed is also limited by the digital control, which has
to deal twice the electrical frequency due to p = 2 as compared
with the other topologies.

The VA requirements scaled to the rated mechanical power
are shown in Fig. 9 for the different motor designs. One can see
that the required bearing forces have significant impact on the
VA requirement of the motor. This is particularly the case for
motor (d), where, at 100% bearing force, which equals 20 N,
the VA requirement is nearly doubled as compared to zero
force. If only the drive system is taken into account (0% bearing
force), configuration (e) demands the lowest VA requirement.

However, this condition does not arise in normal operations
of a BSM since levitation forces are always needed in order to
safely operate the system. For the considered operating point
with 70% bearing forces, which is a typical value for pump
applications, motor configurations (a) and (b) are the most
efficient solutions regarding the necessary VA requirement of
the converter.

VI. OVERALL PERFORMANCE COMPARISON

As mentioned in the beginning, BSM pump systems are
getting more and more targeted for applications, where mass
production becomes feasible. Therefore, additional cost-related
factors must be taken into consideration for a complete com-
parison. In Table II, a qualitative comparison of the concepts is
given for these factors in addition to the previously discussed
performance indexes (power losses and VA requirement).

As has been shown in Section IV, configurations (d) and
(e) are the favorable ones, if only the losses in the motor and
the power electronics are considered. At the chosen operating
point, the overall losses occurring in configuration (e) are 65%
of those resulting in configuration (a).

In terms of VA requirements, the motor setups (a) and
(b) have been found to be preferable for applications where
significant bearing forces occur, e.g., for pumps. On the other
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TABLE II
QUALITATIVE COMPARISON OF THE DIFFERENT BSM CONCEPTS
Motor @ ® © @ @
Power losses - - v v +
VA requirement + + v - v
Copper/Iron mass - - - - +
Realisation effort v 4 v v +
Control complexity + + + - _
Scalability + + + - -

hand, configuration (d) has the highest VA requirements and
therefore leads to the largest power electronic volume.

The comparison of the copper and iron masses, which is
required to realize the different motor embodiments, is lowest
for configuration (e). The radial design of the iron circuit, which
does not need additional vertical claws, as they are required in
the temple motor configurations (a)—(d), results in an iron mass
which is almost half as compared with the other concepts.

Looking at the embodiments from a manufacturing perspec-
tive and considering the necessary realization effort reveals
motor (e) as the most promising solution. This mainly emerges
from the disk-shape structure of this configuration, which offers
certain production advantages. First, the four identical coils
can be directly wound on the stator claws in one step, which
simplifies the manufacturability. In addition, the iron circuit can
be realized with a horizontally laminated iron stack. Due to the
absence of additional vertical claws, the manufacturing effort is
clearly reduced compared with the temple motor configurations
(a)—(d). Finally, the disk-shape setup also offers the possibility
of integrating the power electronic part in the motor while still
keeping the thereby resulting total case volume in the range
of the temple motor configurations without integrated power
electronics. In addition, this greatly reduces the cabling effort.
However, the sensor concept of motor (e) for the position
detection of the impeller is the most difficult of all the presented
configurations due to the shape of the iron circuit and the
limited space that is available for the insertion of the sensors. Its
design also influences the design of the pump impeller in terms
of hydraulic efficiency. This fact also strongly influences the
applicability of this concept in high-pressure/flow applications.
However, taking all the aforementioned issues into account, the
realization effort is clearly the lowest for configuration (e).

The control complexity of the presented motor embodiments
highly depends on the chosen winding configuration. The fact
that the currents, which are generating torque and levitation
forces, are applied to the same coils common for configurations
(d) and (e) results in a more sophisticated control structure as it
is the case for configurations (a)—(c). In the latter, the control
of the drive and bearing system can be done independently.
This results in a less complex control structure as for motors (d)
and (e).

As explained in Section V, the scalability of the motor
configurations toward higher speeds and pressure is best for
configurations (a)—(c). This results from the independent drive
and bearing system, where, due to the utilization of the same dc-
link voltage, the bearing system usually features a large dynam-
ical voltage margin to compensate for external disturbances.



BARTHOLET et al.: COMPARATIVE EVALUATION OF POLYPHASE BEARINGLESS SLICE MOTORS

In contrast, for configurations (d) and (e), the stability margin
for the bearing system has to be added explicitly in order to
guarantee a safe operation. This voltage margin, together with
the maximum available dc-link voltage, is the limiting factor
for the maximum achievable drive speed for these concepts. In
today’s semiconductor applications, a strong demand arises for
pumps with high-pressure ratings. For these applications, motor
configurations (d) and (e) cannot be considered as suitable
solutions due to their limited speed capability.

Summing up, it can be stated that configuration (e) is highly
interesting for future cost-sensitive bearingless motor applica-
tions such as pumps for the plating industry, mixers for biotech-
nology processes, or heat and cooling pumps. However, the
applicability of this configuration is limited to the low/medium
speed range and is therefore not suitable for high-pressure
applications. In this area, configuration (a) still seems to be the
most preferable solution.

VII. CONCLUSION

In this paper, two-, three-, and four-phase BSMs have been
comparatively discussed based on performance indexes in order
to find the most suitable motor embodiment for more cost-
sensitive application areas of next-generation bearingless pump
systems. The comparison has been carried out for a typical
pump operating point (rated mechanical drive power of 1200 W
and bearing forces in the range of 0-20 N), and the performance
indexes have been defined as the occurring power losses in
the converter and the motor, the power electronic VA require-
ments in order to achieve the operating point, and the cost-
related manufacturing issues (such as copper and iron masses,
realization effort in consideration of mass production, control
complexity, and scalability toward higher speed and pressure
ranges).

The comparison has not revealed a clear superior concept
in all aspects, but has given a better insight to the specific
attributes and possibilities of each concept. Generally, it can
be stated that the three-phase motor configurations (b)—(d) do
not show a clear advantage in none of the considered aspects;
wherefore, they will barely be selected as the next-generation
bearingless motor concept.

On the other hand, the four-phase motor configuration (e)
seems to be a promising concept for future cost-sensitive appli-
cations in the low pressure range and low/medium speed range,
e.g., pumps for the plating industry, mixers for biotechnology
processes, or heat and cooling pumps. The advantages of this
concept in terms of small iron and copper masses and easy
manufacturability are mainly arising from its radial construc-
tion. In addition, the compact design allows the integration of
the power electronics in the motor housing with a resulting
volume comparable to that of the temple motor design without
integrated electronics.

However, for high-pressure applications in upcoming semi-
conductor applications, where speeds above 8000 r/min are
demanded, this concept can no longer be considered due to its
inherent speed limitations. Therefore, the standard two-phase
topology (a) is still the most preferable solution due to the
independent drive and bearing winding system.
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