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Abstract: Although the five-degree-of-freedom magnetic levitation system composed of two conical bearingless
switched reluctance motors (CBSRMs) owns the simplest structure, the torque and levitation forces are coupled
greatly. Therefore, it is difficult to make the rotor rotate and be fully levitated simultaneously. To solve this problem,
two different role division control strategies are proposed in this paper, 1.e. individual role division and mutual role
division control strategies. The difference between them is the selection of motor which controls the torque or the axial
force. In order to understand the characteristics of control variables, the principle and mathematical model of CBSRM
are introduced. After that, two control strategies are explained in detail. To verify the demonstrated performance, the
simulations are completed with MATLAB/Simulink.
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0 Introduction

In high-speed drive systems, the bearings of
motors must satisfy the essential requirements, awe-
some lubrication and high reliability. Therefore,
magnetic bearings are more popular than mechanical
bearings in which the rotor can be levitated by con-
trolling winding currents of bearings actively. Due
to the particular axial space for the installation of
magnetic bearings, the axial length of whole mag-
netic levitation drive system is increased, which
leads to the decrease of the rotor critical speed ™.
Therefore, bearingless motors were proposed and
developed to shorten the axial length of five-degree-
of-freedom (DOF) magnetic levitation drive sys-
tem, which integrates the levitation functions into
conventional motors. Bearingless switched reluc-
tance motor (BSRM) inherits the robust structure,
easy control and high-speed capability from conven-

tional switched reluctance motor (SRM)®*. To
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construct a 5-DOF magnetic levitation system with
BSRMs, two BSRMs and one axial magnetic bear-
ing are required, because one BSRM can only gen-
erate 2-DOF radial levitation. Therefore, to remove
the axial magnetic bearing to further shorten the axi-
al length, the concept of conical bearingless motors
was proposed firstly in permanent magnetic synchro-
nous motors ",

This paper focuses on the conical bearingless
switched reluctance motor (CBSRM). The 5-DOF
magnetic levitation system made up of two 6/4 CB-
SRMs is the simplest structure. The decrease of
windings reduces the volume of the asymmetrical
half-bridge converters. These advantages bring out
the challenge of control. There are many variables
need to control, and the couplings among them are
intensive in this nonlinear system. It is necessary to
realize the coordinate control of torque, radial levita-
tion and axial levitation. Firstly, these strategies

take advantage of equivalent transformation between
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107 Current of each

single-winding and dual-winding
winding is constructed as torque current, axial-force
current and radial-force current in Ref.[11]. Torque
current is responsible for the angular velocity, axial-
force current for axial position, while radial-force
current for radial position. According to the differ-
ence of construction, the single machine control and
flexible control strategies are proposed ™. All
these strategies conduct two phases, and torque cur-
rent and axial-force current are components of the
same winding current. Therefore, the interaction be-
tween torque and axial force control is strong. Li et
al."" proposed a compensation control method
which conducted the third phase to compensate the
axial force of system. However, the energization of
the third phase would produce negative torque.

This paper proposes two different role division
control strategies for torque and axial force. With re-
gard to the single CBSRM, the winding currents
are divided into bias current and radial-force current.
Only one of the torque and axial force can be con-
trolled by regulating the bias current. Therefore,
the system consists of two CBSRMs, if one con-
trols the system torque, the other must be in charge
of the system axial force. The individual role divi-
sion control strategy (Strategy [ ) fixes the respon-
sibility of two motors. Moreover, the mutual role di-
vision control strategy (Strategy Il )keeps on chang-
ing the role of each motor according to the actual
work condition. The influence between torque and
axial force is weaker than other methods that are

mentioned above.

1 Principle of CBSRM

Compared with the BSRM, the stator and rotor
of the CBSRM are both in the shape of cone. As

shown in Fig.1, there is only one set of windings

(a) Stator and windings

(b) Rotor
Fig.1 Structure of CBSRM

mounted on each stator pole, whose current is con-
trolled independently. Two CBSRMs are installed
as shown in Fig.2, thus constructing the 5-DOF sus-
pension system. According to the arrangement of

two motors, the directions of axial force are opposite.

Fig.2 Structure of 5-DOF suspension system

The magnetic pull F will be produced if the
winding is energised. Taking phase A as example,
the magnetic pull F is distributed in three-dimension
owing to the conical air gap. F' can be divided into
an axial force F, and a cross-sectional force F.,, as
shown in Fig.3 (a). Moreover, F, can be decom-
posed into a radial force F, and a tangential force F,,
as shown in Fig.3(b) , where A, is one winding of
phase A. The rotor can be levitated by F., and rotate
with the force F,. The axial forces of two motors are
in opposite direction, and the axial position can be

controlled by regulating two axial forces F'. and F...

(b) Division of cross-sectional force F,

(a) Magnetic pull ¥

Fig.3 Decomposition of magnetic pull

2 Mathematical Model of CBSRM

In 6/4 CBSRM, there are three phases which
own two windings independently. The distribution
of windings is presented in Fig.4, where A,, A,,
By, B,, C, and C, are windings of phases A, B and
C, respectively, and A and o the angles between the
rotating coordinate system and the Cartesian coordi-

nate system. To ensure radial force in any direction,
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two phases need to be energised at the same time.
The order of energization is related to profile of in-
ductance. For SRM, the negative torque will be pro-
duced if the phase whose inductance profile possess-
es negative slope is conducted. The self-inductance
profiles of three phases L,,, L, , L., are presented in
Fig.5. Two phases of CBSRM are energized each
time, in the order of phases AB, CA, BC circularly.

Self-inductance /

-40 =30 -20 -10 0
Angle / (°)

Fig.5 Inductance profile of CBSRM

10 20 30 40

Ref. [ 15

rotating coordinate system with the method of virtu-

] deduced the mathematical model in

al displacement. Taking phases A and B energised
as an example, the torque and levitation forces can
be expressed as follows
F.=Kn(it— 1) T Kp(ia +in)(in — 1) (1)
Fy=Ku(in — i) + Ku(ia — )i+ 1p0) (2)
F.=Kg(ih + %) + Kpinin + Kq (i3 + 15) +

Kiniw T Kp(ing— 12)(in — i) (3)

T =7, (il + i) + T (i5 + i5) +
Jy (i — (o)t Jidaiey + Jsipts  (4)

iuz)( Iy —

F.=(M,+M,)i, Jr%

m

T=(N,+N,i, + 5— D

Vol. 37
F,=F,coso + Fjsind (5)
F,=F;cosA— F,sino (6)

where I, and F; are radial forces in the rotating co-
ordinate system, and F, and F, the radial forces in
the Cartesian coordinate system. T is the torque and
F. the axial force of one motor. i,, in, iy, i are
the currents of winding A,, A,, B,, B,, respective-
ly. Kp—
and J,—

To simplify the model derived above, the

K,y are the coefficients of levitation forces

J; are the ratios of torque.

phase currents are decomposed based on the equiva-
lent transformation between dual-winding and sin-
gle-winding currents. The expressions of currents

are presented as follows

la =i, T in (7)
Ly = Ty — In (8)
iy =l tin 9)
Ty =1l Ip (10)

where i,, and i7,, are bias currents of winding A,,
A,, By, Bs. i, 1s the radial-force current of phase A
and i, regulates the radial force of phase B.
Egs.(1)—(6) can be rewritten as
F,=Riin+ Rolywin + Ryipmis+ Ryi,ei, (11)
F,=S\inin+ Solwin T Ssiin+ Sitwin (12)
F.=M,i,, + M,i’, + Msij, + M,i, + M;ii, (13)
T = Nyi,y + Nyi,, + Nyii + Nyib + Nsigi, (14)
_R4’ Sl_

levitation forces, M,—M; related to axial levita-

where R, S, are coefficients of radial

tion forces, and N,—N; decide the torque at differ-

ent angles.

3 Different Role Division Control
Strategies of CBSRMs

3.1 Control analysis of CBSRM

In order to improve tracking performance of
currents during commutation, 7,, usually equals 7.
If i,y =i, =1,, Egs.(13) and (14) can be trans-

formed into

2 [Ma(AlFJ*Asz)erMgi(A4Fy*A3F;I)2+M5(AlFf*A2Fy)(A4F)»*A3Ff)]

(15)

[N:(AF,—A,F,+N,(AF,—A;F.)+N; (A F,—A,F,)(A,F,— A,F,)]

(16)
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where A,=S;+S,, A,=R;+ R,, A;=S,+S,,
A, =R, +R,, D=A,A,— A,A,. When the rotor
is fully levitated, the average levitation forces F,
and F, are constant. According to Egs.(15) and
(16), i, is the unique variable to control F. and T.
For the single CBSRM, the torque T is regulated

by i,,, so the axial force F, remains to be free.

3.2 Individual role division control strategy of
CBSRMs

The control targets of 5-DOF magnetic suspen-
sion system are the rotation and 5-DOF levitation of
rotor. There are two motors in the whole system,
called CBSRM1# and CBSRM2#. On the basis of
characteristics of control variables, the bias current
of CBSRM1# i, is selected to control the torque
and the bias current of CBSRM2% i, is responsible
for the axial force of system in a control period. The
uncontrolled torque or axial force of each motor can
be compensated by each other in the next period.

Owing to the opposite directions, the total axi-
al force of the system F. is the difference between
the absolute value of axial force of CBSRM1# F,.
and CBSRM2# F,.

F.=|F.|—|F.] (17)

In two adjacent control periods, the 4th and
(k+1) th periods, the axial force of CBSRM1# F,
is considered to be constant.

Frgon=Fue (18)

Therefore, the given axial force F. ., can be

ef
represented as
F. o= ‘FMHU‘ - ‘FZ:(kvl)‘ — ‘Fum‘ -

| Faciin)| (19)
where I, (1) 1s obtained by the PID regulator in

axial position close-loop, the axial force of CB-
SRM1# F,. can be observed, and the needed axial

force F,.x11) 18 calculated as follows

‘F2:</c+1)‘ - ‘Flz(,‘:)‘ - F:Mufl) (20)
Moreover, the bias current of CBSRM2# in
the (£+1) th period can be acquired according to

Eq.(21).

iZ]»z(kA 1) -
.2 .2 . .
Foprny— MS(kJZZ/l(k) - M4(k>lzzz(k) - MS(&)ZZ/I(MZZ/Z(/:)
Mg+ Mg

(2D

where M, —Ms, are coefficients of axial force in
the kth period, while M, —M,,, are in the (k+
1) th period, and ., and 7., are radial-force cur-
rents of CBSRM2# in the kth period.

If the radial force load is light, the torque that
radial-force currents produce can be ignored. Then
the torque of whole system can be written approxi-
mately as

T=T, + T,~(N,+ N,)(i},+ i) (22)

The current that regulates the torque i, is ob-
tained by the PI controller of speed close-loop. The
bias current of CBSRM2# ¢,, can be considered to
be constant in two control periods due to the free
torque of CBSRM2%.

om(er 1) = Lomp) (23)

So the bias current of CBSRM1# is calculated

as follows

. _ [ _ 2 _ [ _ 2
Lk + 1)_\/l7z(lc\ D Lom(k+1) _\/lu(}c\ D Lo (24)

The accurate calculation of 7,,, ensures the com-

pensation of free torque that CBSRM2# produces
so as to regulate the torque of system. After the cur-
rents i,,, i, are known, the radial-force currents
can be derived according to Egs.(25)—(28).
il/l —
(S;+S)F, —(R;+R,)F,
Lim [( R, =+ Rz)(ss =+ 54)*(51 =+ Sz)( R; + R4) J

(25)

Lig —

(Sl+SZ)F1.z'_(Rl+R2)Fly
il/»l[(RB+R4)(SI+SZ)7(S3+ 54)(R1 JVRZ)J

(26)

Z'2/1:
(Ss+ S4)F21»*(R3 +R4)F2_v
i21»z|:(R1 +R2)(S:s + 54)_(51 + Sz)(Ra + R4)J

(27)

lop =
(Sl +SZ)F21’7(R1 +R2)F2y
i21»z|:(R:s +R4)(Sl + Sz)_(ss + 54)(R1 + RZ)J

(28)

3.3 Mutual role division control strategy of CB -
SRMs

The roles of each motor in the control strategy
mentioned above are arranged. Similarly, two mo-
tors can exchange its role, thus introducing another
control strategy. When the roles of each motor can
change as the need of situation, the strategy is
named mutual role division control. As shown in
Table 1, there are two arranged role division ways.

The bias currents of two motors in the first way
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can be obtained by Eqs. (29) — (30) , while cur- Egs.(31)—(32).
. . . [z 2
rents in the second way can be obtained by Pty =ity — Dot 1) (29)
.2 .2 . .
. _‘Flz(/c\ l)‘_’_F’zm(k\ l)_MSM\ Dl2n(e+ 1)_M4(/<»1>12/2(k-1)_M5(w D22k + Dl22(k+1) (30)
ZZ})I(/\’ l):
Mg+ My
. _ [z 2
Lome+1) — N Lae+1) 7 Lim(k+1) (31)
.2 .2 . .
. _‘F2z(k-1)’_Fz,d(/ﬂrl)_MS(/Hrl)Zlfl(kvl)_M4(/¢+l)llt2(k+l)_Mﬁ(k-l)llrl<k+l)1112(k+l> (32)
Lim(e+1) —
Mgy 1)+ My

Table 1 Two arranged role division ways

Arranged role division ~ Motor control-  Motor control-

way ling torque ling axial force
The first way CBSRM1# CBSRM2#
The second way CBSRM2# CBSRM1#

The principle to evaluate which way to choose
is called the cost-function. The cost-function in mu-
tual role division control is shown as

S=ki (G — ilm(/n)2 + ks (opnser) — izln(/s))z (33)
where 4, and k, are weight coefficients, which decide
the proportion of torque and axial force in cost-func-
tion. According to the values of cost-function in two
ways, the smaller would be preferred. The flow
chart of mutual role division control strategy is

shown in Fig.6.

Start

Evaluate two ways
by cost-function

Y
| The second way | ‘ The first way ‘
End

Fig.6 Flow chart of mutual role division control strategy

3.4 Comparison of two different role division

control strategies

The contents above have detailed analysis of
two strategies. Obviously, the mutual role division
control is an improvement of individual role division
control. The roles of two motors are flexible accord-
ing to the working conditions. Therefore, the appli-
cations of mutual role division have broadened. For

example, in the circumstance of higher require-

ments for torque control accuracy, the mutual con-
trol 1s more flexible to regulate weight coefficients,
so as to improve the dynamic and steady-state per-
formance of torque current tracking. However, com-
plication of calculation and control comes with flexi-

bility of role adjustment.
4 Simulation Results

4.1 Parameters of simulation

To verify the theory analysis, simulations of
two strategies are carried out in MATLAB/Simu-

link. The parameters of simulation are shown in Ta-

ble 2.

Table 2 Parameters of simulation

Parameter Value
Outer diameter of stator/mm 115
Outer diameter of small end of rotor/mm 48.7
Height of stator yoke/mm 11.14
Height of rotor tooth/mm 6.75
Diameter of shaft/mm 25
Axial cone angle of stator and rotor/(°) 6
Winding turns 84
Average air gap length of stator and
rotor/mm 0.25
Lamination length of core/mm 50
Average air gap length of auxiliary 01
bearing at suspension end/mm '
Bus voltage/V 180
Reference of speed/(rmin~") 1 000—1 500@3 s
Load torque/(mN+m) 80

Reference of axial force/N —20—20@1.5s

Reference of radial force in x direction of

CBSRM1#/N 10

Reference of radial force in y direction of 15
CBSRM1#/N

Reference of radial force in 2 direction of 9
CBSRM2#/N

Reference of radial force in y direction of 16

CBSRM2#/N
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4.2 Simulation results of individual role divi-

sion control strategy

Fig.7 shows the waveforms of speed and
torque. When the speed reference changes suddenly
at 3 s, the speed of motor can trace the reference
from 1 000 r/min to 1 500 r/min very well. Accord-
ing to Fig.7(b) , the torque of CBSRM2% also in-
creases even though the torque of CBSRM2# is
free. The reason is that the torque of CBSRM 1% in-
creases in order to raise the speed, then the axial
force of CBSRM 1% is bigger, thus the bias current
of CBSRM2# that compensates axial force of CB-
SRM1# increases. Eventually, the torque of CB-
SRM2# turns to be larger.

(=3
(=3
(=
T T T T T

A
Sudden change of [
speed reference |

Speed / (r * min")

=200

1 2 3 4 5 6
Time /s

(a) Speed

0.8 |- Sudden change of I CBSRM1#
0.6 speed reference h

Torque / (N * m)
=)
o

-0.2

|
=
EEN

2.98 2.99 3.02

Time /s
(b) Torque of each motor

Fig.7 Simulation results of speed and torque during the

change of speed reference using Strategy [

The sudden change of axial force reference oc-
curs at 1.5 s, as shown in Fig.§8, and the axial force
can always trace the reference even if the reference
changes from —20 N to 20 N at 1.5 s. And the bias
current of CBSRM2#% is regulated to compensate
the axial force as the reference changes.

The waveforms of torque during the sudden
change of axial force are shown in Fig.9, while the
waveforms of axial force when the increase of speed
occurs are shown in Fig.10. When the axial force
reference increases at 1.5 s, the axial force of CB-
SRM2# F,. must decrease, and the torque of CB-
SRM2# also decreases with the bias current 7,,. Ow-
ing to the compensation torque of CBSRM 1%, the
total torque T keeps constant. Similarly, with the

853

40 0
Z 30r Sudden change of A1
o 20 raxial force reference T T
2 10f L
& ol
= ol
gor ) )]

20

-30 . i

1.48 1.49 1.50 1.51 1.52
Time /s
z (a) Total axial force
S 180
S 160 |
S 140+ |
— 120t
‘% 100 CBSRM2# |
S 80t [
© 60
£ 40
S 20 [CBSRMI# | .
'2 1.48 1.49 1.50 1.51 1.52
Time /s

Fig.8

(b) Axial force of each motor

Simulation results of axial force during the

change of axial force reference using Strategy |

1:5
1.0

S o
S W

!
.°

Torque / (N * m)
|
5 o

1.

Torque / (N * m)

1.

Fig.9

|
L Sudden change of<
axial force reference|

48 1.49 1.50

1:51 1.52

Time /s
(a) Total torque

| Sudden change of /:
[ axial force referenceI

CBSRMI1#

CBSRM2#

48 1.49 1.50

1.51 1.52

Time /s

(b) Torque of each motor

Simulation results of torque during the sudden

change of axial force reference using Strategy |

Axial force /N
(=)

-20

0
2.

Absolute of axial force / N
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f=]

o)
g2

—

S

L J B
o |1 L |

i A

- Sudden change of |

I speed reference |

98 2.99 3.00 3.01 3.02

Time /s
(a) Total axial force
Sudden change of

speed reference
CBSRM1#

ICBSRMZ#
.98 2.99 3.00 3.01 3.02
Time /s
(b) Axial force of each motor

Simulation results of axial force during the sud-

den change of speed reference using Strategy |
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compensation axial force of CBSRM2#, the total
axial force is not affected by the increase of speed.
According to Fig.11, the radial forces all trace
its reference respectively. However, the force wave-
form in Fig.11 has burred feature which appears at

the commutation of phases.

80
60 -‘

40 -
20

L

0 L.

_20 L

_40 L

-60 +

_80 1 1

2.94 2.95 2.96 2.97 2.98
Time /s

(a) Radial force in x direction of CBSRM1#

F_of CBSRM1#/N

6ot ‘ ‘

i I

F, of CBSRMI# /N
)
SO

2.94 295 2.96 297 2.98
Time /s
(b) Radial force in y direction of CBSRM1#

80

el ]

0
-20
—40
-60
_80 1 1
2.94 2.95 2.96 2.97 2.98

Time /s

(c) Radial force in x direction of CBSRM2#

F.of CBSRM2# /N

40 + ‘ l

20 &

ol! | |
_20 1 1 1

2.94 2.95 2.96 2.97 2.98
Time /s

(d) Radial force in y direction of CBSRM2#

Fig.11 Simulation results of radial forces using Strategy [

F, of CBSRM2# / N
)
SOO

This is due to the winding currents adopt hys-
teresis control. The reference of winding current
changes suddenly but the real current cannot react
immediately at commutation. Meanwhile, the math-
ematical model of CBSRM 1is derived in different
sections. The force is calculated by the expression
which consists of winding currents. Therefore, the
control strategy can realize the speed regulation and
5-DOF levitation of rotor simultaneously, with ex-

cellent dynamic and steady-state performance.

4.3 Simulation results of mutual role division

control strategy

The simulation parameters of mutual role divi-
sion are as same as those of individual role division
control strategy. Furthermore, in the cost-function
&, equals k. The simulation results of mutual role di-
vision validate the correctness of theory. The wave-
forms of speed and torque during the sudden change
of speed reference are shown in Fig.12. The speed
of motors can track the reference quickly and accu-
rately. And the torques of two motors both grow

with the increase of speed.

[*]
(=3
S
T T T T T

A
Sudden change of |
speed reference |

1 2 3 4
Time /s
(a) Speed

W
(=)}

1.0

[ A CBSRMI1#
Sudden change of | | CBSRM2#

speed reference |

Torque / (N * m)
doocoso
DO B N

I . l .

2.98 2.99 3.00 3.01 3.02
Time /s

(b) Torque of each motor

|
[=1
N

Fig.12 Simulation results of speed and torque during the

change of speed reference using Strategy |l

As shown in Fig.13, the axial forces of two
motors cooperate with each other so as to bring the
total axial force from —20 N to 20 N rapidly. To
show the switches between two role division ways,
the signal during the change of axial force reference
is presented. “1” represents the first way, while “0”
the second way. It can be seen from the Fig.14 that
two role division ways alternate according to the
evaluation principle. Combined with Fig.12(a) and
Fig.13(a), the speed and axial force both make ef-
forts to trace the references despite the continuous
switches between two ways.

In order to verify the decoupling performance
of mutual role division control, the waveforms of
torque during the sudden change of axial force at

1.5 s are shown in Fig.15, while waveforms of axial



No. 6 HAO Zhenyang, et al. Two Different Role Division Control Strategies for Torque and Axial Force--- 855

40 —I 40 0
z 30r  Sudden change . . z 30F [ I |
S 20F  ofaxial force =TT 3 rmt—T T
e 10r reference e 10f
f _18 [ ] 18 I Sudden change of |
= L — —10}
5 -20 Iﬁl . g ol speed reference |

-30 ' -30 +

-40 L L 40 1 L

1.48 1.49 1.50 1.51 1.52 2.98 2.99 3.00 3.01 3.02
Time /s Time /s
> (a) Total axial force z (a) Total axial force
< o 180
2 160f ' 8 160
& 140t | & 140
= 120 F = 120
S {oo[ CBSRM2¢ | 7 100
S 780+ | < 85
3 60 S 60
2 40 £ 40
% 29[ csrmig l , = 2 ; I ,
e
2 048 149 150 151 145 2 298 299 300 3.0l 3.02
Time / s Time /s

(b) Axial force of each motor

Fig.16 Simulation results of axial force during the sudden
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force during the sudden change of speed at 3 s are & ol
. . . 80
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The waveforms of radial forces of two motors (d) Radial force in y direction of CBSRM2#

are given in Fig.17. All of them track their referenc- Fig.17 Simulation results of radial forces using Strategy I
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es as expectation so as to realize the radial levitation

of rotors.

5 Conclusions

This paper proposes two coordinate control
strategies of torque and levitation forces of 5-DOF
magnetic suspension system which is made up of
two CBSRMs. Individual role division control strat-
egy makes two motors take charge of different re-
sponsibilities, i.e., one to control torque and the
other to control axial force. The roles of two motors
are not immutable, and mutual role division control
strategy has a more widely application on the basis
of individual role division. The coefficients of cost-
function can change according to the need of opera-
tion, thus deciding the roles of two motors. Two
strategies realize the decoupling of torque and axial
force by means of control to a certain extent and pro-
pose a new solution for the application of the high in-

tegrated 5-DOF magnetic levitation system.
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