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Abstract:  This paper addresses the bearingless motor with a single set of multiphase windings. The interaction between M and
M=1 pole-pair magnetic fields produces radial force. Based on this principle, a bearingless machine is obtained. Conventional
bearingless machine has dual windings, levitation windings and torque windings, which produce the two magnetic fields. In the
proposed bearingless motor, the two needed magnetic fields are produced by feeding two groups of currents to a single set of
multiphase windings. Taking a 5-phase induction motor as example, the inductance matrices, considering air gap eccentricity, are
calculated with the modified winding function method. The radial force analytical model is deduced by virtual displacement, and
its results are validated by FEA. The mathematical model of the new bearingless machine is set up, and the simulation results

verified the feasibility of this novel bearingless motor.
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INTRODUCTION

A bearingless motor is an integrated device that
can produce rotor levitation force as well as torque
(Chiba et al., 1994). The winding configurations of
bearingless motors can be categorized into two
groups: dual set of winding configurations and single
set of winding configurations. Most bearingless mo-
tors belong to the former category. Its stator is com-
posed of two separate sets of windings, and the dif-
ference of their pole-pair numbers is 1. The primary
winding carries the “motor currents” which drive the
motor, while the secondary winding carries the
“levitation currents” which suspend the rotor.

Bearingless motors with bridge configured
windings (Khoo, 2005) and with divided windings
(Ferreira et al., 2005) belong to the latter category.
They produce radial force by intentionally unbal-
ancing the magnetic fields. The bearingless motor
with a single set of windings possesses advantages
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such as: (1) simpler construction, requiring only one
set of windings; (2) relatively low power loss (Khoo,
2005).

A multiphase motor (phase number #>5) has
multiple orthogonal d-g planes. One d-q plane can be
used for torque control, and the additional degrees of
freedom can be used in a different manner. Xu et
al.(2001) used the additional degrees of freedom to
enhance the torque production through injection of
higher order current harmonics, while Levi et
al.(2004) utilized the additional degrees of freedom to
control independently other machines within a mul-
tiphase multi-motor system. Osama and Lipo (1997;
1999) utilized the additional degrees of freedom of a
6-phase induction motor to realize pole changing and
bearing relief. This paper presents a bearingless motor
with multiphase windings, which produces the two
needed magnetic fields by feeding two groups of
currents to the single set of multiphase windings with
a multiphase converter. In other words, one d-g plane
is used for motor drive, and the other d-g plane is used
for rotor levitation. The proposed motor has many
advantages over conventional bearingless motors.
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PRINCIPLE OF BEARINGLESS MOTOR WITH
SINGLE SET OF MULTIPHASE WINDINGS

Principles of radial force generation of multiphase
motor

The rotor of a bearingless motor is levitated by
radial force. The interaction between M and M=1
pole-pair magnetic fields in the air gap generates
radial forces, which are used to levitate the rotor
(Okada et al., 1995). Conventional bearingless mo-
tors produce levitation force by two sets of 3-phase
windings, and the difference of their pole-pair num-
bers is 1 (Chiba et al., 1994). A bearingless motor
with a single set of multiphase windings is presented.

Windings in a motor are usually represented
with winding function (Luo et al., 1995; Osama and
Lipo, 1997). The winding function of winding “a”
represents the MMF distribution along the air gap for
a unit current flowing in winding “a”. In an n-phase
symmetric system, the winding functions of each
phase can be written as Fourier series:

N,=N,cos@+ N, cos(20) + N, cos(30) +---,

N, =N, cos(@—&)+ N, cos[2(0 - &)]
+ Nj cos[3(0 — &) +

N,.=N,cos(0-2£)+ N, cos[2(6‘—2§)] 0
+ N, cos[3(0 - 2&)]+--,

Nn“=.N1 cos[@ —(n—1)E]+ N, cos{2[0 —
(n=D&1} + Nycos{3[0 —(n=D&]} +---,

where &2n/n, 6 is the angular position along the
stator inner surface, and N, N,, N; are coefficients of
winding function.

To be convenient for expression, the group of
currents below is defined as “n phase k£ pole-pair
currents 1,”:

1,=1,, cos(wt+ad,),
1, =1, cos (wt + @, — k&),
1, =1, cos(wt+ @, —2k¢), 2)

1, =1, cos[ot+@, —(n-1)k&],

where I, is the amplitude of I (k=1,2,3,...) and @y is
the phase angle at =0 of /,. The MMF wave of an
n-phase symmetric system fed by I can be expressed
as
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F :i{]km cos[wt + @, — k(i —1)&]

i=1

.z N, cos {0 — (i — D&}

Lo ZZN {cos[wt + @, +vO — (k +v)(i — )]

;closv ot +D—vl —(k—v)(i-1DE]}.
3)

So the vth harmonic MMF wave is

nN I, cos(wt + D +v0)/2, k+v = un,
F,=30, ktv#un, (4)
nN I, cos(wt+@D, —v0)/2, k—v=pun,

where ueZ.

It is suggested that in an n-phase winding motor
(n=5), “n phase 1 pole-pair current” I; generates 1
pole-pair revolving magnetic field in the air gap, and
I, generates 2 pole-pair revolving magnetic field. So a
bearingless motor with multiphase windings can be
realized by properly controlling I; and L.

Stator configuration of a bearingless motor with
multiphase windings

A 5-phase winding configuration is shown in
Fig.1. The conductors of phase a go into slots “A” and
return via slots “a”. The 5-phase windings are iden-
tical and each of them is 72° displaced in angular
space around the stator.

From Eq.(4), however, in the 5-phase motor, I,
generates F, and F5. The interaction between them
also generates radial force, which interferes with the
levitation force generated by F and F,. A solution to
this problem is to adjust the coil pitch to make N;=0,

Fig.1 5-phase winding configuration of a bearing-
less motor (30 slots)
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because Fj is directly proportional to N3. The coeffi-
cients NV, with respect to coil pitch, calculated by FFT,
are shown in Fig.2. Therefore, the coils span 10 slots
in the bearingless motor as shown in Fig.1.

Fig.3 shows the flux distribution in the 5-phase
motor shown in Fig.1. I; generates 1 pole-pair mag-
netic field in the air gap, and I, generates 2 pole-pair
magnetic field. The two magnetic fields are generated
simultaneously when the motor is fed by I,+I,, and
then radial force is produced. Similar results can be
obtained in other n-phase motors (#>5) if the coils are
properly arranged.
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Fig.2 Coefficients IV, vs coil pitch (15 turns per coil)
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Fig.3 Flux and flux density on circumference when the motor is fed. (a) “S-phase 1-pole-pair currents” I,
(I1n=1 A, @1=0); (b) “S-phase 2-pole-pair currents” I, (I;,=2 A, @,=0); (¢) I;+1,
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MATHEMATICAL MODEL OF BEARINGLESS
MOTOR WITH MULTIPHASE WINDINGS

Calculation of inductance matrices in synchro-
nously rotating reference frame

A bearingless motor works when it has a non-
uniform air gap. Its inductances under eccentricity
can be calculated with modified winding function

method. The mutual inductance between winding “a
and “b” is (Faiz and Tabatabaei, 2002):

Ly =21uglr<Pngnp>-21uglr<Pn,><Pny>/<P>, (5)

where n, and n, are the turn functions of winding “a”

and “b” respectively (Faiz and Tabatabaei, 2002), P(0)
is the distribution of inverse of air gap, gy is the radial

length of a uniform air gap (as shown in Fig.4), and x

is the air permeability. Operator <> is defined as the

mean of function fover [0, 21t]. N, and N, are winding

functions of winding “a” and “b”, respectively.

Fig.4 Air-gap eccentricity

It is obvious that N,=n,—<n,>, so Eq.(5) can be
rewritten as

Lay=2muolr<PNNy>—2muolr<PN><PNy>/<P>. (6)

The distribution of inverse of air gap can be de-
scribed as

P(0) =1/{g,[1- pcos(d - y)]}
=(1/g )+ p*/2)+ pcos(0 - ) (7)
+p cos’(@—y)/2+ p cos’ (@—y)/4+--],
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where p =+’ + B* /gy, o and f are the displace-
ment of rotor center, as shown in Fig.4.

Matrix C; [see Eq.(8) in P1315] is used to
transform the voltages and currents of stator to syn-
chronous reference frame (Huang, 1994; Levi et al.,
2004). Where n is the phase number of stator or rotor.
If n is odd, the last row in the matrix should be deleted.

In the stator transformation matrix Cs, ¢ = Ia)ldt, w1

is the synchronous speed. Similarly, the rotor trans-
formation matrix C, can be obtained.

Taking a 5-phase induction motor for example,
L, is the stator inductance matrix, which can be
transformed to the synchronously rotating reference
frame:

L,=CLC . 9)

Omitting the zero sequence inductance, Eq.(9)
can be rewritten as Eq.(10) (see P1315). Where
Lin=3110lrNi*/go, Lom=3m110lrN>*/go, Losi and Lo are
leakage inductances of 1-pole-pair and 2-pole-pair
equivalent windings respectively.

Similarly, the rotor inductance matrix and mu-
tual inductance matrix between stator and rotor, under
eccentricity in synchronously rotating reference frame,
can be calculated as Eqs.(11) and (12) (see P1315).
Where Ly and Lo, are relevant rotor leakage in-
ductances, and the rotor inductances are referred to
the stator.

Voltage equations

In normal operating conditions, the rotor dis-
placement is very small, and the equations under
eccentricity are very complex, so the equations under
no eccentricity are used to design the control system.
Voltage equations in stationary reference frame are
given by

U, R 0|1 L M, | I (13)
= =+ ,
vlTlo rR|r|"P\M L |1
where Us and U, are voltage vectors of stator and rotor
loops respectively (Luo et al., 1995), and p is the
differential operator. By applying the transformation
to the stator and rotor voltages and flux linkages, the

voltage equations are rewritten as (Huang, 1994;
Osama and Lipo, 1997)
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cosp  cos(p—¢) cos(p—25) cos(p—3%) cos[p —(n—1¢&] |
sinp sin(p—-¢&) sin(p—-2&) sin(p—3%) sin [ —(n—1)&]
cosp cos(@p—2&) cos(p—4<&) cos(p—68) cos[p—2(n—-1)&]
> singp sin(p—2&) sin(p—-4~) sin(p—6<&) sin[@p —2(n—-1)¢&]
C== : : z : : ®)
n
1 1 1 1 1
2 2 2 2 2
1 il 1 -1 il
V2 2 V2 2 V2 |
{le 1+ p—zj + L051:||:1 0:| lmL2m [1 — p_2J|:a _ﬂ:|
4 0 1 2g, 4 )| «
Ly = T , s Lo (10)
ITm*~2m [l_p_J|:a ﬂ:| |:L2m[1+p_J+L052i||: :|
2g, 4 )|-f «a 2 0 1
2 2 —
e R R e (o= e
4 0 1 2g, 4 | «
L, = i i (11)
leLZm (l_p_]|:a ﬂ:| |:L2m 1+p_J+L0r2:||:1 0j|
2g, 4 |- « 2 0 1
(004 [ I (P (R
a
_ 2 &o (12)

USI RSt 0 ISI ISI
= +Lp +G
U, 0 R |1, I,

where

L ={ L, M srt:| U, = [”qls Ugps  Ugs ”dzs]T»
ML L | U= [y gy U Uyl
G- |: WL, WM srt:| I, = [iqls Iy iqZS idzs]T>
WM sTn W.L, i o [iqlr e Lo id2r]T’
0O 1 0 O
-1 0 0 O
W, =o, >
0 0 0 1
0 0 -1 0
0 W, -, 0 0
W - —(o, —w,) 0 0 0
' 0 0 0 o, - 2w,
0 0 —(o, —2w,) 0

Tt

Ll s
; a9

It is clearly shown that Ly, Ly, Ly are all di-
agonal matrices when the rotor is under no eccentric-
ity, that is, there is no mutual inductance between 1-
pole-pair and 2-pole-pair equivalent windings. From
Eqgs.(2) and (8), it can be easily obtained that 7, and I,
are transformed to di-q; and d,-g, subspaces respec-
tively, which means that I; and I, are decoupled in the
synchronously rotating reference frame.

Electromagnetic torque
The mechanical equation of motion is given by

T.-T =J-dQ/dt, (15)

where T; is the load torque, J is the mechanical mo-
tion inertia, and 2 is the speed of rotor. The motor
electromagnetic torque is deduced to be

T, =2(Fomigos — pmbans) + Fimigs — Combars)- (16)



1316 Huang et al. / J Zhejiang Univ Sci A 2007 8(8):1311-1319

ANALYTICAL MODEL OF RADIAL FORCE
AND ITS VALIDATION

Radial force is crucial to the rotor suspension.
The radial force acting on rotor can be calculated with
virtual displacement method:

T T
F :l Ist % Ist F :l Ist % Ist (17)
“ 21, | del|I, | " 2|I,| 4B 1,

It is clear that the radial force is composed of two
parts: one part is related to eccentricity and the other
is not. The latter is used to control the rotor suspen-
sion:

1
F,=—F———pnim * ¥pom¥yim )
2g0\/lilmL2m (18)
Fﬂ = (y/quy/dlm _%Zmqulm)’
280\ LimLom
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Fig.5 Radial force vs I,,, with I,=1 A, @,=0, ®,=0.
(a) Radial force; (b) Angle of radial force

where
Fiim :le(idls +idlr)’ qum :le(iqls +iq]r)’
?’dZm = LZm (ld2s + ld2r)’ 5Uqu = L2m (quS + qur)'

The radial force and the rotor displacement in
stationary reference frame are given by

al 1| £,

{B } m| Fg =G, ||
where m and G, are the mass and weight of rotor
respectively.

The analytical model of radial force is verified
using FEA software ANSOFT. The FE model is the
5-phase motor as shown in Fig.1. The parameters are
chosen as follows: turns per phase: 120; stack length:
/=90 mm; air-gap thickness: g¢=0.55 mm; radius of
air gap: »=57.7 mm. The inductances are calculated
by Maxwell2D. The comparisons between analytical

results of radial force and FEA results are shown in
Figs.5 and 6.

(19)
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Fig.6 Radial force vs @, with I;,=1 A, I,,=1 A, @,=0.
(a) Radial force; (b) Angle of radial force



Huang et al. / J Zhejiang Univ Sci A 2007 8(8):1311-1319

Fig.5 shows that the magnitude of radial force is
proportional to the increasing current I, for a fixed I,
and that the angle of radial force is constant when @,
and @, are fixed. The angle of radial force is zero
when the force has the same direction as the axis of
phase “a”

As shown in Fig.6, the magnitude of radial force
is invariable when I, and I, are constant, while the
angle of radial force varies with @;.

Analytical results and FEA results are plotted by
solid line and dashed line respectively. It is clear that
the analytical results are in close agreement with FEA
results, so this analytical model can well describe the
characteristics of radial force.

CONTROL AND SIMULATION OF BEARING-
LESS MOTOR WITH MULTIPHASE WINDINGS

Taking a 5-phase induction motor as example,
“5-phase 1-pole-pair currents” I (namely iy, iqis)
can be seen as the “motor currents”, and “5-phase 2-
pole-pair currents” I, (namely i, i) are the “levi-
tation currents”. The “motor currents” equations un-
der no eccentricity are rewritten as

[ty w, 0 0] =

Rls +les a)lLls lem a)lle
a)ll’ls R]s +pl’15 a)ll’lm pl'lm
lem (601 _a)r)le er +ler (601 _a)r)Llr

(a)l _wr)l’lm pl’lm 601 _a)r)l’lr er +ler
. . . . T
'[lqls s i ldlr:l . (20)

In the air-gap-flux-oriented control system, one
can easily obtain

yldlm :yllm’ ,[lqlm :0’ (21)
Substituting Eq.(21) into Eq.(20) yields
s =Ry, + pLi )P Ly + (@, — @)Ly, 0]
d1 1 1r )1 1 | o1rlg1 22)

(R, + pLy,) ™,

1317
(R, + pLyi. )iy
o, =0 -0, = 1r 01r qls. ) (23)
Llryllm /le _LOIrldls
“Levitation currents” generate 2-pole-pair

magnetic field which rotates at w;/2, that is, “levita-
tion currents” generate a very small negative torque.
Therefore,

T Wdlm qls _y/qlmldls

c=1./HY

1m>
idZm

Pl | (26)
lq2m

Lios T lioes Tgom =25 T g

=¥ i

Im®gls>

(24)
(25)

|:Fa:| ) L2m
F/} 2g0 \Y} leLZm

where i, =

Fig.7 shows the block diagram of air-gap-flux-
oriented control system configuration of a 5-phase
bearingless motor. The control strategy is very similar
to the control system of conventional bearingless
motors (Chiba et al., 1997; Suzuki et al., 2000). The
“motor currents” command iqls*, idls* are generated
from air-gap-flux- orlented control and “levitation
currents” command quS , deS are generated by com—
pensating qum s lem for the influence of i, lqzr and 1d2r
(Nomura et al., 1993). iqu* and idz,n* are obtained by
Eq.(26). Phase currents are glven by the —phase in-
verse transformation of lql5 s layl5 and i lqzs , ldzs .

The motor parameters are: L;,=0.247 H, Ly,=
0.046 H, L¢s1=L¢;1=0.0045 H, Losx=Lo»=0.0040 H;
Ri=R=1.2 Q; R=0.47 Q; R,=0.27 Q; m=10 kg,
J=0.01 kg-m?*, length of air gap go=0.55 mm, and the
air-gap length between the rotor shaft and the
touchdown bearing is 0.3 mm. Simulation results are
shown in Figs.8 and 9.

Fig.8 presents the speed and rotor displacement
during the start up. It is clear that the shaft is suc-
cessfully suspended and that the rotor suspension is
stable with radial displacement variations of less than
50 um. Fig.9 shows the stator currents. The ampli-
tudes of i, and i, are unequal because two groups of
currents (I; and I,) are fed. Therefore, the proposed
bearingless motor with a single set of multiphase
windings is feasible. The experimental results will be
presented in future work.
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Fig.7 Air-gap-flux-oriented control diagram of a S-phase bearingless motor
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Fig.9 Simulation results of the stator phase currents

CONCLUSION

This paper sets forth a bearingless motor with a
single set of multiphase windings (phase number #>5).
The model is proposed based on the principles of
radial force generation and multiphase theory. Its
torque and rotor suspension are realized by feeding
two groups of currents to the single set of multiphase
windings. The inductance matrices under eccentricity
are deduced with modified winding function method,
based on which the mathematical model of this new
bearingless motor is also developed. Air-gap-flux-
oriented control system is designed and simulation re-
sults verified the feasibility of this bearingless motor.

The proposed motor not only possesses advan-
tages of bearingless motors with a single set of
windings (i.e. simpler construction, less switches and
relatively low power loss) but also possesses advan-
tages of multiphase machines (i.e. achieving high
power ratings with lower voltage limited devices).
This method is also applicable to other bearingless
motors such as permanent magnet motors and reluc-
tance motors.
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