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Abstract
Purpose - This paper proposes an analytical model for theutation of forces ripples in bearingless permamesgnet motor.

Design/Methodology/Approach - The model is based on a spectral modeling of theefobased on a spectral analysis of the air-gep fl
density

Finding - The proposed methodology allow the predictiothefripples of the levitation according the desifthe machine and the topology
of the winding. It can be used in the design pracedf bearingless motor in order to avoid mectaniesonance of the rotor shaft.

Research limitations implications - This model cannot be used for high saturated mash

Originality/Value - The main originality of this paper consists oa #valuation of the field harmonics according irtisources and the
contribution of the different harmonics to the mipples. This can help the designer to focuseslueing or eliminating only the harmonics of
flux density which create the force ripples.

Keywords - Magnetic levitation, Bearingless Motor, PM motoigh speed motors, Radial forces
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1 Introduction

Nowadays, high speed or high purity applicatiores \arious in many industrial processes which néeduse of magnetic
bearings for electric machines. Topologies of elechotors with magnetic bearings are various,thatgeneral principle of such
machines is to use two radial bearings to conltlposition in the plane and one axial bearingtarol the movement in the axial
direction (Fig.1-a). To ensure the magnetic leidtatthe rotor must be magnetically stabilized imefidegrees of freedom (3
translational and 2 tilting). The three magnetiariregs presented in Fig.1-a, ensure this stabidimatHowever, this makes the axial
length of the shaft rather long and may increagilegoower supplies of the machine. Increasing xied Eength of the rotor leads to
decrease the critical speed and mechanical fregegenc

Bearingless motors are electromagnetic devicescragenerate both suspension force and torqusiimgke unit. They allow
the suppression of one radial bearing as showrigrifb. By the way, the axial length of the ratgtshaft can be reduced and the
critical speed increased. This solution reducesittlmber of power supplies but increase the comiylexithe motor and requires a
detailed modeling of the various interactions thal occur in the air-gap of the motor (Schneid€720(Oshima, 1996).

Radial active Radial active Axial active
magnetic bearing magnetic magnetic
bearing bearing

Y

7 /

Motor Axial active
magnetic bearing Bearlngless motor

@ (b)

Fig. 1. From the magnetic bearing motor to a Inggess motor
a- Classical High speed motor with 3 active magrisarings
b - Bearingless motor with 2 active magnetic bearing
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Various topologies of bearingless motors have h@eposed in the last decade. Many contributiondedeaith PM motor,
reluctance machine (Liu, 2009), induction motorif@h1997), or slotless disc motor (Steinert, 2013)

The knowledge of the harmonic content of the ap-fiax density allows the prediction of the forcaweforms and its harmonic
content. In this paper, an analytical model basedhe spectral decomposition of the fields credtgdlifferent sources (stator
winding, rotor magnets, ...) is developed. Usingp&ctral approach, the contributions of differamteiactions between the
harmonics of the radial and tangential componehtleoair-gap flux density are evidenced. Experitaktests are carried out on
a prototype of bearingless motor designed and naatwied for this purpose.

2  General thoery of multi-phase bearingless motors

2.1 Magnetic field approch

The distribution of the flux density and magneteld in the air-gap of electrical machines is eisgéin the process of energy
conversion. Both stator and rotor armatures geeenaignetic field in the air-gap. The calculatioritaf radial force needs the use
the projection of the local magnetic stress onvamgisystem of axes. This is suitable for the comtparts of the excitation forces
for the mechanical modes. In magnetic levitatibe, control of the first mode is required to cohthe forces in the X and/or Y
directions. Forces along these axes can be exprbgse

ke = 2: J.T[(BZ — B?) cos 8 — 2B, B, sin 6]d8
0
1)
RLy (2 )
Fy = 5% [ [(BZ — B?) sin 0 + 2B,B, cos 6]d0

whereB,, andB; are respectively the normal and tangential compiooiethe flux density. R is the radius of a circular paftrshown
on Fig.2 . L, is the length of the iron stadk, is angular position ang, the permeability of vacuum.

Fig. 2. Schematic representation of the bearisgiestor:
XY axes, Path for Tensor calculatidghs the position angle.

2.2 Multi-phase electric systems approch

In order to control the space harmonic contentiefap flux density, with multiphase machines, tise of general theory of
multi-phase systems is required. Let's considgphase winding withy concentric coils. This winding can be suppliedider
to create @-pole flux density in the air-gap. The generaligahcordia transformation can be applied to obt#ferént two-phase
equivalent systems.

liny taripriaaips -] = Tlylis iais - g 2

whereTy, is the gerneralized Concordia transformation matfiorder q .

The equivalent currents,, ig; represent the "main” 2-phase system denotdgyyand create an equivalent current sheet with
p poles on the inner surface of the stator. Theeaisri,,, iz, represent the first "secondary” system denoted,py. It is
characterized bgp poles. If the number of stator phases is gredi@n 6 the generalized Concordia transformation igees
additional "secondary” systems denoted lpy, wherem is the system order which cannot excegd« 1)/2) (Semail, 2004).



In the case of bearingless motor, it is necessacydate two equivalent current sheets of 2 andldsprespectively in order to
ensure the levitation force. Therefore, if the pulenber of the main systelyy; isp = 1, the pole number of the secondary system
lopz 181 2p = 2 =p + 1. So the currentd, g, and I,z, have to be controlled carefully to generate faeé torque with the same

multi-phase system.

From the magnetic field approach, the equivalestesys 1,5, and I,z, create two current sheets in the inner surfadbef
stator that could be created by two separate 3epasdings. The first one is of 2 poles while tiee@nd one has 4 poles. The
difference between the two approaches lies withetbetric connectivity of the phases and the pauply. Hereafter, the analysis
will carry on with the principle of generalized rtiyphase theory even if the study can be restritbethe case of two 3-phase
winding which is a special and particular case.

The multiphase windings generate high order harosoand their ranks depend on the pole number aasephumber. These
harmonics can be significant and have to be tak®reiccount and in order to consider their contiilsuto the torque and levitation
force. The "main” systeml,;, generates harmonics of ordetg + p where m is a given integer whereas the systegy ,
generates harmonics of ordeng + 2p. As examples, we consider the cases of 5-phaké-phase motors with 2 poles € 1),
the stator winding generates harmonics of the flarsity presented in Tab. | where the nature ofctireesponding waves is
specified by "F" for forward harmonics and "B" feackward harmonics.

On the other hand, if we take a look on the fieddnonics generated by the rotor, they depend onot@ogy of the rotor
(surface mounted, surface inserted, buried, .a).darface magnet rotors, we can identify two caBesallel magnetization or
Radial magnetization of the magnets. In the fiestecthe air-gap field is sinusoidal and only orrenleaic exists while in the second
case all odd harmonics are in presence. All thasmdinics are forward because they are moved bytbein the positive direction
(Tab. I). Interactions of these harmonics mustaben into account in the calculation of the forc@ider to control the levitation
force and electromagnetic torque.

Table 1: Magnetomotive Force (MMF) harmonic repnésgon due to the systemyg;; I,5, and the magnets — 5-phase

winding
MMF Harmonics Permanent magnet Harmonics
1123 /4|5|6|7[8|9|10)] 11|12 1123 |4|5|6|78|9]10] 11
lag1 F B F B Parallel F
oo F B F B Radial F F F F F F

3 Spectral analysis of the suspention force

The case of smooth rotor is considered. The caloulaf the air-gap field distribution can be penfed by either analytical or
numerical model. The model developed in this pdyggins with the spectral analysis of the magnédic density over a circular
pathI” passing through the air-gap for each source afdiensity. By neglecting the saturation of the iomme, the superposition
principle can be applied. The normal and tangentaponents of the flux density for each souraesexpressed as follows
(Lapdbtre, 2014):

@)

Bn(0) = ; Yres|Brgi| e/fnskeikd 1 |Bng,| e~inske=ike

B.(0) = %Zk_s|Bts_k| elOcskeik0 4 |Btg, | e I0ske=IkO
In this equatior|Bn | and|Bt | represent the amplitudes of the radial and targestmponents of the flux density due to the
source 3". The anglesé,, s, andf, s, are their respective phases. The substsiptorresponds to the different field sources
which exist in the motor. In the studied motor veevd the two systems, s, , I3, and the rotor magnets.
The use of the force components and spectral degsitign of the air-gap flux density, allows estahling accurately the harmonics
contributions to the levitation force. The combiaatof equations (1) and (3) allows determining ¢benponents;, andF, which
can then be expressed by:



_ RLzm

2u0 Zs,a,k FXk,s,a (4)
r.Lzm
= Zs,a,k FYk,s,a

X

E =
y 2po

Where the componeni,, ; , andFY, ;, are the elementary forces generated by the irienaef two successive harmonics of
rankk andk + 1 due to similar or different sources. Considering phase shift of normal and tangential flux dgrisrmonics
according to the source location, the fofég ;, andFY; s, can be simplified as follows (Lapbtre 2014):

FXi,s,a =K COS(ans,i - 6n7a,i+1)
FYisa =K Sin(en,s,i - 6n,a,i+1)

Therefore the subscriptsands can have the values "out" in the case of outsidece (winding) and "in" in the case of inside
source (magnets). The amplitudedepends on the location of the sources relativihn¢ocontour. The four possible cases are
summarized in Tab. II.

(5)

Table 2: Expression of the amplitude K accordinthtlocation of the sources
Biou Biin

Birou  (IBuaisa| + |Beasss)- (Busil = [Besil) | (IBrageal + [Beawal): ([Busil + |Bes:l)

Bisiin (IBrais1] = [Beairal)- (IBrsil = 1Besil)  (Braiss| = [Beaisal): (|Busil + |Besil)

In this table, the magnitudé is determined by the sum or the difference oftpasterms according to the harmonic rank and
the location of the sources ("in" or "out"). Usithg expressions given in this table, the harmoaortent of the flux density can be
chosen in order to maximize the fundamental compoidevitation force and to minimize the harmooantent as well. lllustrative
examples will be given in the following.

4 Application to 6-phase Windings

The developed model allows determining the leatafiorce for any topology and takes into accouatdpace harmonics of the
magnetic field and the corresponding force ripplieghis section, the case of 6-phase with radiglarallel magnetized rotor are
presented and discussed. For each case, the fakedorms acting on the rotor over a whole periadeiermined by the proposed
model as well as by full FEM computation. To seitifluence of high order space harmonics, theetuisrare controlled in order
to generate a constant levitation force. The imfbgeof the high order harmonics is highlighted.

Consider a 6-phase, 2-pole permanent magnet machirestator winding composed by 6 concentratet$ eghich can be
supplied by a 6-leg inverter. The stator windinglipplied by the superposition of two 6-phaseserusrcorresponding to the systems
logy and Ipp, -

ij1 = Iqp1 cOS (wlt + ¢, + %)

©
=)

liz = Iap, cos (wzt + ¢, +

a1y lapz, w1, ©2, 1, andd, represent the amplitudes, frequencies and theepledshe two systems respectively. The currents
I,p1 generate a 2-pole magnetomotive force (mmf) indiihggap and the currentg;, generate a 4-pole mmf. According to the
multiphase winding theory, the two systems gendaateard harmonics of the air-gap flux density afik6m + 1 andém + 2 and
backward harmonics of rarkn — 1 andém — 2. These travelling waves have different mechanieldcities but they present the
electrical frequencies,, w,, when they are expressed in a fixe frame.

In the case of parallel magnetized rotor, the meggenerate a pure sinusoidal flux density withfteguencyw due to the rotor
speed. All these existing harmonics and their feegies are summarized in Tab. lll. The harmonierattions and pulsations in the
case of radial magnetized rotor are given in Teb. |

In these tables the different pairs of harmonicgiwinteract and generate radial force componem’t®@denced. They can be
gathered in three groups highlighted with the tloaers (red, blue, yellow). They correspond todifferent cases listed in Tab. Il

« red: force component which norm is the productaf sums,
« blue: forces component which norm is the produdtaf subtractions,
« yellow: forces which norm is product of subtracteomd sum.



In the case of parallel magnetized rotor, the fahle to the magnets is sinusoidal. Only the fisttonic exists. The forces of
the second group (blue) do not exist. They apgeheirotor magnets are radial magnetized.

41  Caseof parallel magnetized rotor :

This table allows highlighting the interactionsveeen the field harmonics. The general form of deenentary force due to a
couple of field harmonics is of the form:

F;, = Kcos(w; — w, + ¢) @)

whereg is the shift phase between the two filed harmonics

It is remembered that to have a constant torqeeglctric pulsation of thig system and the mechanical pulsation must be equal
w = w;. In order to obtain a constant levitation forcesihecessary to haver; = w,. Figure 3-a. shows the force compondits
andF, obtained by the proposed analytical model and fui FEM computation. There is an excellent adenice between the two
models and the curves are coincident.

Table 3: Harmonics pulsations and interaction$fphase parallel magnetized rotor

Root Space harmonium
field 1 2 3 4 1 5 6 7 8 9
11 wq —wq Wy

I
|
12 T o —w, | wy
Magnet | | |

Table 4: Harmonics pulsation and interactions fphése radial magnetized rotor

Root Space harmonium
field 1 | 2 3 4 | s 6 7 | 8 9
il 0, | L —wy w; |
B P AT e Qg T~
Magnet | /o | — ~_Gwd 50 N Go |~ 90
S

4.2  Caseof radial magnetized rotor :

Radial magnetized rotor generates flux densityhia air-gap with odd space harmonics of r&mk + 1 and frequencies
(2m + 1)w. These harmonics interact with the field harmomwias to the current systelg,, which are show in red and blue in
Tab.lll. The general form of the elementary force do a couple of field harmonics is of the form:

F;=Kcos(¥F2m + Dw ¥ w, + ¢) (8)

According to the results given above the mecharpaéation and the electrical pulsation of the entrsystent, g, must be
equal. In this condition, the levitation force geated by their interaction has a constant compoagntell as ripples of frequency:
2mw. On Figure 3-b, we show tlie andF, component of the levitation force obtained in tase by using both analytical model
and full FEM computations. It can be seen thatdli&ran excellent agreement between the two modelks again.

The spectral analysis of the forces waveforms esvshon Fig. 4 for botl¥, andF, components. This spectral analysis allows
the identification of the interaction between thiffedent harmonics of the flux density. For examphes interaction of the 2nd field
harmonic due to the currents systémand the 3rd field harmonic due to the magnetsiywes the 2nd harmonic of the force.
Henceforth, the following notatior?,(aﬂz, 3imag = 2force) Will be adopted to describe such situation.

20,

\ \ \ 25
| | |
| | | 20
: : —Fx:FEM 15 7
= —Fy:FEM = -
S0 L | =
- 10 ! ! |~ Fx: semi-analytic o WO . FT ] Fy:FEM
3] | || — Fy: semi-analytic 3] LA | —Fx : semi-analytic
@ 5r--—---- Ao Foo-oo- T 2 5r 1:77777‘7’ R\fi*fﬁi:ny:semi—\analytic
| | | of - -\ ]
Op=---—-="d--==---t------d------— \ A \;/ /" =
e B L ATARGEEEE S ¥ AR
I I I (WA | V i
N | | | _ | | |
50 90 180 270 360 100 90 180 270 360

Rotor position (deg) Rotor position (deg)



(@) (b)

Fig. 3: Forces wavforms : (b) Six phase motor yidinallel magnetization, (a) Six phase motor wittiabmagnetization

The interaction ‘(1a52,3mag = 44rce) COrresponds to the red group characterized byptbduct of two sums while the

interaction g, f20 Bmag = 2force) COMresponds to the blue group characterized éytbduct of two subtractions. That's why that
the amplitude of the 4th harmonic of the forceighbr than the amplitude of the 2nd harmonic.

Furthermore, it can be seen that the harmonicsigtien ranks may have several origins. For exampée ihteractions
(4,a62, S5mag = 6force) @Nd B14p,, 7mag = 6force) l€ad to the 6th harmonic of force. These harnmoaie weak because they are
generated by high rank field harmonics of low atoplé.
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Fig. 4 : 6-phase motor -force harmonic analysigéolial magnetization

5 Experimental results

The experimental tests are carried out on a prpéotigat is designed and manufactured for this fipguirpose. The speed rise of
the machine is up to 60 00Ppm and the power rate is about few hundred WattgyaR#ess the numerical data of this machines,
the general topology of the prototype is presehtréafter. The target of these tests consist indhidation of the principle of two
3-phase separate windings and the analysis obtice harmonic content.

The stator has 6 slots and two double layer conaterat windings. The "torque" winding is designedreate a 2-pole flux density
while the "force" winding creates a 4-pole flux digy in the air-gap. The rotor is made up with aeth armature with a magnet
ring with parallel magnetization. It is made uplwilastic bounded magnets.

Even if the machine is designed as a bearinglessrptbe two active radial magnetic bearings amseoved as well as the axial
one. The radial bearings can be used as senstirs fifrce for the experiments and/or external aticih forces for the simulation
of external perturbations (shocks). The active netigrbearings are well identified and tested by dtendards of SKF-S2M
company. The general structure and a pictureeoptbtotype are shown on Fig. 5. The system isdrivith a dSPACE plateform
and Matlab-Simulink. A general view of the test tleiis shown on Fig. 6.

Radial active magnetic bearing Rad‘a";:;’:n’;‘ag"“i‘
for measurement Axial active magnetic
/ \ \ bearing

Bearingless motor

Axial active
magnetic bearing

Bearingless motor

Fig. 5 : General architecture of the prototype edifingless motor

The first tests consist in the force-current idécdtion along the two axes at standstill and fiffiedent values of the rotor speed.
The linear shape of the curvEg!,) andF, (1) is observed as predicted by the analytic modeamglustration, the force-current
curves at)l = 1000rad/s (9550 rpm) are shown on Fig. 7. The experimemasililts show the linearity of these curves with the
current as predicted by the simulation. Howeverdlig a slight shift betweeiy (I,) andF, (1) in the experimental tests, probably



due the offset in the measurement or mechanicadlanbe. The presence of high level of harmonicthefforce may lead to a
larger difference on the two axes especially fov l@lues of the rotor speed.

Flg 6: General architecture of the prototype ebringless motor
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Fig.7 : Force-current characteristics

In a second step, the force waveforms are measureifferent values of the rotor speed. The resaie of best quality if the rotor
speed is low. Indeed high speeds of the rotorte&ihh frequencies of the force ripples. The resgoof the shaft may filter theses
frequencies and the measurement is of bad quBlitya better precision of the measurement, itdemenended to perform the test
for low speeds. On Fig. 8-a, the forces waveforresshown in the case dd = 300 rpm. The harmonics of the force are clear
and their spectral representation is given on&ig.and a zoom is focused on the harmonics on8Fig It can be clearly seen that
only the 2nd and 4th harmonics are significant lus figures for both¥, andF, . Theses harmonics are due the following
interactions:

The 2nd harmonic is due to the interactioZu,oztBZ, Bmag = 2force

The 4th harmonic is due to the interactiom,t:tﬂz, 3mag = 4force

The ratio between these two force harmonics igie@ment with the theoretical predictions giveFkig. 4.

Another important results that we can highlighhiat the 4th harmonic which is due to high ordet lamv amplitude harmonics of
the flux densities is higher than the 2nd harmaithe force which is due to lower order and highplitude harmonics. This is
due to the nature of the interactions predicte@iah. IV. The 4th harmonic of the force is a "yelldfiarce due to the product of 2
subtractions while the 2nd harmonic is a "red" éowgth the product of two sums. Even if the amplés of the force harmonics

are low, the right prediction of their presence #relr importance is a good information for the gypcontrol and the knowledge
of the vibration of the rotor shaft.
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Fig. 8 : Force waveforms and spectral analysis

6 Conclusion

This paper deals with the modeling of the forcepleg of a bearingless motor. An analytical modedelolaon the spectral
decomposition of the air-gap flux density componisrdeveloped. The model is validated by full #néglement model in many
operating cases. A special focus is made on timadrac content of the levitation force and theisgible consequences. A special
prototype is designed and manufactured for thippse. Experimental tests confirm the theoretic ipteeh about the behavior of
the force in terms of amplitude (average value) l@atinonic content.
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