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Abstract: The design of a high speed bearingless drive shows special requirements concerning topology and loss
minimization. This paper discusses the use of a bearingless disc motor for such a purpose. The effects of the selected
geometric dimensions on the ability to produce passive and active bearing forces are studied in 3D-FEM simulations.
Furthermore, a toroid winding, suitable for the chosen flat motor geometry, and an adequate 5-phase winding scheme
are proposed. In an analytical part, the copper losses due to the motor and bearing currents, as well as due to the
external rotor magnet field are calculated. The results lead to the selection of a preferable litz wire gauge which is
finally used in the construction of a first motor prototype.
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Introduction

Over the past decade, the development in magnetic bearing technology has drawn great interest
worldwide. In addition to the well known advantages of magnetic bearings, great advances in drive
compactness and material costs can be achieved by placing the motor and bearing unit onto one
common stator. Going even further, the winding systems can be combined, too. This results in a
highly concentrated design, where each coil contributes to both bearing forces and motor torque. In
analogy to the term sensorless, these emerging drives are referenced as bearingless drives.

A favorable form of implementation are disc motors. These motors use the passive stabilization of
magnetically suspended slice rotors for the axial and the two tilt deflections (Fig. 1). Thus, the
active stabilization degrees are reduced to the two radial deflections only. So far, bearingless
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Fig. 1. Passive stabilization of disc motors

disc drives have mostly been implemented to be suitable for pumps [1]-[8] and special equipment
as, e.g., in biotechnology or semiconductor processing [9]-[11]. As shown in Fig. 2 the required
rotational speeds typically do not need to exceed 15.000rpm.

Some of the main difficulties when pushing for high rotational speeds are the magnetic bearing
properties and the rotordynamic stability. Furthermore, various losses such as eddy current losses
increase with rising speed and, therefore, need to be minimized. Addressing the various difficulties
throughout the design process, the presented paper discusses principle aspects for high speed
bearingless drives.
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Fig. 2. Map of bearingless drives
Drive Design

Motor Topology: The interior rotor PMSM design applied in this project usediametrically
magnetized NdFeB magnet ring in order to produce a smootlssidal magnetic field in the air
gap. Fig. 3 shows the magnetic field lines when using a sidtBi#2 NdFeB permanent magnet
ring rotor with an inner back iron ring. This hollow ring stture allows a higher ratio of polayy)
to diametrical (/;) moment of inertia without reducing the axial lendthand thus, the producible
bearing forces and torques, because

I 9. (r3+17)

Ja 03t g)
m,, 7, andr, represent the rotor mass, its outer diameter and the indarsraf the back iron
ring, respectively.

Winding design: The stator made of laminated nickel-iron alloy carries astmnected 5-phase
slotless winding system constituting the minimum numbepludises necessary for both controlling
motor torque and bearing forces independently and avoisimgje-phase characteristic when using
a slotless motor [12]. Furthermore, the slotless designaesithe hysteresis and eddy current losses
in the stator, which are especially relevant at high roteticspeeds of the rotor.

With the chosen configuration of 5 phases and 1 coil per ploadg,3 winding variants shown in
Fig. 5 are feasible. Of these three possibilities, thegitth winding (Fig. 5(a)) cannot generate any
bearing force on a diametrically magnetized magnet rotbe Winding system with concentrated
coils (Fig. 5(c)) has a winding factor of only 0.587 for ciegtthe magnetic field necessary for
generating torque. With the remaining variant (Fig. 5(thjs value is 0.951, which means it is
better suited to create torque-generating magnetic fidlds.capabilities to produce bearing forces
with the latter two systems are exactly opposite: 0.951 ystesn (c) and 0.587 for (b). For the first
prototype, system (b) is chosen, since even the smallemigeorces will satisfy the requirements
according to 3D-FEM simulations and a better efficiency carekpected.

(1)

Winding form: Instead of a conventional air gap winding, a toroid windiogt as shown in
Fig. 4 is used. Basically, these two coil types are equitatencerning torque and bearing force
creation [13] but still the toroid form is very unusual for tacs. First, the ratio of winding head to
active colil length increases for the toroid, and decreasethé conventional air gap winding with
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Fig. 5. Possible winding schemes

rising axial motor length. Second, the toroid form leads tsignificant increase of wire length
in case of concentrated coils. However, in the present flabmiesign with the chosen winding
configuration (b) the necessary wire length is reduced by AL%to shorter end windings, thus
decreasing resistive losses. Also, the toroid winding faermuch easier to manufacture and more
flexible in the sense of a modular prototype.

Wire selection: Despite its advantages concerning iron losses, the sfotlesign means that
the alternating magnetic rotor field is not concentratedtamos teeth but is penetrating the copper
conductors, where eddy currents are induced. Concernamgformers, [14]-[17] deal with ana-
lytical approaches to calculate the AC-related windingéss Ferraras separation approach due to
orthogonality [17] can be written as

A

I
Pskin == Ns . Rdc,s : lwire : Fskin : (ﬁ)z (2)

for skin effect related losses and

A

2

Pprom = Ns ' Rdc,s : lwire ' Gpro:v ' ( + f{2)) (3)

2712 d2
with ;. being the wire lengthlV; the number of strands in case of litz wire aRg. ; the resistance
per unit length of the wire in case a solid conductor and of stnend in case of litz wire. Further,
d,, represents the diameter of the entire litz bundle or thedswire. I stands for the peak value
of the applied sinus current and is the peak value of the cumulated magnetic field due to the
neighboring wires. The exact formulation 8f;;, andG,,,. is only possible for round conductors.
They yield
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equation describing a Bessel function of the first kind.
The above calculation scheme can be adapted to calculatéoskes occurring in the copper

windings of the presented motor. Skin effect losses desdhib copper losses as a function of the
applied frequency. At the present maximum frequency, heweawe resistance increase is below
0.2% for the solid wire and belovd.5 - 1073% for the litz wires. Therefore, the skin effect related
losses can be approximated as being equivalent to the D@ecdpsses.
The internal proximity effect is only relevant for litz wsge since it describes the eddy currents
due to the magnetic field produced by the neighboring strantisn the same wire. The external
proximity effect however, takes the eddy currents, proddixgthe magnetic field of the neighboring
wires (H,,), into account. Other components, such as the magneticdiedo a nearby permanent
magnet {{.), can also be superposed as long as they can also be estitnateduniform within

the regarded conductor. Eq.7 gives the description of tte lmsses in the 5-phase motor winding.

Ptotal =5- Ns : Rdc,s . lwire : (Fskm : <NS>2

~ jQ ) -
—+ Gprom : (m + (Hw + He) ))7

(4)

(5)

(6)

£ = ol
whered, and ¢ represent the strand diameter and the skin depth of the swatetrand or solid
wire. KelvinBer and KelvinBei Stand for the real and imaginary part of the Kelvin differaht

(7)

The internal proximity effect as well as the external proxyneffect due to the neighboring wires
turn out to be absolutely negligible due to the low frequesci the losses due to these effects are
in the sub-mW range. Therefore, just the DC-losses and tbeinity effect due to the external
permanent magnetic field are relevant. Fig. 6 shows the B€eand the total prospective losses
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for two different litz wire and one solid wire configuratiorespectively. Also, Fig. 6 clearly shows
that the proximity effect losses for the solid wire becomgyvegh as the rotational speed increases.
Litz wire is therefore used instead of solid wire.

It is assumed that all the conductors which are connectedaiallpl, such as the single strands
of a litz wire, experience the same flux linkage. This woultlentvise lead to different induced
voltages within single strands and resulting balancingesus causing additional copper losses. In
order to keep this effect as low as possible, the litz wiredsde be twisted, so that each conductor
preferably experiences the same induced voltage.

3D-FEM Calculation

Several requirements concerning the motor charactexisian be linked to distinct geometric
dimensions. First, the ratio of polar to diametrical momehinertia of the rotor must be kept
above 1 to constitute the rotational axis as principal axisnertia in order to ensure proper
rotordynamic behavior. Then, the passive stabilizatiormds for axial and tilt deflection can be
increased by reducing the magnetic air gap and the axial mength. However, the available
winding space must remain wide enough to allow the prodoctibthe necessary torques and
radial forces without having to apply unacceptably highreotr densities to the windings. This
concerns not only normal motor operation, where the limittfee permanently applicable current
density was set t6 mj‘n > but also the start-up procedure. For the short period of,tieeessary to
lift the rotor out of its excentric resting position, the amt limit is given by the power electronics.
The above demands were used as target parameters for thecteth@D-FEM optimization as a
2D finite element simulation would not take the winding head ather edge effects into account
that are relevant for flat motor geometries. Fig. 7 shows thM Fesults for the radial passive
forces acting on the rotor in the resting position and thertstesm maximum of the producible
radial active bearing forces. The latter increase propoally with available coil space, but saturate
due to decreasing magnetic field strength, since the codespapart of the magnetic air gap in
the present slotless motor design.

Prototype

A first prototype, which is shown in Fig. 8, implements the dasions of the analytical and FEM
supported design process. The wire selection was influebgeal limitation concerning available
phase voltages. In drives using separated motor and magmediring units, the torque-winding
experiences the back-EMF induced by the alternating roébd.fiThis reduces the voltage range
available and thus limits the current transition rate. ity one combined winding system present
in the proposed design, the creation of both torque andrg#éorces is concerned. Therefore, the
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225 x 0.071mm litz wire was used for the prototype coil system. Even thoitgyields higher
losses than th&@80 x 0.04mm wires, the coils feature less winding turns, which limite thduced
back-EMF and allows proper levitation up to the target speed

Conclusion and outlook

This paper presents the layout of a slotless 5-phase bé&ssdisc drive suitable for high speed
operation. The dependencies between geometric dimenamahshe producible passive and active
magnetic bearing forces show that the values for, e.g. ar@tor length, coil space width and
magnetic air gap width have to be chosen thoughtfully in otdepermit the functionality of
the bearing unit. In 3D-FEM simulations, the assumed depecids are analyzed and verified.
Furthermore, a special focus is put on the winding desigmre/a toroid winding form is proposed.
In an analytical calculation of the eddy current lossess ishown that litz wire should be used
instead of solid wire in order to minimize the occurring lessdue to the rotating permanent
magnetic field of the rotor. Following the results of the siation and analytical calculation results,
a first prototype has been built. In the next design state soreaents have to be conducted in
order to verify the loss predictions and design decisions.
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