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Abstract

To achieve the reliable control of bearingless induction motor which is a multi-variable and
nonlinear object, a convenient decoupling control strategy based on inverse system method is proposed.
The reversibility of four-pole torque system was analyzed, and the inverse system models were analysed
also. Then the torque system was decoupled into two second-order linear subsystems: one is the rotor
speed system, another is the rotor flux system. The suspension control system adopts negative feedback
control strategy, and the required air-gap flux linkage of torque system was obtained from the rotor flux and
stator current ontime; finally, synthesis and simulation of the decoupling control system for bearingless
induction motor were researched. Simulation results have demonstrated that good performance can be
achieved. The presented control strategy is feasible.
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1. Introduction

Based on the similarity of magnetic bearing and usual motor’s stator, Bearingless motor
is proposed [1-5]. Bearingless motor is a newly type of electric machine with suspension control
windings embedded in the stator slots along with the conventional motor windings. In
bearingless motor, the usual motor windings are called torque windings, witch will produce usual
torque magnetic field; and the suspension control windings will produce suspension magnetic
field. By the interaction between torque magnetic field and suspension magnetic field, the radial
suspension force will come into being [1], [6-7]. Because of the structure complexity, the
mathematical model of bearingless motor is so complex; there are cross-couplings between
multi-variables. In order to achieve good control performance of bearingless motor, it is
necessary to achieve the decoupling between relevant variables. The inverse system method is
an effective decoupling measure for multi-variable and nonlinear system, and its basic idea can
be described as following: based on the original system model, the inverse system can be
constructed, and the inverse system can be used to compensate the original system into
several decoupled linear subsystem [8].

In the paper, the inverse system method will be applied to the variable frequency speed
adjustment system of three-phase bearingless induction motor. The reversibility of four-pole
torque system was analyzed based on rotor flux orientation, and the inverse system method
was analyzed also. Then the torque system will be decoupled into two second-order linear
subsystems: one is the rotor speed subsystem; another is the rotor flux subsystem; for
convenience, the suspension control system will adopt negative feedback control strategy, and
the required air-gap flux linkage of torque system will be calculated online from the rotor flux and
stator current of torque system.

2. Mathematical Model of Bearingless Induction Motors
2.1. Working Principle of Bearingless Induction Motor

Bearingless induction motor is a newly type of electric machine that there are two sets
of windings with a difference in pole-pair numbers embedded together in its stator slots: torque
windings (with pole pair p; and angular frequency w), and suspension control windings (with
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pole pair p, and angular frequency w). Relevant researche results show that only when two
sets of windings meet the qualification of “p,= p1x1, wi=w,”, and the two sets of magnetic fields
produced by two sets of windings rotate in the same direction, can the radial force that can be
stably controllable be produced [1], [8-10]. By the interaction between torque magnetic field and
suspension magnetic field, the distribution of composite magnetic field in air-gap was changed,
then a radial force generates pointing to the direction of the magnetic field enhancement, thus
the stable suspension of the rotor shaft is achieved.

In the paper, bearingless induction motors combined 4-pole torque windings and 2-pole
suspension control windings are selected as the object for study. Figure 1 shows the principle of
the magnetic suspension force generation for an induction-type bearingless motor. When torque
windings and suspension control windings are electrified by /4, I», they will generate 4-pole flux
linkage w¢ and 2-pole flux linkage w,. Here, a and B represent the axis for rotor displacement
control. At no-load situation, if the suspension control windings are electrified the current /, in
the direction as shown in Figure 1, on the upper of air gap, the air gap flux linkage density would
be increase because of g4 and y, in the area pointing to the same direction. But on the lower
side, the flux linkage density decreases for y, being in the opposite direction with 4. Therefore,
the radial electromagnetic force Fz is generated along B-direction due to the imbalance of
magnetic field. The radial force in the opposite B-direction would be produced when suspension
control windings are electrified the current which contrary to /; in Figure1. In the same way, the
radial force along a-direction can be generated also.

decrease of flux density

Figure 1. Principle of Magnetic Suspension Force Generation of Bearingless Induction Motor

2.2. Mathematical Models of Four-pole Torque System

The principle of torque generation for bearingless induction motor is similar with the
conventional induction motor. The mathematical model of torque system consists three parts in
d-q coordinate, which is voltage equations, flux linkage equations and torque equations. Voltage
equations are shown as Equation (1).

Uas = Rylge + PV gy — @y g,

Uslq = Rslislq + PV T O g (1)
Ug = Rulg + PW g — OY 11q = 0

U, = Rulpg + PV g + Oy =0

Where w; is the rotation angular speed of the d-q sysnchronous reference frame; w;s is
the slip angle frequency, ws=w+-w; w is the angular speed of the rotor; isig« isig aNd g~ ing are
the stator current component and the rotor current component of the torque windings in d-q
reference frame; Ugsigv Usig and Ung Unq are the stator voltage component and the rotor
voltage component of the torque windings in d-q reference frame; Wsig~ Wsig @and Yrg Wngq are
the component of the stator flux linkage and the rotor flux linkage of the torque windings in d-q
reference frame; Rs;+ Rq are the stator and rotor resistance; p is the differential operator.
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Equation (2) shows the rotor flux linkage equation.

Waa = Lilgg + Lylng =¥ + Lilgg
Waq = Lsislq + Lmirlq =Yyt leislq
Wia = Lulgg + Lilig = W9 + Lying
Vi = Lmislq + Lrirlq =Yt Lrlirlq

In Equation (2): w14+ W14 are the air gap flux component of the torque windings in d-q
reference frame; L, is the mutual induction between stator and rotor in d-q reference frame; L;is
the self-induction of the stator, Ls=L,+Lg. Ls is the self-induction of the rotor, L,=L,+L,;; Lg. Ly
are the leakage induction of the stator and the rotor.

Equation (3) shows the Torque equation.

L . .
Te =P Tm (l//rld Islq - l//rlqlsld ) (3)

r

Where, p; is the pole-pairs of the torque windings.

2.3. Mathematical Models of Two-pole Suspension System

The radial magnetic suspension forces of the bearingless motor can be expressed as
following [9, 10]:

F, =Ky (igeWi + i52ql//1q)7 Fﬂ = Km(ide‘//lq - iqu‘//ld) (4)

Where K, is the levitation force coefficient that is related to the structure of the motor.
In addition, there is an eccentric magnetic pull on the rotor that can be written as:

F,=Ka, F,=KJ} ()

sa

Where K; is the radial displacement coefficient.

2.4. Motion Equation of the Bearingless Motor
The motion equations of the bearingless motor can be expressed as Equation (6).

me =F, - F,,
mpg=F,-F, (6)
Ja)r/pl:Te_TL

Where, m is the rotor mass; a and 3 are the eccentric displacements of rotor from the stator
center.

3. Inverse Decoupling Control of the Torque System
3.1. State Equations of the Torque System

Oriented the d-axes in the rotor flux linkage, then W, =Wy, Wiq =Wng=0. Then,
Substituting Equation (2) into Equation (1), and eliminating ings ing. Yra« Yrq , and the state
equations of the torque system can be written as [11]:

di R,L*+R,L?
id _ i H
sld_ . _ s —r r mlsm_i_w1I

dt oL’

+

1
l//r1+ ol usld (7)

S

slq

oLLT,
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digg _ o _RL+RL. L, 1 (8)
dt 1 "s1d GLS I-Zr slq O'LS Lr er GLS slq
dy ., 1 L.
W o2, 4 Inj (9)
dt Tr l//rl Tr sld

2
do_pily, ; _Piy (10

In addition, there is following relation equation:
(/)rlq = _(a)l - a)r)l//rl + LmliSlq /Tr =0 (11)

Then the rotation angular speed of the d-q reference frame can be written as following:

I
w, = co+M (12)
Ty

By the Equation (9), the rotor flux linkage can be deduced as:

Lml

i 13
Ts+1° (13)

v, =

According to the Equation (12), the rotation angle of the rotor flux linkage can be
deduced as the following:

¢ = J.a)l = J.(a)r + ws)dt = J.[a)r + Lmlislq /(Trl//r)]dt (14)

3.2. Reversibility Analysis of the Torque Systems
The state variables are chosen as [12-15]:

X = (X X, X5, X, )T = (iggg iy ¥y, @) (15)
Input variables are chosen as:

U= (U, U,)" = (Ugy,Ugy)" (16)
Output variables are chosen as:

yz(yllyz)T :(Xs’x4)T :(Wrya’)T (17)
The state equation of the system can be written as:

X, ==y =o)X + (X, + L, oX, [ X;)X, + StipXy + ou,
X, ==(y —1)X, = (X, + Lo X, [ X3) X, — OnXsX, + U,

Xy =L, 7X,—7X, (18)

X, = 1X,Xq —%TL

A Convenient Control Strategy of Bearingless Induction Motor Based on... (Wen-shao Bu)



3564 = ISSN: 2302-4046

In equation (18):

L2 R R R 1 2| L
m sl =T s =P T

TLL T oL L ol i L

o=1

In order to analysis the reversibility of the system, interactor algorithm is adopted.

Calculate the derivative of the output Yy = (Y1 YZ)T with respect to time, until the Input variables
are revealed. The calculation procedures can be expressed as following:

Y, =L, 7X,—7X,

¥, = L o[~(y —7)% + (X, + L,7X, [ X3) X, + 07X, + Su, ] — 2
(19)
Yo = HX, X, _%TL

Yo = pXs[=(r = 7)X, = (X + LyTX, 1 X3) X, = 017XaX,y + U, ]+ Xy (L X, — Xg)

AssumingY = (V,,V,), then the Jacobi matrix with respect to input variable can be
expressed as following:

L,z 0
Al _| Lo (20)
ou 0 HXq

Lo

Xs =Wy # 0, det(A) = Lyzuxs / L2o® # 0, rank(A) = 2 < 4 . The relative order of the
system isa = (&, &,)" =(2,2)". It is easily obtained thata; + ¢, =4, which is equal to the
order of the system. Then, there is conclusion that the system is reversible.

AssumingY = (V,,V,)" =(V,,V,)", and substituting it into Equation (19) and (20), then
the inverse system model of four-pole torque system can be written as:

1.1 1 L zx
Ul=—[—V1+}/X1—T(577+—)X3—(X4+ o Z)Xz]

§ Lt Ln Xs (21)
u, = i[ Vy + 7 X, + X X+ XX, ]

O X,

Where v,. vy are input variables of the inverse system.

Connecting the inverse system in front of the torque system in series, and complexing
them together, then the torque system is decoupled to two pseudo-linear subsystems.

The input-output relations of the compound system can be expressed as following:

Jo=v, Y,=V, (22)

Where : Yy, =y, ¥, =@.

4. Negative Feedback Control of the Suspension System

It can be seen from Equation (4) that the radial suspension force is generated by the
interaction between the air gap flux linkage of torque windings and the stator current of
suspension control windings. In order to achieve the decoupling control between radial
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suspension force components, the amplitude of air gap flux linkage is need to be identified
accurately so that the suspension control current can be calculated according to the required
magnetic suspension force.

The amplitude of air gap flux linkage can be identified by the relationship between air
gap flux linkage and rotor flux linkage, as Equation (23) and (24).

L .

l//ld = Tm(l//rl + Lrllsld ) (23)
L., .

l//lq = Tm I-rl Islq (24)

r

Then the required suspension control current can be deduced by Equation (4) as
following:

(!dej: 1 Vie Vg j(Faj (25)
20 ) Kowd +w2) Wi v J\Fy
And Equation (25) can be rewritten as Equation (26) as well.
io9)__1 (cosp sinp F, (26)
loq ) K., sinp —cosp J{ Fy

In Equation (25) and (26):

K = Ko (wiy +15y) . p=arctan (v, /) (27)

5. Synthesizing System
5.1. Closed Loop Controllers Design

From the inverse system compensation, the torque system is decoupled into two
second-order linear subsystems: one is the rotor speed subsystem; the other is the rotor flux
subsystem, each of them can be controlled by v4 v, independently, as shown in Figure 2. But in
practice, under the effect of all kinds of factors, the pseudo-linear system that has decoupled by
inverse system is not a simple and ideal linear system, thus closed loop controller is needed to
design according to linear system theory to improve the dynamic and static performance and
anti-amming capability for the whole control system. As a kind of classic and effective
controller, PID controllers are suitable for the pseudo-linear system of bearingless induction
motor.

In the paper, for the transfer functions of motor speed subsystem and rotor flux
subsystem can be expressed with G(s) =1/s?, PD controllers are used to synthesizing the torque
system. The transfer function of PD controller can be written as:

G.(s)=K, +K;s=K_ (1+T;s) (28)

In Equation (28), K, is the proportional gain coefficient, K, is the differential gain
coefficient, T, is differential time constant, which can be shown as follows:

T, =—¢ (29)

The open loop transfer function of the second-ordered system with PD controller is:
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K, +Kgs K, (1+T;s)
s? B s?

Gol (S) = (30)

The parameters of the speed controller and the rotor flux controller are the same; the
setting of the parameters can be determined by method of frequency domain analysis. In the
paper, K, =1000, Ky =50 were finally selected as parameter for the controllers. Then the open
loop transfer function of the system is:

50(s+ 20
G, (s) = 2205+20) (31)
The closed loop transfer function of the system can be written as:

" 5% +50s+1000
For the suspension control system, negative feedback control is used after the
identification of air gap flux linkage. The structure of the suspension control system is simple
relatively, the traditional PID controllers are appropriate to synthesizing for a good performance.

5.2. Overall Structure of Control System and Simulation Results

* - — F * . * * *
a Position | "« ko U Usoa
Suspension > > > > Svpwm
_ . force control |~ rguljlrggjtr n ~| 2ri2s U,
B ) 4 Position | Fs model (26) |*¥, g Y ” 5| Inverter
regulator
— R
W 2t = <=
u d i 2s/2r | . 312 ‘i
i k <
Calculation |« 519 KT B
of air gap
flux linkage 5
y
w, s BILM
0 [04
Y | Rotor flux sid e «
linkage [ 2s/2r [ 32
identification < i < <«
Y slq Isw [ X
4 i v * - *
Inverse system Ussa (U2) o Yt
model of four pole . oa e > Svpwm
1
toraue system || Uy (U, i S| imerter
[ I w @

Figure 2. Control system of bearingless induction motor based on inverse system

The designed overall construct of control system for bearingless induction motor is
shown as Figure 2. The stator currents and radial displacements can be measured directly; the
motor speed can be recognized by speed sensorless; the rotor flux linkage and the air gap flux
linkage can be identified by flux observer, the rotation angular speed can be derived from
Equation (12). As shown in Figure 2, for the torque system, the detected speed and rotor flux
linkage are compared with their given values, the deviation values are the input of inverse
system vy, v,. The outputs of inverse system, i.e. u 514 and u s1g are transformed to u Smand u s1B-
Then by SVPWM inverter, the torque control of three-phase bearingless induction motor can be
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achieved. For the suspension control system, the difference between the actual radial
displacements a, B and their given values are regulated by PID controller, the required given
values of radial suspension force are derived. The current components i szq, / s24 for suspension
control can be deduced by Equation (26). By current regulating, u szq, U 524 are obtained, and by
coordinate transformation, u sq, U sop are derived witch will be used as the reference voltages of
SVPWM modulation.

In order to verify the feasibility of the proposed decoupling control method as shown in
Figure 3, simulation is implemented based on Matlab/Simulink, the bearingless induction motor
with two-pole suspension winding and four-pole torque winding is adopted as the control object .
The motor parameters are given as followings: the stator resistance R:=0.435Q, the rotor
resistance R,~=0.816Q), the self-inductance of stator L,=0.071H, the self-inductance of rotor
L,=0.071H, the mutual inductance of stator and rotor L,=0.069H, the rotor moment of inertia
J=0.189kg-m2, the touch down bearing clearance 6=250um, the mass of rotor m=3.25kg, the
radial displacement coefficient K;=2.3H/m.

1.4 T T T T T T T T T 2000
1800 ~
1.2
1600
1+ 7 1400 -
0.8 i = 1200
g E 1000
5 0.6} - 3
800 H
0.4l i 600
400
0.2+ ~
200 q
OO 0.‘2 014 0.‘6 0.‘8 “I 1.‘2 114 1.‘6 1.‘8 2 00 012 014 0.‘6 0‘.8 ‘1 112 1.‘4 1‘.6 1‘.8 2
t/s t/s
Figure 3. Rotor Flux Linkage Response Figure 4. Rotor Speed Response Waveform
Waveform
0.02 T T T T T T T T T 0.02
0 0
-0.02 B -0.02 H
E -0.04 E 0.04
o (-8
-0.06 B -0.06
-0.08 B -0.08
-0.1 I I I I I I I I I -0.1 1 1 I I I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

t/s t/s

Figure 5. Response Waveform of a-direction Figure 6. Response Waveform of B-direction
Radial Displacement Radial Displacement

In the simulation experiment, the initial values are set as followings: the given value of
rotor speed is 1500r/min, the given value of rotor flux linkage is 0.8Wb; the initial values of two
radial displacements are -0.1mm, and the given values of radial displacements are 0.0mm; the
motor will start with no load. The simulation results of the decoupoling control system are shown
as Figure 3 to Figure 6. From the simulation results, we can see that each of the output meets
the given value with fast response times and small overshoot. In order to verify the effectiveness
of the decoupling control strategy, the given signal of the system varies with time. At t=0.6s, the
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given value of rotor flux linkage be changed to 1.2Whb; at t=1.4s, the given value of rotor speed
be changed to 1000r/min. As shown in Figure 4 to Figure 7, the variation of rotor speed couldn’t
affect the rotor flux linkage and the radial displacements, and the variation of the rotor flux
linkage has no influence on the other controlled variables also.

To further verify the effects of decoupling control of suspension control system, the
given value of a-direction radial displacement be changend to 0.02mm at the moment of 0.5s; at
the moment of 1.2s, the given value returned to 0; at the moment of 0.8s, the given value of 3-
direction displacement be changed to -0.02mm, and at the moment of 1.5s, the given value of (3-
direction displacement returns to 0.0mm. Fig.8 shows the simulation results. As shown in Figure
7, when one of the radial displacement components changes, another is not be impacted.

0.04

radial displacement/mm

-0.08

a-direction radial displacement |
—— — B-direction radial displacement

-0.1 I I I I Il Il I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
tis

Figure 7. Decoupling Control Response Waveforms of Suspension System

From above simulation results, better decoupling control performance of bearingless
induction motor has achieved, and the proposed decoupling control strategy is effective.

6. Conclusion

Three-phase bearingless induction motor is a multi-variable, nonlinear and strong-
coupling object. Aiming at the the strong-coupling problem of Bearingless induction motor, the
paper proposed a convenient inverse system decoupling control strategy. By compensation of
the Inverse system, the four-pole torque system is decoupled into two second-order linear
integral subsystems: one is the rotor speed system; another is the rotor flux subsystem. Then,
using the rotor flux linkage and stator current, the required air-gap flux linkage of torque system
is identified ontime. By linear feedback control, the radial displacements can be control reliably.

Simulation results have demonstrated that good decoupling control performance can be
achieved with the presented control strategy; the overall system has fine dynamic and static
performance and higher anti-jamming capability. The given control strategy is feasible and
effective.
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