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Abstract

Axial-gap self bearing motor (AGBM) is a functional combination of axial magnetic bearing and axial flux
motor. It means the AGBM can generate rotation and translation with only three-phase windings. The paper
will introduce about the characteristics of an AGBM. First the mathematical model of the AGBM is developed
in rotor field-oriented coordinate. Then the axial force and the motoring torque are analyzed theoretically to
confirm its abilities. In order to evaluate the rightness of the proposed theory, a single stator AGBM has
been made and tested. The experimental results confirm that the levitation force is propotional to direct axis
current (is¢) and the rotary torque is propotional to quadrature axis current (isq).
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Tém tat

Doéng co tw néng tir treong doc truc (AGBM - Axial-Gap Self Bearing Motor) la mét dang déng co dién c6
chirc ndng cta cé é tir doc truc va dong co tir trromg doc truc. Nhw vy AGBM c6 khé ndng déng thoi tao ra
c& chuyén déng quay va chuyén déng doc truc véi chi cac cudn day ba pha. Bai bdo nay sé gici thiéu va cac
déc tinh co ban ctia AGBM. PAu tién mé hinh toan hoc ctia AGBM duoc xéy dung trong hé toa do twa theo
ttr théng rotor, sau dé lwc ndng doc truc va mé men quay duwoc phén tich chi tiét dé chi ra céc dic diém co
ban ciia déng co. Dé kiém chirng cho phén tich & trén, AGBM loai mét stator duoc ché tao va thir nghiém.
Két qué thir nghiém chi ra duoc luc nédng doc truc 13 ty 16 véi thanh phan dong dién doc truc (is¢) con mé

men quay la ty 1é v6i thanh phén dong dién ngang truc (isq).

Ttr khoéa: Bdng co tw nang tlr triedng doc truc, ddng co tir tredng doc truc, o ttr doc truc

1. Introduction

In some applications of electric motors, bearing
maintenance is still a significant problem. For
example, the bearings can present a major problem in
motor drive applications in outer space, and also in
harsh environments with radiation and poisonous
substances. In addition, lubrication oil cannot be used
in high vacuum, ultra high and low temperature
atmospheres and food and pharmacy processes. Hence
motor drives with magnetic suspension, i.e. magnetic
bearing motor, can enlarge the possible application
areas of motor drives. The conventional magnetic-
bearing motors usually consist of a motor, two radial
magnetic bearing (RMB) and an axial magnetic
bearing (AMB). The RMBs create radial levitation
forces for rotor, while an AMB produces a thrust
force to keep the rotor in the correct axial position
relative to the stator. Obviously, they are large, heavy,
and complex in control and structure, which cause
problems in applications that have limit space. Thus, a
simpler and smaller construction and a less complex
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control system are desirable [1]-[3].

An axial magnetic bearing is composed of a
rotary disc fixed on a rotary shaft and electromagnets
arranged on both sides of the disc at a proper minute
distance [4]-[5]. This structure is similar to that of an
axial-flux AC motor [6]-[7]. Therefore, an axial-gap
combined bearing motor has been introduced [8]-[12],
in which the stator has only three-phase windings;
however the motor can simultaneously provide non-
contact levitation and rotation. This motor is then
called an axial-gap self-bearing motor (AGBM) to
imply that the motor has itself the function of bearing
support without any additional winding. Obviously, it
is the simplest in structure and control since hardware
components can be reduced. The AGBM can be
realized as an induction motor (IM) [9],[10], or a
permanent magnet (PM) motor [8],[11]-[12]. The PM
motor is given special attention, because of its high
power factor, high efficiency, and simplicity in
production. This paper presents the method of
building the mathematical model and characteristics
of the AGBM.

First, the axial force and the motoring torque are
analyzed theoretically and the characteristics of the
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axial gap self bearing motor are derived. In this paper,
a single stator AGBM with PM excitation is analyzed
by using the extended technique of the conventional
three phase motor analysis methods. Then control
methods of the axial force and the motoring torque for
the AGBM are derived.

2. Mathematical Model of AGBM

The structure of a single stator AGBM is shown
in Fig. 1. This structure consists of a disc rotor and a
stator. The radial motions x,y,0 and 0, of the rotor

are constrained by the radial magnetic bearing, F,is

the external applied force. Only rotational motion and
translation along the z axis are considered. The rotor
is flat disc with permanent magnets inserted on the
disc to create a salient-pole rotor. The stator has three-
phase windings that generate rotating magnetic fluxes
in the air gap. These produce motoring torque 7 on
the rotor and generate attractive force F between the
rotor and stator.

Radial Magnetic
Bearing

' Stator

Fig. 1 Structure of a single stator AGBM

Similar to the conventional PM motor, the
mathematical model of the AGBM is presented in a
rotor field-oriented reference frame or so-called d, g
coordinates, as indicated in Fig. 2. The d axis is
aligned with the center lines of the permanent
magnets and the g axis between the magnets. The
axes u, v, and w indicate the direction of the flux
produced by the corresponding phase windings. The
phase difference between the u axis and the d axis is
the electrical angular position € of the rotor or the
rotor flux vector.

2n/3 2n/3 2n/3
Rotor i
(&) (o] [8] (&) Q (8]
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Stator ¥ L Yy v
u d v oq W

Fig. 2 Definition of coordinates

For the three-phase motor, the stator phase
voltage equation in vector form is [13]
di

u, =i R + dts

ey

By using the power invariant transformation method,
the component of the stator voltage and the flux of
single axial-gap self-bearing motor in the d, q
coordinates can be expressed in the following
equations:

di
— : sd :
usd - Rs lsd + Lsd ? - a)equlsq
— . disd .
usq - Rs lsq + L.fq ¢ + weLsd l.s'd + CU‘, 2’m (2)

/’{sd = L:d isd +2‘m
L_i

;t: sq " sq

.=
with L, L, are the d- and g-axis phase inductance of

the stator windings and ¢, is the flux linkage in the

stator windings caused by the rotor magnetic field.
They are calculated as follows [13]

3L

Lsci = - +le
28
, 3)
3Ls 0
qu = 5 +LY1
2g ‘

where L, is the leakage inductance, and the flux
linkage ¢, =L,i,. Considering the magnetic flux of

the rotor to be an equivalent winding with a DC
current i, and an inductance L. The rotor flux can

be expressed only in d axis as follows:

¢ =

s=lu =L +L,i

m”sd

“

where the synchronous inductance L, and the mutual

inductance L  are calculated as

3L
Lf =—ﬂ+LY,
2 g ’
. 5
Lm =éﬁ
2 g

From (2) & (4), the magnetic co-energy in the
air gap is calculated as follows:

iy )

5q°5q

W= é(ifif + A,
7 (6)
= E{L“’ (77 +i% )+ Lyil, + 2L, i, |

f 59759
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In combination with (3) and (5), the magnetic
co-energy is expressed as:

L L
NI ELYII (i, +i,) + 3l g |2
21\2 ¢ ’ 2 g !
@)

Therefore, the attractive force of the stator is

w

'sq0 .2

oW _ 3L, Lo g
4g2 sq

oz 4¢°
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And the motoring torque is calculated by:

T= P(_}'sdisq +2‘sqisd)
' 3P(L, -L )
— 3PLS(10 lf iw + ( 'sd0 3q0) .tdl.yq

with P is the number of pole pairs. By substituting
g =g, +z, the total axial force F and torque T are

given by:
' L
F=—2ba (i, +i,) +——L— 0 (10)
4(gy +2) 4(g,+2)"
7= 3PLa ;i P lw L) (11)
20g,+2) 1 2(g+z)

where g, is the axial gap at the equilibrium point and
z is the displacement. From (2), (4), (10) and (11), the
mathematical model of the single stator axial-gap self-
bearing motor is completely constructed.

By linearization at operating point (is 105509 go) ,

(10) becomes:

F=F,+F-2F,— (12)
8o
3L 3L,
with F, =240 4 )+ 13
0 4 g (f st) 4g§ 5q0 ( )
K] A
F :ﬁﬂlf +i,0)iy (14)
and (11) becomes:
3PL 3PL
T — 'sd 0 ifisq _ 'sd 0 ifi;q i
28, 28, 8o (15)
3P(L,, —L
+ ( L SqO) isqisd (1_i)
28, 8o

Normally, the displacement z is significantly
smaller than air gap go, and assuming that the
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different between L_,, and quo is small so they can

be eliminated. Now (12) and (15) become:

3Lsd0

F=F+—52(, +i,)i, = F+K,i, (16)
0
3PL i,
= 2 o .sq = KTisq (17)
8o
_ Lst . . .
where K, =—5-2(i, +i,,) is force factor
4g;
3Per0ij' .
and K, = - is torque factor
8o

By linearization around operating point, the
relationships between F and i;, and between T and i,
are linear. This linear relationship only exists when
the current is small and the distance between stator
and rotor has a little change round go. As a result, the
AGBM can be controlled by a linear control scheme
as shown in Fig. 3.

The axial displacement of the rotor from the
equilibrium point along the z-axis, can be detected by
the gap sensor. The detected axial position is
compared with the axial position command z.r and
the difference is placed at the axial position controller
R;. The position command z, is always set to zero to
ensure that there is a fixed air gap between rotor and
stator. The output of the controller R, is used to
calculate the d-axis reference current ig.s of Riq
controller.

Axjal position sensor

PWM INV

Fig. 3 Control Structure of AGBM

The rotor speed detected from the encoder is
compared with the reference speed and the divergence
is input to the speed controller R,,. The output of the
speed controller is used to calculate the q-axis
reference current igyf.

Using the inverse transformation from the d, q
reference frame to the three-phase stator reference
frame, the output of the current controllers Rjq and Rjq,
representing the voltage references, are subsequently
directed to the motor using the PWM technique. All
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the controllers are PI controller except for the axial
position controller is PID.

3. Implementation and results

In order to exploit the characteristics of the PM
type AGBM, a single stator AGBM has been
developed which is shown in Fig. 4. The rotor disc
has a diameter of 50 mm and two neodymium iron
magnets with the thickness of 0,8mm for each side are
placed on its surfaces to create non-salient. For
experimental simplicity, the rotor is supported by two
radial ball bearings in order to restrict the radial
motion of the rotor.

Fig. 4 Single stator AGBM

The stator has a diameter of core 50 mm and six
concentrated wound poles, each with 200 coil turns.
The stators can slide on linear guide to ensure the
exchangeable air gap between rotor and two stator. A
DC generator (Sanyo T402) is installed to give the
load torque. In order to measure the rotor angle and
the axial position, a rotary encoder (Copal RE30D)
and an eddy-current-type displacement sensor (Sentec
HA-101S) are installed, respectively.

The control hardware of the AGBM drive is
based on a dSPACE DS1104 board dedicated to the
control of electrical drives (Fig. 5). The DS1104 then
calculates reference currents using the rotation control
and axial position control algorithms and sends its
commands to the three-phase inverter boards. The
AGBM is supplied by two three-phase PWM inverters
with a switching frequency of 20 kHz.

First, parameter estimation is carried out. The
phase resistor is 2,6Q. The static phase inductances
are measured by measuring the frequency response of
the voltage versus the current of the stator coil when
the rotor is rotating from 0 to 360° and the air gap is
1,5mm. The result is shown in Fig. 5. Obviously,

L, =9,76x10" H and L, =8,25x10" H

18

dSPACE 1104
ooo

Inverter
board

Radial

Linear Displacement

Stator  oyide sensor

Rotor

Fig. 5 Structure of experimental setup
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Fig. 6 Phase inductance vs rotor angular

To find the relation between phase inductance
and air gap between the rotor and the stator. The static
phase inductances are measured by measuring the
frequency response of the voltage versus the current
of the stator coil when the air gap is increasing from
Imm to 20mm. The result is shown in Fig. 6. This
gives
L, =8.2x10° Hm L/, =9,6x10”° Hmand

L,=6x10"H.
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Fig. 7 Phase inductance vs air gap
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The amplitude of the flux induced by the
permanent magnets of the rotor in the stator phases
can be estimated by measuring the no-load voltage of
the AGBM in generator mode, shown in Fig. 7; it is
easy to calculate the rotor flux A =0,015Wb.

The relation between the motor torque and the
quadrature axis current ig s harve
sted by changing load torque when the air gap is fixed
at 1,5mm. The theoretical torque calculated from (17).
The result is shown in Fig. 8. Obviously, the motor
torque is proportional with the quadrature axis current

ig.
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Fig. 8 Induced phase voltage (Back-EMF) of the AGBM
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To find the relation between the axial force and
the direct axis current, the force meter is used to
create thrust force, while the motor is at a standstill.
The current iy is calculated from measured phase
currents for different values of the axial force through
DS1104. The result is illustrated in Fig. 9. Obviously,
the axial for is proportional with the direct axis
current Iy.

4. Conclusion

Through the analysis of the mathematical model
of the AGBM in rotor field-oriented coordinate and
the experimental results, the paper shows that the
AGBM can perform both functions of motor and axial
bearing without any additional windings. In which,
the motoring torque of the AGBM can be controlled
by the g-axis current (i,), while the axial force can be
controlled by the d-axis current (iy).
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