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Abstract—In this paper, the principles of motor torque and sus-
pension force generation in bearingless brushless motors with high
pole numbers are explained, graphically illustrated, and analyzed
in detail. The necessary harmonic components of the flux density
distribution in the air gap are calculated and it is visualized how
these can be generated by superposition of harmonics depending
on a specific rotor pole/stator slot ratio. Especially, for bearingless
motors with a fractional pole/slot ratio, it is shown how superior
and precise suspension performance and high rotational speeds can
be achieved. A basic analytical model is introduced and the consid-
erations are exemplified for a 26-pole/24-slot bearingless brushless
single-layer motor with concentrated windings compared to alter-
native feasible configurations. Adequate performance criteria for
the motor as well as the bearing comparison are defined.

Index Terms—Brushless motors, finite elements methods, mag-
netic levitation, mathematical analysis, permanent-magnet motors,
servomotors.

I. INTRODUCTION

HE popularity of permanent-magnet bearingless brush-

less motors is constantly increasing in a broad band of
applications [1]. In bearingless motors, the six degrees of free-
dom of the levitated rotor are controlled precisely by magnetic
forces. Since no lubricants are needed and no wear caused by
friction is occurring, they need only very little maintenance,
which make them suitable for applications such as vacuum and
fluid pumps in chemical, pharmaceutical, and semiconductor
industries. Additionally, bearingless motors are dedicated in ap-
plications under extreme conditions like, for example, satellite
technology in outer space [1], [2], where any lubricants would
evaporate due to the vacuum. Also in biochemical and med-
ical applications [3]-[5], where an ultrahigh cleanness has to
be guaranteed, bearingless motors offer valuable advantages.
Flywheels for energy storage [6], as a further example, benefit
from reduced friction losses by using magnetic bearings. In all
these mentioned applications, bearingless motors are profitable
in spite of their higher costs and system complexity compared to
classical mechanical bearings. All the mentioned applications
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have in common that the requirements concerning the precise-
ness of the magnetic actuators (i.e., the electromagnets) and the
position sensors are particularly high.

Different concepts for magnetic bearings [7]-[9] and bear-
ingless motors [10]-[15] have been proposed so far, whereby
for most of the aforementioned applications a very promising
concept is the bearingless brushless slice motor as proposed in
[16] and [17] due to its superior performance results. Thanks
to its passive stabilization of the axial displacement and tilt-
ing, a highly compact setup can be achieved. For large rotor
dimensions, this concept can be realized by a high number of
rotor poles 2-p combined with a fractional ratio of the number
of stator slots ¢ and rotor poles [18]. While the motor torque is
generated by a sinusoidal air-gap flux distribution fg4,, with a
frequency component at

fdrv = fmcch P (1)

where fiecn 1S the mechanical rotating speed, a resulting sus-
pension force can be generated by an air-gap flux-density dis-
tribution fi,,s, which exhibits a frequency component at

fbng = fmech ' (p + 1) (2)

as described in [19]. These flux-density components can be
generated by a suitable harmonic wave originating from the
winding scheme in combination with the harmonics generated
by the g-slotted stator teeth as will be shown in this paper.

The physical and mathematical principles of force and torque
generation in this motor type are basically known and described
in the literature. Different methods and models have been in-
troduced to help to design and understand bearingless motors.
Among others, magnetic reluctance models are introduced to
calculate the magnetic circuits [14], [20], concepts known from
control theory like transfer function characteristics are used to
describe the bearing performance under different conditions
[21], space vector modulation has been used to calculate the
needed bearing currents [22], mathematical vector models [19]
have been introduced to describe the occurring force compo-
nents acting on the rotor, and of course various simulation
techniques such as 2-D- or 3-D-finite element method (FEM)
simulations have been used to investigate the behavior of bear-
ingless motors [14]. In [1], an overview of activities of different
institutions doing research on magnetic bearings is presented.
However, a successful practical motor design is very hard to
achieve based on the existing literature due to the high level of
complexity associated with the bearingless motor concept. In
particular, no illustrative explanation is given on how different

1083-4435/$26.00 © 2011 IEEE
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Motor winding: the radial and tangential force components caused by the interaction of the air-gap flux density caused by the motor windings (blue line,

drawn inside stator) and the rotor permanent magnets. While (a) radial force components cancel each other and thus no radial force is resulting, a resulting torque

is generated by (a) tangential force components.

harmonics of the stator field and the rotor field may generate
resulting radial suspension and tangential motor forces.

In this paper, an exemplary configuration with 2-p = 26 ro-
tor poles, ¢ = 24 stator slots, m4,, = 3 motor drive phases as
well as my,,, = 3 bearing phases has been chosen, which is
used to explain and visualize the principles. It is shown in a
comprehensible manner how the magnetic field density distri-
bution originating from a stator winding configuration placed
in a certain number of stator slots may lead to a simultaneous
suspension force and motor torque due to its interaction with
the permanent-magnet rotor field. In particular, it will be shown
analytically and graphically how the harmonics of the required
fields are generated and how the radial suspension force and the
motor torque can be controlled in an independent and decoupled
manner by appropriate winding schemes.

In Section II, the force components that appear in bearingless
motors by interaction of the permanent-magnet rotor field with
the stator field will be explained and visualized for the exem-
plary configuration. In Section III, it will be shown how these
force components can generate a resulting motor torque and
suspension force. The generation of the required stator field by
an appropriate winding configuration on the slotted stator will
be discussed in Section IV. Section V gives a performance eval-
uation for different motor configurations and a guideline how
to choose a rotor pole pair to stator slot combination to achieve
a good motor and bearing performance. Finally, the findings
are verified by 3-D FEM simulations and measurements on an
exemplary prototype in Section VI.

II. FORCE COMPONENTS IN BEARINGLESS
BRUSHLESS MOTORS

For the sake of simplicity, only forces acting in the xy-plane
of a cross section through the rotor and stator are considered in

this paper. As long as the rotor is axially centered and not tilted
about its x- or y-axis, the axial force components along the z-
axis caused by edge effects do not contribute to the radial force
and can, therefore, be ignored for the calculation of the levitation
force. Here, the axial and tilting degrees of freedom of the rotor
are assumed to be stabilized. This can be achieved by combining
two bearingless motor units and an additional thrust bearing as
proposed in [23] or alternatively by using an auxiliary passive
bearing by having a slice-shaped or ring-shaped rotor such as
introduced in [16]. The latter concept is called bearingless slice
motor and is used for the prototype to verify the calculations
in this paper. For this type of motor, the radial and tangential
forces, which generate the motor torque and bearing force, can
be calculated independently of the forces in the z-direction, as
long as the rotor is neither deflected in the z-direction nor tilted
about the x- or y-axes.

In order to understand and visualize the forces acting on the
rotor of a bearingless motor, they can be divided into two com-
ponents, namely a radial part F},q and a tangential part F},,,
with respect to the outer rotor surface. Since the relative per-
meability of the stator iron teeth pp. is very high compared
to the relative permeability p in the air gap, only forces act-
ing perpendicularly to the rotor- and stator-teeth surface are
considered.

In Figs. 1 and 2, the radial and tangential force components
resulting from the interaction of the sinusoidal rotor permanent-
magnet field with the stator field, generated by the windings
wound around the stator teeth, are shown for the exemplary
configuration with 2-p = 26 and g = 24. Fig. 1 depicts the
force components resulting from the motor windings, while
Fig. 2 depicts the force components resulting from the bearing
windings. Different components and their generation will be
explained in the subsequent sections.
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Bearing winding: the radial and tangential force components caused by the interaction of the air-gap flux density caused by the bearing windings (blue

line, drawn inside stator) and the permanent magnets. A resulting suspension force is generated by radial (a) force components as well as by (b) tangential force

components, both pointing in the same direction.

A. Radial Force Components

The radial force components dF;,q, which are commonly
denominated as Maxwell force components, are caused by the
different relative permeabilities 1 of the air gap and pp, of the
stator iron. The magnitude of the components dF},q is propor-
tional to the square of the total magnetic flux density in the air
gap, which is caused by the rotor permanent magnets and the
additional flux density produced by the current flowing in the
stator windings. Therefore, the radial force components dF:,q
are always attracting the rotor to the stator teeth and only the
magnitude can be influenced by an appropriate winding current.
In a simplified sense, the components dF;,q can be calculated
depending on the rotor angle ¢ according to

(Bpm () + AByag (4,0))2 ~h-r-de

dFrad: 9 I
* K0

3

where the total magnetic flux density in the air gap consists of
the flux density B, () caused by the rotor permanent magnets
and the flux density AByq,(¢) caused by the currents in the
stator windings, h is the rotor and stator heights, and r is the
inner radius of the stator teeth.

As the radial Maxwell force components dF;,q always act
perpendicularly to the rotor surface, they can never generate a
torque on the rotor as can be seen in Figs. 1(a) and 2(a). But as
will be seen later, they can be used to generate a resulting radial
force, which is used for the bearingless levitation of the rotor as
shown in Fig. 2(a).

B. Tangential Force Components

The tangential force components can be calculated by the
formula known as the Lorentz force. According to [24], this

formula can be applied despite the fact that the concentrated
windings are placed in the stator slots, where virtually no per-
manent magnet field occurs. Instead, there are Maxwell force
components, which act perpendicularly to the inner side of the
stator teeth, and therefore generate a resulting lateral force on the
rotor. In [24], it is shown that (4) can be used nevertheless and
the virtual Lorentz force calculated in this manner is exactly
equal to the sum of the real but small Lorentz force plus the
lateral Maxwell force. Thus, the tangential force components
dFi,y can simply be calculated according to

d-Ftan - (Bpm (90) : dlwdg) : deg (4)

where B, (¢) is the radial flux caused by the rotor perma-
nent magnets, dly 4, is a length element of the windings in the
magnetic field region, and I, q, is the current flowing in the cor-
responding windings. As the magnitude of dF},,, is proportional
to the winding current, tangential force components pointing in
either clockwise or counterclockwise directions can easily be
generated and controlled by applying a corresponding current
in the windings.

The tangential force components can sum up to a resulting
torque, as shown in Fig. 1(b), but they can also be used to
generate a resulting suspension force if always the two opposite
force components point in the opposite lateral direction as shown
in Fig. 2(b).

III. TORQUE AND SUSPENSION FORCE GENERATION BY
INTERACTION OF HARMONIC FIELDS

A. Torque Generation by Tangential Force Components

In Fig. 1(b), it can be seen that the tangential force compo-
nents according to (4) sum up to a resulting motor torque if the



ZURCHER e al.: MOTOR TORQUE AND MAGNETIC LEVITATION FORCE GENERATION IN BEARINGLESS BRUSHLESS MULTIPOLE MOTORS 1091

order of the frequency component fq,/ fiecn Of the air-gap flux
density distribution matches the number of the rotor pole-pairs
p, which in the illustrated exemplary configuration is

fdrv

fmech

—p=13. (5)

Thus, a resulting torque is generated by the interaction of the
two flux densities B,,,,, () caused by the rotor permanent mag-
nets and By, () caused by the motor drive windings, both
containing a frequency component with a significant magnitude
at fdrv = fmech p-

The radial force components calculated according to (3) can
obviously never contribute to the motor torque, as they have no
tangential part by definition. Also, the radial force components
generated by the motor drive windings do not generate a result-
ing radial force on the rotor, as always the two opposite force
components cancel each other out as can be seen in Fig. 1(a).

B. Suspension Force Generation by Tangential and Radial
Force Components

By the bearing winding scheme, which is different from the
motor drive winding scheme, an air-gap flux distribution with
other frequency components is generated. In Section 1V, it will
be shown that a strong frequency component in this exemplary
case occurs at

fbng

fmech

=p+1=14. (6)

Since this fulfills (2), a resulting radial force is generated. In
Fig. 2(a) and (b), it is visualized that both the radial Maxwell
force components according to (3) and the tangential Lorentz
force components according to (4) sum up to a resulting force,
both pointing to the same direction. On the other hand, no torque
is generated, as always two force components contribute with
the same magnitude but different signs to the total torque, and
thus cancel each other out.

If p 4+ 1 in (6) would be replaced by p — 1, the two resulting
forces in Fig. 2(a) and (b) would point to opposing directions and
would partially cancel each other for interior rotor constructions.

IV. GENERATION OF THE REQUIRED
HARMONIC STATOR FIELDS

As shown earlier, a motor torque can be generated by a sinu-
soidal stator flux-density distribution with fq,v = fiecn-p, While
a resulting suspension force can be generated by a flux-density
distribution with a frequency component at fine = fimeen-(p =
1). These flux densities are generated by a suitable harmonic
wave generated by an appropriate stator winding scheme and
the harmonics generated by the g-slotted stator teeth.

For the calculation of the air-gap flux-density distribution
resulting from the interacting fields of the rotor permanent-
magnets flux and the flux caused by the stator windings, a
simple model is introduced, which was verified by 3-D FEM
simulations. According to the results, it can be used without
loss of generality for the considered types of motors, whereby

3000 A-turns2

Fig. 3. 3-D FEM simulation results of the flux distribution of one single
winding current with I, 4, = 3000 A-turns, causing a flux difference A B, in
the air gap in front of the corresponding tooth.

the flux density distribution caused by the radially magnetized
rotor permanent magnets is supposed to be purely sinusoidal.

A. Stator Winding Flux Distribution Model

The model, which was used to calculate the air-gap flux-
density distribution, includes the following two simplifications.
1) The flux density AB, in addition to the flux density
Bp,m () caused by the permanent magnets in front of each
stator tooth is assumed to be proportional to the current
1,, flowing in the corresponding windings wound around

this tooth.

2) The flux density in front of a tooth with no corresponding
winding current is composed of half the negative sum of
the flux densities of both of its direct neighbors, e.g., the
flux density A B,, in front of the tooth i is equal to

(*Aanl) + (*AanLl)

AB, = 5 : N

This assumption can be made if only a small amount of the
flux generated by the windings enters the rotor, which is typ-
ically the case for surface-mounted permanent-magnet motors
with thin rotor iron thickness. Thus, the rotor iron is mostly
saturated by the permanent-magnet flux whereby the flux of a
winding returns mostly via its neighbored teeth. If the rotor iron
was not saturated or the air gap was reduced to a smaller value
and the relative permeability 1, is assumed to be very high, the
returning flux of a single tooth would be distributed equally to
the other ¢ — 1 stator teeth. In this case, the overall flux distri-
bution would still have the same main harmonic components,
although the motor as well as the bearing performance would
be impaired since other frequency components occur, which do
neither contribute to the motor torque nor to the bearing force.
However, this effect is partially compensated by the higher over-
all flux density amplitude, due to the lower magnetic resistance
of the nonsaturated iron.

For the calculations, in this paper the flux of a single winding
is assumed to return only via the two direct neighbor teeth of the
originating tooth. This fact has also been verified by 3-D FEM
simulations for the exemplary configuration. Fig. 3 shows the
flux distribution of a current /g, = 3000 A-turns flowing in a
single winding wound around one of the stator teeth. It can be
seen that the winding current does not influence the air-gap flux




1092

but the flux in front of the specific tooth and its direct neighbors.
The flux in front of the other stator teeth is influenced only by
the permanent magnets of the rotor. This allows a very easy way
to calculate the stator flux density distribution.

B. Calculation of the Stator Flux Density Distribution

The total stator flux density is then calculated as a composition
of two sine waves, a harmonic wave with order ¢; caused by the
g-slotted stator teeth, and a wave ¢, generated by an appropriate
winding scheme, which is different for the motor drive and
bearing windings. As the motor drive and bearing teeth are split
alternatingly, and thus only every second tooth is used for the
motor drive or bearing winding, respectively, the order of ¢; is
equal to g/2.

According to the well-known equation

cos(a — ) — cos(a+ f3)
2

the resulting flux density depending on the angle ¢ is propor-
tional to

sin(a) - sin(8) = ®)

AB(p) ~sin(ey - ¢) - sin(es - @)

_cos((cr —c2) ) —cos((c1 +c2) - )

= 5 .
Therefore, the resulting flux density exhibits harmonic compo-
nents with the order (¢; — ¢2) and (¢; + ¢2). In the following,
the harmonic flux density components will be calculated for the
drive and the bearing system.

€))

C. Motor Windings of the Exemplary Configuration

As explained in Section III-A, the required stator field for
the generation of a motor torque must have the same number
of poles 2-p = 26 as the rotor with its 26 permanent magnets.
As mentioned earlier, this is achieved by the modulation of the
harmonic wave with order ¢; = ¢/2 = 12 generated by the ¢
stator slots and a sine wave with the order ¢ 4,v = 1 generated
by the appropriate drive winding scheme (cf., Table I for the
winding scheme sequence.)

According to (9), the resulting stator flux density distribution
A By, () of the motor drive windings along the circumferential
angle  is proportional to

ABygyy () ~sin(12 - ) - sin(p)

_ cos(11 - ¢) fcos(13'g0). (10)
2

Thus, the pth harmonic with fg,+/fimecn = p = 13 is generated.
The flux in front of the active and passive stator teeth, generated
by the drive windings, is depicted in Fig. 4(a). Interestingly,
the 13th harmonic component of the resulting flux density is
not directly visible. But a frequency analysis of the air-gap flux
distribution [cf., Fig. 4(c)] shows that a frequency component
with order p = 13 occurs as calculated earlier, which leads,
by interaction with the rotor permanent magnets, to a resulting
torque as shown in Fig. 1(b). Fig. 5(a) shows the resulting flux
distribution of the drive windings together with the permanent

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 17, NO. 6, DECEMBER 2012

TABLE I
‘WINDING CONFIGURATIONS FOR SOME EXEMPLARY SINGLE-LAYER AND
THREE-PHASE MOTOR CONFIGURATIONS

2:p=8andg=6
1 2 3 4 5 6
D, D; D,
-B; -B; -B;s

2:p=14andg=12
1 2 3 4 5 6 7 8 9 10 11 12
D, -Ds D, -D; Ds -D;
By B; B, B, Bs B,

2:p=20and g =18
1.2 3 4 5.6 7 81910 11 12 13 1415 16|17 18
D, D, -D, D; D; -D, D, D, -D3
B, -B; -B, B; -B, -B; B, -BI -B,

2:p=26and g =24
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

D, D, -D3 -D3 D, D, -D, -D,; D; D; D, D,
B, -B; B, -B, B; -B; B, -B; B, -B, B; -

B,

D,-D; are the three drive phases and B,-B; are the three bearing phases, the
sign indicates the sense of the winding around the tooth. The ¢ stator teeth
are numbered in bold.

magnets gained by 3-D FEM simulation. The tangential forces
acting on the rotor and generating a resulting torque are visible.

D. Bearing Windings of the Exemplary Configuration

To create a resulting radial force, a stator field with the har-
monic order equal to the number of rotor pole pairs p £ 1 has
to be generated, as explained in Section III-B. Therefore, for
the exemplary configuration with an interior rotor the harmonic
order of the stator flux density distribution has to be p + 1 =
14. With this, the tangential and radial force components sum
up in a resulting force pointing in the same desired direction.

The flux density distribution of the bearing system can be cal-
culated analogously to the calculations for the drive system in
Section IV-A. The order of the harmonic wave, which is gener-
ated by the bearing windings (cf., Table I for the winding scheme
sequence), iS ¢z png = 2. Using (9), the resulting flux density
ABy,y,, () of the bearing windings along the circumferential
angle ¢ can be calculated proportional to

AByg () ~sin(12 - ¢) - sin(2 - ¢)

_cos(10 - p) —cos(14 - ) (11
= 5 .

Therefore, the bearing windings generate the (p+1)th harmonic
with fi,e/ fmeen = (p + 1) = 14, which produces, in interac-
tion with the rotor permanent-magnet flux, a resulting radial
force acting on the rotor, composed of radial and tangential
force components. Fig. 4(b) shows the resulting flux density
distribution. Again, the relevant harmonic wave with order (p +
1) is not directly visible, but can be seen in the analytical fre-
quency analysis shown in Fig. 4(d). Fig. 6(b) shows the actual
flux distribution gained by 3-D FEM simulations; as one can
see, the resulting force consists of radial and tangential force
components. The generation of the tangential and radial force
components summing up in a resulting force is visible.
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Fig. 4. Flux density distribution in front of the active and passive stator teeth of (a) drive and (b) bearing windings with the corresponding fundamental harmonic
waves ¢1 qrv and cg 1y, respectively, and the harmonic frequency components of the resulting field caused by the windings for (c) drive and (d) bearing.
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V. INFLUENCE OF THE POLE/SLOT COMBINATION TO THE
MOTOR AND BEARING PERFORMANCE

So far, the principles of force and torque generation in bear-
ingless brushless motors have been derived, but no performance
criteria have been defined. To find an appropriate combination
of the number of rotor poles and stator teeth for a specific ap-
plication, such criteria help to find the optimal combination.
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3-D FEM simulation results of an exemplary (a) drive and (b) bearing winding excitation resulting in a clockwise torque Tcs.

A. Motor

For the motor part, the achievable torque per ampere winding
per phase and tooth has to be maximized, while the cogging
torque has to be minimized. According to [25], the total motor
torque is given approximately by

1 N

Tres = —kw drv - Nary - q- Bpm . A5 . j (12)
4
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(b)

Fig. 6.  Derivation of (a) drive winding factor k,, 4,y and (b) bearing winding
factor ky, ,ng With the aid of the star of slots as introduced in [26].

where Ny, is the number of turns around each drive tooth, ¢ is
the number of teeth, BPW is the peak value of the no-load air-gap
flux density, A; is the radial rotor surface, / is the winding peak
current, and k,, q.v is the winding factor of the drive windings.
The winding factor describes the percentage of utilization of the
current for the motor torque generation. The achievable motor
torque is directly proportional to k,, 4,v, which depends on the
combination of 2-p and g. A winding factor of k,, 4,+ = 1 can be
reached if 2-p = g, but this would lead to an unacceptable high
cogging torque. For fractional slot motors, k 4rv is always
smaller than 1, since the permanent-magnet flux density can
never be perfectly in phase with the stator flux density at each
of the qq,v/mq.v stator teeth. Fig. 6(a) shows graphically how
the winding factor k,, 4, of the exemplary configuration 26/24
can be derived with the aid of the star of slots, which describes
the electrical angles of the electromotive force phasors between
the stator slots as introduced in [26]-[28]. The winding factor
corresponds to the mean phase shift of the winding currents
of a phase and the permanent-magnet flux in front of them as
detailed in [26]. For the motor at hand, it can be calculated by
Gdrv /Mdry

Mdry

kw drv = cos(Aq;)

qdrv i—1

13)

where Aq; is the phase shift between the phasor of the ith
drive tooth and the resulting phasor sum of all drive teeth of the
corresponding phase.

1
=1 (2-cos(22.5°) + 2 - cos(7.5°)) = 0.958

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 17, NO. 6, DECEMBER 2012

The cogging torque can be minimized by choosing a com-
bination 2-p/q with a high least common multiple since this
leads to a higher cogging frequency and this lowers the cogging
amplitude. If the least common multiple of p and ¢ is orders
of magnitude above the number of stator teeth ¢, the cogging
torque can be neglected compared to the motor torque of com-
mon motor topologies.

B. Bearing

According to (3), the resulting radial Maxwell force of any
two opposite bearing teeth is proportional to

Frcsl,Z - Frad,l + (_Frad,Q)
~ (Bpy + AByag)” — (Bpu — Adeg)2

~ Bpn - ABydg ~ Brw - Lwdg - (14)
Thus, the resulting force in any direction is proportional to the
permanent-magnet flux as well as the flux generated by the
bearing winding, which is proportional to the winding current
as long as saturation is neglected. Consequently, the resulting
overall force is proportional to the winding factor ky, 1,ne, Which
describes the phase adjustment of the permanent-magnet flux to
the bearing winding current. This is true despite the fact that the
resulting bearing force consists of tangential and radial forces,
i.e., Lorentz and Maxwell forces. Since the bearing force is
created by a different harmonic order of the winding compared
to the motor winding (14 instead of 13 for the case at hand), the
winding factor is different. The winding factor of the bearing
winding k,, pne can be derived graphically as shown in Fig. 8(b)
and for the exemplary configuration it can be calculated by

qhng/mhng

D

i=1

Mpng

cos(Aq;)

kw,bng = @
ng

= i (4 - cos(15°)) = 0.966. (15)

C. Winding Factors for Different Configurations

Consequently, not only &, 4+, but also ky, 1,ne has to be taken
into account to reach both a good drive and bearing performance.
Together with (1) and (2), a pole/slot combination has to be
found, which has a winding factor close to 1 not only for the
combination 2-p/q but also for the combination 2-(p + 1)/q to
reach both a good motor and bearing performance.

It can be seen in Table II that the combinations close to the
diagonal (2-p/q = 6/6; 12/12; 18/18; 24/24;. . .) are characterized
by very high winding factors (along with low cogging torque).
Additionally, the winding factors increase toward higher number
of poles and slots. As mentioned earlier, not only the winding
factor of the drive winding has to be considered, but also the
winding factor of the bearing winding with py,,, = pary + 1.
The exemplary combination with 2-p = 26 and ¢ = 24, which
was used for the prototype, has superior winding factors (>0.95)
for both the motor and bearing winding.
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TABLE II
WINDING FACTOR OF THREE-PHASE, SINGLE-LAYER CONFIGURATIONS

q
2p 6 12 18 24
2 1.000 0.966 0.960 0.958
4 0.866 1.000 0.945 0.966
6 1.000
8 0.866 0.866 0.617 1.000
10 0.500 0.966 0.735 0.588
12 0.866
14 0.500 0.966 0.902 0.766
16 0.866 0.866 0.945 0.866
18
20 0.866 0.500 0.966
22 0.500 0.259 0.958
24
26 0.500 0.259 0.958
28 0.866 0.500 0.966
30
32 0.866 0.866 0.866

The red circles mark the most reasonable combinations of drive and bearing
windings for bearingless motors along the line 2-p = g.

TABLE III
COMPARISON OF DIFFERENT CONFIGURATIONS OF 2-p/q

Parameter 2p=8, 2p=14, 2p=20, 2p=26,

q=6 qg=12 q=18 q=24
Drive winding factor £, 4y 0.866  0.966 0.945 0.958
Drive torque” 74, [mNm/A] 7.27 10.74 10.29 10.31
Cogging torque” Teoge [Nm] <05 <05 <0.5 <05
Bearing winding factor &, e 0.500  0.866 0.902 0.966

Bearing force” Fim [mN/A] 88 129 152 153

“gained from 3D FEM simulations with optimized geometry parameters for
each configuration.

VI. VERIFICATION BY 3-D FEM SIMULATIONS AND
EXPERIMENTAL MEASUREMENTS

Table III shows the results of the exemplary configurations
2-plq = 8/6; 14/12; 20/18; and 26/24 gained by 3-D FEM sim-
ulations. Apparently, the combination 26/24 is the best choice
in terms of motor torque and levitation force due to the high
winding factors, although the improvement seems minor com-
pared to the combination 20/18. The smaller magnet size of the
combination 26/24 is a further advantage, as this simplifies the
handling and manufacturing of the rotor. The cogging torque
of all considered combinations is less than 0.5 Nm and can,
therefore, be neglected.

A laboratory prototype with 26 rotor poles and 24 stator
slots has been built to verify the assumptions and the simplified
model. A photo of the prototype is depicted in Fig. 7, where
also the main parts are labeled. With an appropriate control
algorithm and a power electronics inverter, the rotor can be
levitated contactlessly. The prototype system has been designed
for a target maximal rotational speed of 5000 r/min, which
is challenging in terms of the bearing control algorithm and
signal path requirements due to the high electrical frequencies
caused by the high number of rotor pole pairs. In addition, a
stable bearing at such high speeds demands very precise position
and angular sensors. Experiments with the prototype system
have shown that the electrical angle may not differ by more
than 15°, which relates to a mechanical angle of Apyecn =
15°/p = 1.15° to guarantee a stable operation of the magnetic
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levitation. This fact results in high demands on the accuracy,
the sensitivity, and the noise immunity of the angular sensors.
Furthermore, the fabrication of the rotor (including the iron ring
and the permanent magnets) must be very precise. While an
eventual mass unbalance can be compensated to some degree
by mechanical balancing of the rotor, unequally magnetized
permanent magnets may lead to high-frequency bearing forces
which might be difficult to handle especially for the targeted
high rotational speeds.

Fig. 8 shows the drive and bearing currents 4,y and Iy,
respectively, as well as the radial and axial deflections Az and
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TABLE IV
PROPERTIES AND EXPERIMENTAL RESULTS OF THE PROTOTYPE

Parameter Symbol Value  Unit
Number of stator teeth / slots q 24
Number of drive teeth Gary 12
Number of bearing teeth Gone 12

Number of rotor poles 2:p 26
Number of bearing phases Mg 3
Number drive phases Mry 3

Target maximum rotational speed Ty max 5000 r/min
Permanent magnet length Imagnet 10 mm
Stator iron height Nstator 40 mm
Stator outer diameter Aytator 270  mm
Rotor outer diameter rotor 200 mm
Mechanical air-gap J 2  mm

Az, respectively, of the prototype system during controlled op-
eration. The rotor has been accelerated to a maximum speed
of n, = 2500 r/min, then decelerated again, and a reference
position step has been done during standstill. Further improve-
ments of the power electronics and the sensor system will allow
rotational speeds of up to 5000 r/min.

With the laboratory prototype radial suspension, forces up to
Flax =350 N in every desired direction can be generated. The
most important motor parameters are listed in Table IV.

VII. CONCLUSION

In this paper, the principles of motor torque and suspension
force generation in bearingless brushless motors are explained
and analyzed.

1) The radial and tangential force components are calculated

based on the underlying physical principles.

2) The conditions, which lead to a resulting motor torque and
suspension force, respectively, are derived.

3) Itis shown how the required stator fields can be generated
with an appropriate windings scheme.

4) A performance analysis has been done and a guideline
how to choose a configuration, which leads to both a good
motor and a good bearing performance, is given.

The general explanations are exemplified and illustrated for
an advantageous configuration, and can be used for future de-
velopments of bearingless brushless motors with different stator
slot/pole-pair combinations. Even an adaption for motors with
outer rotors can simply be derived from the presented equations.
The results have been verified with a laboratory prototype using
the presented exemplary configuration.
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