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Topologies for High-Quality Mixing Applications

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

Abstract—The selection of a suitable topology is a crucial part
of the design process of a machine. In particular, the slot/pole
combination of a bearingless motor has a strong influence on the
levitation and drive characteristics. In this paper, several feasible
slot/pole combinations for a bearingless motor in exterior rotor
construction are investigated, and the important characteristics
of each possible topology are discussed in detail. In the end, a
comparison between the presented topologies is undertaken, and
the optimal motor topology is designed and implemented in a
prototype setup.

Index Terms—Bearingless motor, brushless motor, concentrated
windings, high torque, permanent magnet.

I. INTRODUCTION

HE bearingless motor with exterior rotor can be advan-

tageously employed for numerous emerging applications
requiring high-purity or shear-sensitive mixing. Cell-protective
stirring in a bioreactor [1]-[6] can be named as one of the
prominent examples which can only be achieved if both re-
quirements are fulfilled to a high level. State-of-the-art mix-
ing systems, making use of either a sealing or a magnetic
coupling, suffer from disadvantages that impact the demanded
high-quality performance. Not only is a sealing not absolutely
leakage proof but it also generates particles and leads to pin-
choff areas that can harm the cell cultures in the reactor. A
magnetic coupling, on the other hand, requires an additional
bearing inside the tank for stability reasons, resulting in wear
and pinchoff areas as well [7].

Using a bearingless motor [8]-[13] for the agitator allows
for a completely wear-free setup, as is shown in Fig. 1. The
stator is placed inside a tank indentation from outside of
the reactor. From there, it is connected to the motor control
(power electronics and sensor system, not shown in Fig. 1).
The only component placed into the reactor is the impeller,
which consists of the encapsulated rotor and mixer blades. Both
bearing forces and torque are transmitted from the stator to
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Fig. 1. Bearingless mixer implemented in a bioreactor. The stator is inside a
tank indentation, and only the rotor (with the mixing blades) is put inside the
tank. The rotor is levitated and absolutely free of contact to the reactor.

the rotor in a contactless manner. This means that, while the
impeller is levitated, there is a sufficiently large fluid gap, which
avoids the generation of pinchoff areas. Moreover, this fluid gap
highly improves clean in place and sterilization in place [14].
Whenever the motor has to be powered down completely, the
rotor is slowly moved toward the tank wall to a soft touchdown.

For the targeted mixing application, the motor has to deliver
a high torque at moderate rotational speeds up to 500 r/min.
For the bearing, sufficient forces (against radial, axial, and
tilting disturbances) have to be generated in order to guarantee
a minimum fluid gap over the whole angular range during the
mixing process. The bearing combines passive forces, which
stabilize the axial rotor position and counteract tilting, and
active forces, which are required to stabilize the radial rotor
position [15].

The promising capabilities of such a motor in mixing ap-
plications call for a detailed topology analysis. To date, there
have been a few publications (e.g., [16], [17]) about specific
topologies with exterior rotors. Additionally, the authors have
published two articles [18], [19] about the design and setup
of two specific topologies. However, a systematic evaluation
which compares the different feasible bearingless motor topolo-
gies has not been presented in the literature so far. In this
paper, different topologies for bearingless motors in exterior
rotor construction are analyzed in terms of their torque and
bearing force performance with the goal to clearly show the
benefits and disadvantages of the different topologies. The con-
trol commands are derived in a general manner for four relevant
stator topologies. Furthermore, important motor characteristics,
i.e., cogging torque and unbalanced reluctance forces, are ex-
amined. In the end, a comparison of the feasible topologies is
undertaken, and the most promising candidate is designed and
implemented in a prototype setup.

0093-9994/$31.00 © 2012 IEEE
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Magnetic gap Stator tooth with coil
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Fig. 2. Bearingless motor topology with five stator teeth and a rotor with pole
pair number 4.

II. GENERAL FORCE AND TORQUE CALCULATION

Fig. 2 shows a possible topology of a bearingless motor
in exterior rotor construction. The disk-shaped motor consists
of a stator with a rotor ring placed around it, separated by
the magnetic gap. The rotor can be distributed into permanent
magnets and an iron ring being the back iron for the magnetic
flux path. The permanent magnets are radially magnetized in
alternating order. The stator consists of stator teeth with one
concentrated coil [20] mounted on each of them. For the choice
of a certain motor topology, the different combinations of
rotor pole pair number p and stator slot number ¢ have to be
evaluated.

Prior to the analysis of specific topologies, a general force
and torque calculation is carried out. In [21], the relation
between the applied coil currents and the resulting bearing
forces and torque has been formulated using the matrix T,

F, i
E, | =Tne| :|. (1)
T i

q

T,, is a 3 X ¢ matrix, which depends on the current angular
rotor position.

In practice, the control currents, for which a certain force
or torque can be generated, have to be determined. Hence, the
T,,, matrix has to be inverted, leading to the K,,, matrix. Since
the T,, matrix is not necessarily quadratic, two calculation
methods are proposed in [21] respecting different constraints.
If the K,,, matrix is calculated with

K, =T o (T,, ¢ T5) " )
the required coil currents become minimal. Alternatively, the

calculation can be carried out under the constraint of a star
connection of all phases. In this case

K,, = (Tﬁ — 11.1T.Tﬁ>
q

1 -1
o <Tm o [T}; - 51 e1T e TED (3)
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can be applied, where 1 represents a ¢ times 1 vector filled with
ones. If the summation of the entries in a row of the T,,, matrix
yields zero for each row, the calculation according to (3) can be
reduced to (2).

Using the K,, matrix, the required currents to generate
desired forces and torque can be calculated

i1

=K, o 4

nﬂzﬁﬁsz 2

iq
Ideally, a basic current shape such as that of sinusoidal currents
is desirable because it is easier to implement in the control. For
more complex current shapes, a detailed lookup table would be
required.

As mentioned before, the T',,, matrix depends on the angular
rotor position, namely, the electrical angle @ejec. A 360° rev-
olution of this electrical angle corresponds with the angle of
one rotor pole pair. Therefore, the relation between the mechan-
ical rotor angle e, Which describes a 360° revolution of
the rotor, can be stated as

Pelec = P * Pmech- (5)

The force generation can be distributed into a tangential
force (also referred to as Lorentz force) and a radial force (also
referred to as Maxwell force), and they can both be analyzed
for each stator tooth individually. In Fig. 3(a), the generation
of a tangential force for one stator tooth (labeled 1) is shown.
It reaches its maximum value for the angular position depicted
with @e1ec = 90°. It is assumed that the force has a sinusoidal
dependence on this angular position. Then, introducing a tan-
gential force—current factor k7 ¢, the tangential force becomes

Ft,l(ﬁpelec) = kI,Ft . Sin(@elec) . Ncoil : Il- (6)
The force is proportional to the magnetomotive force, which is
the product of the number of winding turns N.;; and the current
through it (here, I;). The comparison with the conventional
calculation of the Lorentz force

Ft,l(cpclcc) =B Sin(@clcc) 20 Ncoil : Il (7)

reveals that the influence of the motor length and the am-
plitude of the magnetic flux density are expressed with the
force—current factor kr py.

Similarly, the radial force generated with one stator tooth
reaches its maximum value for an angular rotor position which
1S Yelec = 0° [see Fig. 3(b)]. A sinusoidal dependence on the
rotor position is assumed as well, leading to a radial force of

A-F'r‘,l((Pelec) = kl,Fr . COS(QOeleC) : Ncoil . Il~ (8)
In this case, a radial force—current factor k7 g, has to be applied.
Compared to the conventional calculation of the Maxwell force
with

A- B2 (‘Pelec)

Fr(‘peleo) = 2‘u0

)
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Fig. 3. Generation of a (a) tangential (Lorentz) and (b) radial (Maxwell) force
in a bearingless motor.

the validity of (8) needs to be further elaborated. If no coil
current is applied, the force generated between stator tooth 1
(Fig. 3) and the rotor depends on the flux density due to the
permanent magnets

A'B2M (Petec)
FrO,l(@elec) = M~

10
o (10)

In order to influence this force, a coil current can be applied
which leads to a change in the magnetic flux density with order
ABj (I1). In this case, the radial force becomes

A
= — - [Bpm,1(@elec) £ ABl(ll)]2 )

11
o (11)

Fr,l ((Pelec)
For small changes of the magnetic flux density, (11) can be
simplified to

Fr,l (@elec)

A
= %- [BI%MJ(QDeIeC) + 2BpM 1 (Pelec) - ABy (Il)]

2A-BPM,1 'COS(SOelec) -ABy (Il)
2p0 '

—(8)

- rO,l(Spelec) + (12)
—_———

(10)
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Hence, the reluctance force consists of a part Fo;, which
is the (angular dependent) reluctance force resulting from
the permanent-magnet flux density. Based on the second
part of (12), the application of (8) can be justified because
AB is proportional to the coil current. If the proportional-
ity factor and the remaining factors resulting in the second
part of (12) are integrated into k; g, the linear relation is
derived.

For many topologies, the net force (as the vector sum of
all the radial forces produced with all the stator teeth) is zero
when no coil current is applied because the Maxwell forces
derived with (10) are equally balanced in each radial direction
when the rotor is in its center position. However, there are
certain topology configurations such as the five-slot motor
(see further down) where an unbalanced magnetic pull takes
effect on the rotor even at this inert position. In this case,
the vector sum of all the individual reluctance forces F.qy,
does not yield zero anymore. Nevertheless, if this unbalanced
magnetic pull is simply treated like an offset F).o (dependent
on the angular rotor position, however), it can be subtracted
first, which allows employing the previously derived radial
force calculation in (8) for all topology variants. Any unbal-
anced reluctance force F,o can simply be added to the total
resulting force summed over all teeth (see further down) in
the end.

For the torque generation, the situation is the same as for the
generation of a tangential force. Introducing a torque—current
factor kr Ty, the torque of one stator tooth becomes

Tl(@elec) = kI,Tn . Sin((pelec) . Ncoil . Il- (13)

Up to now, only one stator tooth has been analyzed. More-
over, the stator tooth considered is aligned with the coor-
dinate system. This means that the radial force corresponds
with a force in the z-direction, whereas the tangential force
corresponds with a force in the y-direction. If the analysis is
expanded to all the stator teeth, the angular position of the stator
teeth in relation to the fixed coordinate system has to be taken
into account as well.

The net force into the z-direction can be derived as follows
for any combination of p and g:

Fx (Soclcc)

$ee(on %)

n=1

- cos ((welec) +{n—1}- QWq'p)

2
- k1 pe +sin ({n —1}- W)
q

-sin <(<Pelec) +in—1}- QWq.p> . kI’Ft}

: Ncoil . Ibng,:c,n' (14)
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For any combination of p and ¢, the force in y-direction
becomes

Fy (Pelec)

-5 [ (- )

n

(a0 22)

2
-k + cos ({n -1} W)
q

-sin (((Pelec) +in—1}- zﬁq' p) ' kLFt]

* Neoil * Ibng,y,n- (15)

For the torque, there is no need to consider the geometrical
relations of the stator teeth and the coordinate system because
the tangential force always shows into the desired perpendicular
direction. The torque can be derived as follows for any combi-
nation of p and ¢:

T(SoeleC) = Z sin <(¢elec) + {’I’L - 1} ’ 27Tq.p> . kI)Tn]

n=1
“Neoil - Idrv,n- (16)

The force—current and torque—current factors are identical
for each of the stator teeth. They can be derived through
measurements or using a 3-D finite-element (FE) analysis.

For a g-slotted stator, ¢ different possible setups have to be
investigated, with the pole pair number varying from one to ¢
(p=1,...,q). If the pole pair number is larger than the slot
number, the control and the characteristics are identical to the
corresponding case p*, where p* < ¢, using

p" =p mod q. 17)
For the design (Section IV), topologies with a pole pair number
larger than the slot number have to be considered too. How-
ever, their performance characteristics can always be derived
from the case with a pole pair number below the slot number
according to (17).

III. ToPOLOGY COMPARISON

The outer rotor diameter and the magnetic gap are usually
defined by the targeted tank size. For this exterior rotor con-
struction, the available space for the stator is very limited, as
it has to be placed within the hollow rotor ring. Moreover, this
scarce space has to be further divided into iron (stator teeth) and
copper (windings) material. Therefore, it is recommendable to
keep the number of stator teeth small because, otherwise, the
iron would already cover up too much of the available area,
leaving too little volume for the windings. Therefore, topologies
with slot numbers from three to six will be investigated. Obvi-
ously, topologies with a higher slot number can also be realized
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Fig. 4. T, matrix of a bearingless motor with three stator teeth and a rotor
with pole pair number 3. Here, and in the following, the three coil currents have
been consolidated into one plot for the two bearing forces and the torque.
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Fig. 5. K, matrix of a bearingless motor with three stator teeth and a rotor
with pole pair number 3. The torque currents converge to infinite, which means
that the torque generation is zero for the corresponding angular rotor positions.

as bearingless mixers. However, they will not be examined in
the scope of this paper for the aforementioned reason.

A. Motors With Three Stator Teeth

For motors with three stator teeth, the cases of p = 1,2, and 3
have to be analyzed. For the first two cases, the K,,, matrix can
be calculated using direct matrix inversion, given that T, is a
3 x 3 matrix for motors with three stator teeth. For example,
the top left entry, which relates the current of coil 1 with a force
into the z-direction becomes

4. kI,Fr . Sin(2 . @elec)

Km(la 1) = K 2 2
3 -sin(3 - Yelec) - (kI,Fr - k[,Ft)

(18)

for both cases with p =1 or p = 2. This entry reveals that
no bearingless motor can be realized because the required coil
current converges to infinite for certain angular rotor positions.
One coil current converging to infinite for the bearing forces
is sufficient to disqualify the topology as a bearingless motor.
The T,, matrix of the remaining case with p = 3 is plotted
in Fig. 4. For the sake of visibility, exemplary values have
been used for the force—current and torque—current factors to
draw the matrices in the following (k; pr = 1, k7 p¢ = 0.7, and
krtn = 0.5). It basically shows the resulting force or torque in
dependence on the rotor angle if a constant current is applied
to one of the coils (labeled in Fig. 4). The corresponding
K., matrix is shown in Fig. 5. It shows which current has to
be applied to the stator coils (labeled in the figure) in order
to create a constant force or a constant torque. The bearing
currents in Fig. 5 are finite over the whole angular range.
This is a mandatory prerequisite for levitation, which can be
stabilized with an adequate control implementation (e.g., PID;
see Fig. 17), provided that the power electronic converter can
supply the required control currents with sufficient bandwidth.

However, for the torque generation, the current in Fig. 5
converts to infinite for two specific angular rotor positions, in



2210

which case the producible torque becomes zero. The third row
entries of the matrix in this case are calculated as

1
3- kI,Tn : Sin(‘Pelec) .

K,(3,n) = (19)

If, for a certain topology, the bearing has been proved possible
but the torque function requires infinite current for certain rotor
angles, alternative torque current functions can be applied. The
most logic adaption would be to stick to the curve plotted in
the third plot of Fig. 5 and to limit it when the required current
becomes too large. As a consequence, nonconstant torque will
result, and it will still lower to zero for the specific rotor
angles. Since it is anyways not possible to create a constant
torque, alternative current functions can be considered as well.
A meaningful torque current would follow the function

Sin(‘Pelec)

20
3kr 20)

In this case, high current is applied whenever high torque can be
generated (curve is close to zero in the original plot in Fig. 5),
whereas the sinusoidal current from (20) reaches zero for the
same angular position for which no torque can be generated.
With this alternative current form, a larger average current
would result. However, the multiplication of the T,, matrix
from Fig. 4 with the K,,, matrix from Fig. 5 [with altered torque
function as in (20)] would no longer yield the unity matrix

1 0 0
T, eK, =0 1 0 Q1)
0 0 sin®(@elec)

This means that the torque would vary over the whole angular
range, following the function of the square of a sine. Thus, for
certain angular rotor positions, the producible torque becomes
zero, or in other words, the drive of the motor shows single-
phase characteristics.

Given that the bearing currents are not of sinusoidal shape,
the control implementation becomes more complex. Moreover,
it is not possible to run the motor with a star connection because
of the three equal drive currents that do not annihilate each
other. This means that one full-bridge is required for each coil.

It is obvious that such a motor arrangement with equal pole
pair number and slot number will additionally suffer from
cogging torque. Therefore, this undesired property needs to be
further analyzed, particularly under the consideration that there
are angular rotor positions where no active motor torque can be
generated.

The cogging torque is highly influenced by the design of
the whole motor (e.g., stator tooth width), resulting in different
cogging torque characteristics, as it is shown in Fig. 6, where
the normalized cogging torque is shown for three different
cases. For the designs considered (D1-D3), the tooth width has
been varied. The tooth opening angle in relation to the angle
of one magnet (60° in the case of this motor with pole pair
number 3) was varied from 80% (D1) to 45% (D2) and 10%
(D3). In all three cases, there is zero cogging torque for specific
electrical angles of 0°, 90°, 180°, and 270°. The difference
arises from the fact that these specific angular positions can be

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 48, NO. 6, NOVEMBER/DECEMBER 2012
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Fig. 6. Possible cogging torque (normalized) of a motor with three stator
teeth and a pole pair number of three. Depending on certain design parameters,
the cogging torque leads to stable angular rotor positions at either (solid line)
0°/180°, (dashed line) 90°/270°, or (dotted line) all four angles. The arrows
indicate in which direction the rotor gets accelerated due to the cogging torque.

either stable or unstable. For the cogging torque shown with a
solid line in Fig. 6, there are two stable angular positions for 0°
and 180°. If the rotor is slightly rotated, a cogging torque arises
which counteracts the movement. Hence, if there is no more
external force acting onto the rotor, it would be brought back to
this stable angular position due to the cogging torque. For the
other two angular positions (90° and 270°) with zero cogging
torque, the situation is different because a slight rotation leads
to a cogging torque that accelerates the rotor further away
until it reaches again a stable position at 0° or 180°. For an
alternative design (dashed line), the situation is exactly the
opposite because the stable angular positions are now for 90°
and 270°. There is a third possibility (dotted line), where all
four specific angles are stable angular positions. For this case,
there are additional four angles with zero cogging torque, but
for which the angular position is unstable.

Due to the single-phase characteristics of the drive, no torque
can be generated for electrical angles of 0° and 180°. This
situation is shown in Fig. 7, where the producible torque (nor-
malized between zero and one) in dependence on the angular
rotor position is shown for sinusoidal excitation. The motor can
only work properly if the cogging torque leads to stable angular
positions where the torque can be generated. For the torque
characteristics at hand, this means that the cogging torque
should be similar to the dashed line in Fig. 6. The cogging
torque itself then stabilizes the rotor at angular positions where
high torque can be produced in order to start the rotation. This
situation is plotted in Fig. 7. Possibly, the motor can be feasible
despite a cogging torque characteristic according to the dotted
line in Fig. 6. However, if the cogging torque behaves according
to the solid line, no feasible drive can be implemented. It can
be concluded that this has to be considered during the design
procedure in order to come up with a setup that works despite
the single-phase characteristics of the drive.

B. Motors With Four Stator Teeth

From the four possible cases with p = 1,2, 3, and 4, only
rotors with an even pole pair number can be used for a bear-
ingless motor. With a pole pair number of one or three, active
control of the bearing would not be possible for certain angular
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line) sinusoidal excitation according to (20) in dependence on the angular rotor
position. The dashed line represents the cogging torque with design 1 from
Fig. 6. In this case, the motor can accelerate because the stable positions due
to the cogging torque (Peogging) match with the positions where maximum
torque can be produced.
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Fig. 8. T, matrix of a bearingless motor with four stator teeth and a rotor
with pole pair number 2.
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Fig. 9. K., matrix of a bearingless motor with four stator teeth and a rotor
with pole pair number 2. As the calculated torque currents would converge to
infinite (as was the case for a three-slot motor), they have been replaced with a
sinusoidal excitation.

rotor positions. For the other two cases with p = 2 and 4, the
control is possible as will be shown further down. For the drive,
however, no constant torque can be generated as was the case
for the motor with three stator teeth.

A graphical representation of the T, matrix for the case
with pole pair number 2 is shown in Fig. 8, whereas its K,,
matrix is shown in Fig. 9. The bearing can be controlled over the
whole angular range, but for the torque generation, single-phase
characteristic has to be accepted. Therefore, the currents in the
third plot of the K,,, matrix in Fig. 9 have already been replaced
with a sine function. This leads to a torque with single-phase
characteristic that varies with the square of a sine function as
was the case for a motor with three stator teeth.

For the control, the nonsinusoidal bearing currents (repre-
senting a two-phase system) and the sinusoidal drive currents
can be superimposed for each coil individually. The control
could then be implemented with one full-bridge per coil. Since
the sum of all currents over all coils is zero at any point, the
four coils could be connected in star, and the power electronics
could be reduced to four half-bridges [20], [21].

2211
5 1
/ - o 2. 3
T Na%ae e
3 % Y 4 Ry
Il YR ¥ Y
N
-1
0 2 2 0 2
Pelec / (rad) —> TL Pelec / (rad) —» ™ Pelec / (rad) —> 7[

Fig. 10. T, matrix of a bearingless motor with five stator teeth and a rotor
with pole pair number 4.
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Fig. 11. K,, matrix of a bearingless motor with five stator teeth and a rotor
with pole pair number 4.

For both possible rotor pole pair numbers with p = 2 and 4,
the motor will suffer from cogging torque. Therefore, a similar
analysis as for a motor with three stator teeth has to be under-
taken in order to guarantee that the motor can start from the
stable angular position imposed by the cogging torque.

C. Motors With Five Stator Teeth

A feasible topology for a five-slot motor with pole pair
number 4 has already been shown at the beginning in Fig. 2.
Graphical representations of the T, and the K,,, matrices for
this topology are shown in Figs. 10 and 11, respectively. The
K,,, matrix reveals that sinusoidal currents can be applied for
both bearing force and torque generation. Therefore, constant
torque and bearing forces can be generated independent of the
angular rotor position. Moreover, a star connection of all five
coils is possible, and the motor could run with one single five-
phase inverter.

In a similar way, the topology with pole pair number 2 can be
implemented but only with sinusoidal bearing currents, whereas
the drive currents become distorted. For the cases with pole
pair numbers 1 and 3, all the currents are strongly distorted.
Moreover, if the radial and tangential force—current factors
approach identical values, the control becomes impossible. For
the case of pole pair number 5, single-phase characteristic
would occur, as was the case previously for the topologies
with three and four stator teeth. Given that there are alternative
implementations for this motor, the topology with five stator
teeth and ten rotor magnets is not recommendable.

The topologies with a pole pair number different from five
do not suffer from cogging torque. However, there is another
undesired property, namely, unbalanced magnetic pull in the
center position. This means that, even if the rotor is perfectly
centered in relation to the stator and no current is applied,
there will be a resulting force that pulls the rotor into a
certain direction. For a practical implementation, this force
would have to be compensated by the bearing, leading to large
bearing currents which do not really contribute to the motor
performance itself. In the design of such a motor, one of the
aims has to be to keep this unbalanced magnetic pull at a
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Fig. 12. Reluctance forces (normalized) acting on a centered rotor with eight
rotor magnets in combination with a five-slot stator.

low value. In Fig. 12, the resulting forces into the z- and
y-directions are shown in dependence on the electrical angle for
the topology with pole pair number 4. It can be seen that, during
arevolution of one pole pair, the force rotates four times around
the rotor. Hence, during a complete revolution of the rotor,
the unbalanced magnetic pull rotates 16 times. This apparently
leads to higher dynamic requirements for the bearing control.

D. Motors With Six Stator Teeth

A motor consisting of a stator with six stator teeth allows for
interesting topologies as well. It would be desirable to realize
both bearing and drive using symmetric three-phase systems.
For a rotor with pole pair number 2 or 5, this can be achieved
as will be shown in the following for the first case. In Fig. 13,
the T, matrix for such a motor with pole pair number 2 is
shown. The contributions of the tangential force and the radial
force are shown separately. The corresponding K,,, matrix can
be realized with a sinusoidal six-phase system, as is shown in
Fig. 14. In fact, always three nonadjacent coils can be connected
in star and to one three-phase inverter, which allows for an
easy implementation of the control. Moreover, the K,,, matrix
reveals that constant torque and bearing forces can be generated
over the whole working range. As additional benefits, this
motor only suffers from a very small cogging torque, and there
is no unbalanced magnetic pull.

Alternative implementations with pole pair numbers 1 and
4 are not recommendable because they become uncontrollable
if the radial and tangential force—current factors have similar
values. For setups with pole pair numbers 3 and 6, the motors
would suffer from a strong cogging torque; wherefore, this
choice is also not favorable.

E. Comparison of Presented Motor Topologies

The motor characteristics derived previously are summarized
in Table I for the most promising candidate of each stator
variant. As stated before in (17), the pole pair number can also
be chosen higher than the slot number, which can be beneficial
because a thinner back iron ring is sufficient to avoid heavy
saturation. Therefore, the next higher possible pole pair number
showing the very same characteristics is given too. The motor
setups with a five-slot and six-slot stator can generate constant
torque with zero (or very small) cogging torque. Moreover,
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Fig. 14. K, matrix of a bearingless motor with six stator teeth and a rotor
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TABLE 1
MOTOR CHARACTERISTICS FOR DIFFERENT TOPOLOGIES

Slot number 3 4 5 6
Pole pair number 3,6 2,6 4,9 2.8
Constant torque — - + +
Zero cogging torque — - + +
No unbalanced magnetic pull + + - +
Sinusoidal control currents - - + +
Star-connection - + + +
Large winding space + + - —
Symmetric stator — + - +
Rank 4 2 2 1

sinusoidal control currents can be applied, and a star connection
of the coils is possible (the latter is also possible for a four-slot
topology). The large drawback of the five-slot topology is the
unbalanced magnetic pull in the center position, which heavily
lowers the efficiency of such a bearingless motor.

The advantage of the three-slot and the four-slot topologies is
actually the small tooth number, which allows for large winding
space resulting in a large possible magnetomotive force. For the
passive bearing forces, a symmetric stator can be advantageous
because the radial and tilting stiffness become less angular
dependent.

Considering all the listed performance criteria, a motor setup
with six stator teeth and a pole pair number of eight was
found to be the best choice from the investigated topologies.
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Therefore, a detailed design analysis of this setup is presented
in the next section.

IV. DESIGN ANALYSIS FOR OPTIMAL TOPOLOGY

It was found that a topology with six stator teeth shows
promising performance characteristics. Therefore, such a six-
slot setup in combination with a 16-pole rotor has been opti-
mized based on an extensive 3-D FE analysis. The choice for
a rotor with a higher pole pair number was made because of
practical considerations in terms of rotor manufacturing. The
previously derived performance characteristics and the control
are identical for such a rotor with pole pair number 8 as for
one with pole pair number 2, as is stated in (17). Moreover,
the torque output is similar for both rotor alternatives in case
of equal coil excitation. For the targeted high-torque low-speed
applications, the copper losses are clearly dominant compared
to the iron losses. Hence, the disadvantage of increased iron
losses, which obviously affects the rotor with higher pole
number, can be neglected.

The optimization is carried out for a motor which can be run
in a reactor of 500 L. For this case, an outer rotor diameter of
150 mm was identified to be ideal in terms of mixing behavior.
Moreover, a magnetic gap between stator and rotor of 5 mm is
required, which results in a fluid gap of about 2 mm in the final
application if both stator and rotor encapsulation and the tank
wall thickness are subtracted.

The stator has been optimized using bar-shaped stator teeth,
which is recommendable for the bearing performance [22],
[23]. In Fig. 15, the design optimization for the magnet thick-
ness and the stator tooth width is shown in terms of torque and
active and passive bearing force generation. Fig. 15(a) shows
that higher torque can be achieved with thinner magnets and
stator teeth because this would allow for higher magnetomotive
force as a result of more available copper area, respecting
maximum current densities of 3.5 (lower lines) and 14 (upper
lines) A/mm?, respectively. These current density values have
been identified based on thermal constraints in case of simple
air convection or if additional water cooling of the coils is
employed. Fig. 15(b) shows the behavior of the radial bearing.
The rotor has been radially displaced for 1 mm into the positive
direction, resulting in a positive force. Therefore, a negative
bearing force has to be generated actively (with a current den-
sity limited to 3.5 A/mm?) to counteract the rotor movement.
The solid lines show the sum of these two forces. The bearing
is stable, if the resulting force is negative; otherwise, higher
currents would be required. Additionally, Fig. 15(b) shows the
behavior of the passive axial bearing (dashed lines). In this
case, thicker magnets and thicker stator teeth are favorable
because they increase the negative stiffness. Hence, a design
compromise has to be made.

For the axial motor length, there is also a tradeoff between
bearing stability and torque output. The slice motor concept is
based on a low axial height. On the other hand, an increase in
motor height would be beneficial for the torque. A motor height
of 45 mm was found to be the optimal tradeoff. Table II sum-
marizes all these optimal design values and the performance
values for this design. The rated torque is 10 N - m, and the
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Fig. 15. Design optimization of the motor for (a) torque generation and

(b) the bearing forces. The torque is shown in dependence on the magnet
thickness (dpy = 4, 6, and 8 mm) and the stator tooth width (w; = 12, 15,
and 18 mm) for two different excitation levels with maximum allowed current
densities of 3.5 and 14 A/mm?, respectively. (Solid line) For the bearing forces
in (b), the sum of a positive displacement force (rotor of 1 mm displaced into
the positive direction) and a negative active force (with a 3.5-A/mm? limit) is
plotted. If this sum is negative, the bearing is stable for the chosen current limit;
otherwise, higher currents would be required.

TABLE 1I

OPTIMAL DESIGN AND PERFORMANCE VALUES
Parameter Symbol Value
Stator slot number q 6
Pole pair number P 8
Outer rotor diameter dg 148 mm
Magnetic gap thickness Om 5 mm
Stator diameter ds 116 mm
Magnet thickness Ipm 6 mm
Back iron thickness Spi 5 mm
Stator tooth width w; 15 mm
Machine length / 45 mm
Winding number Neoil 300
Tangential force-current factor ki pe 43 N/A
Radial force-current factor ki e 5.9 N/A
Torque-current factor kiTn 0.34 Nm/A
Radial stiffness k, -38.77 N/mm
Axial stiffness k, 3.2 N/mm
Tilting stiffness ke 133 mNm/°
Rated torque T 10 Nm
Rated angular speed w 507!
Rated power Pyt 500 W
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Fig. 16. (a) Stator with six concentrated coils is buried below a cup, which
represents (b) the tank indentation. A test impeller is mounted onto the rotor,
which is then levitated inside the tank.
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Fig. 17. Control scheme for the bearingless mixer.
rated angular speed is 50 s, which results in a rated motor
power of 500 W.

V. VERIFICATION WITH PROTOTYPE

A prototype setup has been realized in order to confirm the
simulation results and to test the motor in a practical manner.
The stator is made of laminated steel (M400-50A), and one
concentrated coil is mounted on each stator tooth, as is shown
in Fig. 16(a). Together with the sensor system (for radial and
angular position measurements), the stator is then placed below
a cylindrical cup [see Fig. 16(b)]. This cup represents the tank
indentation, which was mounted into a small tank in order
to test a real application situation. The rotor ring (back iron
and permanent magnets) with a simple test impeller attached
to it levitates around the buried motor. The power electronics
converter consists of two times three half-bridges connected to
a dc-link capacitor [24].

Fig. 17 shows an overview of the implemented control.
Both the radial and the angular positions are measured, and
the latter is also used to calculate the rotor speed. The po-
sition and the speed are controlled in an outer control loop
using proportional—integral-derivative (PID) and proportional—
integral (PI) controllers, respectively. The outer control loop
determines the required bearing and drive currents, which are
controlled with PI controllers in an inner loop. Therefore, the
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Fig. 18. Comparison of the theoretical values derived in Section III with

(a) 3-D FE simulations and (b) measurements during rotation at 500 r/min with
the reference position displaced from the center. (Current scales: 2 A/div; time
scale: 4 ms/div).

coil currents have to be measured too. Moreover, transforma-
tions are required between the three-phase system of the plant
and a rotor-fixed coordinate system (field-oriented control). The
information of the T, and K,, matrices has to be integrated
into these transformations too [19].

A comparison is shown in Fig. 18 for the sinusoidal wave-
forms which have been theoretically derived in Section III.
In Fig. 18(a), the force and torque values resulting from the
3-D FE simulations are plotted (solid lines) and compared to
the theoretically assumed sinusoidal values (dashed lines). A
pretty good accordance can be seen. Additionally, the current
of two opposite coils has been measured in Fig. 18(b) during
a rotation with 500 r/min. From these two coil currents, the
drive and bearing currents can be determined using addition or
subtraction, respectively. The reference value for the position
(see Fig. 17) has been displaced by 1 mm from the center.
Therefore, a certain bearing current is permanently required,
which rotates synchronously with the rotor. Sinusoidal shapes
can be seen too with a certain amount of higher frequency noise.

An acceleration test in an experimental tank setup has been
undertaken, and the corresponding measurements are shown
in Fig. 19. In the beginning, the rotor (with mixing head) is
levitated at standstill. Then, it is accelerated in three steps to
300 r/min. During the whole operation, the radial rotor position
is very stable and deviates less than 5% from the center position
in relation to the total fluid gap. The bearing currents are
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Fig. 19. Acceleration test in a test water tank. The measured position shows a
very stable bearing performance, and only a small bearing current is required.
The drive current increases with the speed, as the load increases. The accel-
eration peaks are circled. (Current scales: 10 A/div; position scales: 1 V/div
(corresponds to 0.7 mm/div); time scale: 1 s/div).

only slightly elevated during the rotation because disturbances
due to the mixed water have to be counteracted. The drive
current depends on the load which is mixing the water. High
currents are observed during the acceleration phases (marked
with circles).

VI. CONCLUSION

Possible topologies for bearingless motors in exterior rotor
construction have been compared in terms of performance
characteristics and control effort. From the investigated setups
with slot numbers of three to six in combination with varying
rotor pole pair numbers, the best choice was found to be a six-
slot/16-pole motor. Based on a 3-D FE analysis, the optimal
design was derived and finally implemented in a prototype,
which was successfully operated both in air and in a test water
tank.
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