
Received July 12, 2019, accepted August 16, 2019, date of publication September 3, 2019, date of current version September 25, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2939258

LS-SVM Inverse System Decoupling Control
Strategy of a Bearingless Induction Motor
Considering Stator Current Dynamics
WENSHAO BU 1,2 AND ZIYUAN LI1
1Electrical Engineering College, Henan University of Science and Technology, Luoyang 471023, China
2Information Engineering College, Henan University of Science and Technology, Luoyang 471023, China

Corresponding author: Wenshao Bu (wsbu@163.com)

This work was supported by the National Natural Science Foundation of China under Grant 51277053.

ABSTRACT The bearingless induction motor (BL-IM) is a multivariable, nonlinear and strongly coupled
object, in order to achieve its dynamic decoupling control with high performance, on the basis of the
least square support vector machine(LS-SVM) principle, a novel LS-SVM inverse system decoupling
control strategy is proposed. Firstly, under the conditions of taking the stator current dynamics of torque
windings into account, the state equations of the BL-IM system are established. Secondly, based on the
approximation and identification fitting ability of the LS-SVM to arbitrary nonlinear function, the inverse
system mathematical model of the BL-IM system considering the stator current dynamics is trained and
obtained. After that, according to the decoupling principle of inverse system, the BL-IM system is decoupled
into four second-order pseudo-linear integral subsystems, include a motor speed subsystem, a rotor flux-
linkage subsystem and two radial displacement component subsystems. At the end, the comprehensive
simulation analysis of the LS-SVM inverse decoupling control system are carried out. From the simulation
results, it can be known that the dynamic decoupling control among the motor speed, rotor flux-linkage and
two radial displacement components can be realized, meanwhile after considering the dynamics of the stator
current, the LS-SVM inverse decoupling control system of BL-IM has the characteristics of fast response
and strong anti-interference ability.

INDEX TERMS Bearingless induction motor system, dynamics of stator current, LS-SVM, inverse system
decoupling.

I. INTRODUCTION
The AC motor supported by magnetic bearing has been
widely used in the high speed drive field [1]–[4], but it
still has some disadvantages, such as the higher magnetic
suspension power consumption, the difficulty to over speed,
etc. [5]–[8]. The bearingless motor is a new type of ACmotor
that is proposed based on the similarity of stator structure
between ordinary AC motor and magnetic bearing [9], [10].
Normally, there are two sets of windings in the stator slots
of bearingless motor, one is the torque windings with cur-
rent angular frequency ω1 and pole-pair number p1, another
is the suspension windings with current angular frequency
ω2 and pole-pair number p2 [5], [10]. The magnetic field
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produced by the torque windings, i.e. the so-called motor
magnetic field, is used for the rotary drive of bearingless
rotor, while the suspension control magnetic field produced
by the suspension windings breaks the balance and symmetry
of the motor magnetic field, and results in the magnetic field
enhancement in some air-gap area, and the magnetic field
weakening in the symmetrical air-gap area in space [5], [10].
When the pole-pair numbers of two sets of stator windings
and their current angular frequencies meet the ‘‘p2 = p1 ± 1,
ω2 = ω1’’ conditions [5], [11]–[13], a stable resultant force in
radial direction can be generated that is controllable both in
amplitude and in direction, and then the suspension motion
of the bearingless rotor can be freely controlled. The con-
trollable resultant force in radial direction is called control-
lable magnetic suspension force. The generation principle
of the controllable magnetic suspension force is shown
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FIGURE 1. Suspension force generation schematic diagram.

in Figure 1 [10], where the pole-pair numbers p1 and p2 equal
to 2 and 1 respectively.

Comparedwith theACmotor that is supported bymagnetic
bearings, the shaft of the bearingless motor is shorter, the
critical speed of the bearingless rotor is higher, and then the
bearingless motor is more suitable for the high-speed rotary
drive application [5], [10], [15]–[17]. Now, in aerospace,
advanced manufacturing, semiconductor processing, chem-
ical industry, life sciences and biopharmaceutical fields,
an urgent requirement has been proposed for the bearingless
motor technology. The bearingless motor technology can be
applied to various AC motors, and among them, because of
a series of advantages, such as a robust structure, a larger
force/current ratio and the convenience for weakening mag-
netic, the bearingless induction motor (BL-IM) has attracted
wide attention [18]–[23].

Inside the BL-IM, there exists complex electromag-
netic coupling relationship [18]–[20]. In order to achieve
its dynamic control with high performance, the dynamic
decoupling among relevant controlled variables should be
achieved [21], [22]. The inverse systemmethod is an effective
linearization method based on nonlinear feedback [22]–[24],
its physical concepts is clear and intuitive, and it can be
used for the dynamic decoupling of all kinds of bearingless
motors.

In the analytical inverse systemmethod, the derived analyt-
ical inverse system model of the controlled object is always
very complicated;meanwhile, themodel accuracy is unavoid-
ably affected by the modeling deviation and time-varying
parameters, this will inevitably affect the decoupling per-
formance of the BL-IM system [10], [22], and then it is
inconvenient for practical application. Utilizing the neural
network, the nonlinear inverse model of a BL-IM system
can be identified [21], [22]. But the problems of neural net-
work itself, such as the slower convergence rate, the easiness
to fall into local minima and the more dependence on the
expert knowledge, have limitited its application scope to
a certain extent [25]. The support vector machine (SVM)
is a novel machine learning method that is based on the

statistical learning theory [26], it can effectively minimize the
dependence on the expert knowledge. In addition, the SVM
also has some other excellent characteristics, such as the
small sample self-learning ability, the stronger generalization
ability, the global optimization ability and the relatively fixed
topological structure, etc. [25], and then it is very suitable for
the parameter estimation and model identification. The least
squares support vector machine (LS-SVM) is a further expan-
sion of the SVM [25], [27], it changes the inequality con-
straint of traditional SVM to an equivalent equality constraint,
it converts the problem of solving the quadratic programming
to that of solving linearization equations [25], it effectively
simplifies the computation process [6], [25], [28], and then
it is applicable to the nonlinear modeling of the bearing-
less motor system [25], [28]. About the decoupling con-
trol strategies of BL-IM system based on the LS-SVM,
there have been some research processes. But in the exist-
ing researches [29]–[31], the stator current components
are selected as the control inputs of the original system,
therefore the dynamics of stator current are not taken into
account, and as a result, the identified inverse model of
the BL-IM system is not accurate enough [28]–[31], which
inevitably limits the improvement of the dynamic decou-
pling control performance of the BL-IM system to a certain
extent.

In order to control the BL-IM with high-performance,
this paper proposes a LS-SVM inverse decoupling control
strategy for the BL-IM system. Firstly, taking the current
dynamic link of torque windings into account, and on the
basis of the rotor flux-linkage orientation of the torque
system, the state equations of a BL-IM system are estab-
lished firstly [22]. And then, on the basis of the reversibil-
ity analysis, the LS-LVM inverse system model of a
BL-IM system is trained and established, by way of the
inverse system method, the BL-IM system is decoupled into
four second-order pseudo-linear integral subsystems [22],
meanwhile the analysis and synthesis are made for each
subsystem. At the end, the proposed LS-SVM inverse
decoupling control strategy is simulated and verified in
detail.

II. MATHEMATICAL MODEL OF A BL-IM SYSTEM
A. MATHEMATICAL MODEL OF THE TORQUE SYSTEM
During the normal operation of a BL-IM system, because
the rotor’s eccentricity is very small, the influence of the
suspension control magnetic field on the torque windings can
be neglected. And then, the mathematical model of torque
system is basically the same as that of the ordinary induction
motor system.

Defining d-q is the coordinate system oriented by the rotor
flux-linkage of torque system [22], [24]. Then, considering
the dynamic differential equations of the stator current
components, and taking the constraint conditions ‘‘ψr1q =
ψ̇r1q = 0, ψr1 = ψr1d ’’ into account, the dynamic
mathematical model of the torque system can be obtained
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as follows [24]:

dis1d
dt
= −

Rs1L2r1 + Rr1L
2
m1

σLs1L2r1
is1d + ω1is1q

+
Lm1

σLs1Lr1Tr1
ψr1 +

1
σLs1

us1d

dis1q
dt
= −

Rs1L2r1 + Rr1L
2
m1

σLs1L2r1
is1q − ω1is1d

−
Lm1

σLs1Lr1
ωψr1 +

1
σLs1

us1q
dψr1
dt
= −

1
Tr1

ψr1 +
Lm1
Tr1

is1d
dωr
dt
=
p1Lm1
JLr1

ψr1is1q −
1
J
TL

(1)

where, the expression of the synchronous angular speed ω1 is
as follow:

ω1 = p1ωr +
Lm1is1q
Tr1ψr1

(2)

In (1) and (2):ψ , u, i, R represent the flux-linkage, voltage,
current and resistance respectively; the subscripts s1 and
r1 represent the stator and rotor of torque system respectively;
ωr is the rotation angular velocity of the bearingless rotor; the
subscripts d and q represent the corresponding components in
d-q coordinate system; Lr1, Ls1 and Lm1 represent the rotor
self-inductance, the stator self-inductance and the mutual
inductance respectively; Ls1l and Lr1l are the stator- and
rotor-leakage inductance respectively; TL is the load torque
variable; Tr1 is the time constant of rotor windings.

B. MATHEMATICAL MODEL OF MAGNETIC
SUSPENSION SYSTEM
Defining α-β is the stationary coordinate system whose coor-
dinate origin is set on the stator axis. Then the components of
controllable magnetic suspension force in the α-β coordinate
system can be expressed as follows [24]:{

Fα = Km(is2dψ1d + is2qψ1q)
Fβ = Km(is2dψ1q − is2qψ1d )

(3)

where, Km is the stiffness coefficient of magnetic suspen-
sion force that is determined by the BL-IM structure; the
expression of coefficient Km is as follow:

Km = πLm2/(4µ0lrN1N2) (4)

In (3) and (4): Fα and Fβ are the components of con-
trollable magnetic suspension force in the α-β coordinate
system [24], [25]; is2d and is2q are the components of mag-
netic suspension control current in the d-qcoordinate system;
µ0 is the air-gap permeability; l is the length of stator core;
r is the inner diameter of stator core; Lm2 is the excitation
inductance per phase of the three-phase suspension windings;
N1 is the effective turn number in series per phase of the
three-phase concentrated torque windings, and N2 is that of
the three-phase concentrated suspension windings [22]; ψ1d
andψ1q are the air-gap flux-linkage components of the torque
system in the d-q coordinate system [24], [25].

From (3), it can be known that the components of
controllable magnetic suspension force is related to the
components ψ1d and ψ1q of the air-gap flux-linkage. The
required ψ1d and ψ1q components can be expressed as
follows:

ψ1d =
Lm1
Lr1

(ψr1 + Lr1l is1d ), ψ1q =
Lm1
Lr1

Lr1l is1q (5)

From the principle ofmechanical dynamics, the suspension
motion equation of bearingless rotor can be expressed as
follow [22]:

mα̈ = Fα + fα + FLα, mβ̈ = Fβ + fβ + fLβ (6)

In (6): m is the mass of bearingless rotor; in the α-β
coordinate system, FLα and FLβ are the corresponding com-
ponents of external radial force, fα and fβ are the correspond-
ing components of unilateral electromagnetic pull. Here, the
expressions of fα and fβ components are as follows:

fα = ksα, fβ = ksβ (7)

where, ks is the stiffness coefficient of radial displacement
[22], its expression is ‘‘ks = πrlB2/2µ0δ0’’, δ0 is the average
length of air-gap, B is the amplitude of air-gap flux density of
the torque system.

C. STATE EQUATION OF A BL-IM SYSTEM
Taking the current dynamics of the torque system into
account, the input-, state- and output-variable of the BL-IM
system are defined as follows:

u = (u1, u2, u3, u4)T = (us1d , us1q, is2d , is2q)T (8)

x = (x1, x2, x3, x4, x5, x6, x7, x8)T

= (α, β, α̇, β̇, is1d , is1q, ψr1, ωr )T (9)

y = (y1, y2, y3, y4)T = (α, β,ψr1, ωr )T (10)

After substituting equations (8) ∼ (10) into equations
(1) ∼ (6), an eight-order state equation of the BL-IM system
can be obtained, as shown in equation (11).

ẋ1 = x3
ẋ2 = x4

ẋ3 =
Km
m
·
Lm1
Lr1

[(x7 + Lr1lx5)u3 + Lr1lx6u4]+ (ksx1

+FLα)/m

ẋ4 =
Km
m
·
Lm1
Lr1

[Lr1lx6u3 − (x7 + Lr1lx5)u4]

+(ksx2 + FLβ )/m
ẋ5 = −(γ − δ)x5 + (p1x8 + Lm1δx6/x7)x6
+ξδηx7 + ξu3

ẋ6 = −(γ − δ)x6 − (p1x8 + Lm1δx6/x7)x5
−ξηx7p1x8 + ξu4

ẋ7 = Lm1δx5 − δx7
ẋ8 = µx6x7 − TL/J

(11)
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In (11), the related parameters are expressed as follows:

γ =
Rs1
σLs1

+
Rr1
σLr1

, σ = 1−
L2m1
Ls1Lr1

, δ =
Rr1
Lr1

,

ξ =
1

σLs1
, µ =

p1Lm1
JLr1

, η =
Lm1
Lr1

.

III. REVERSIBILITY ANALYSIS OF THE BL-IM SYSTEM
The invertibility of BL-IM system can be analyzed by
Interactor algorithm. Here, each output variable yi (i = 1, 2,
3 and 4) would be asked derivative to time gradually, until one
or more input variables uj (j = 1, 2, 3 and 4) are obviously
included in the derivative functions [22]. The solving steps
can be summarized as follows:

ẏ1 = x3 (12)

ÿ1 =
Km
m
·
Lm1
Lr1

[(x7 + Lr1lx5)u3 + Lr1lx6u4]

+ (ksx1 + FLα)/m (13)

ẏ2 = x4 (14)

ÿ2 =
Km
m
·
Lm1
Lr1

[Lr1lx6u3 − (x7 + Lr1lx5)u4]

+ (ksx2 + FLβ )/m (15)

ẏ3 = Lm1δx5 − δx7 (16)

ÿ3 = Lm1δ[−(γ − δ)x5 + (p1x8 + Lm1δx6/x7)x6
+ ξδηx7 + ξu1]− δ2(Lm1x5 − x7) (17)

ẏ4 = µx6x7 − TL/J (18)

ÿ4 = µx7[−(γ − δ)x6 − (p1x8 + Lm1δx6/x7)x5
− ξηx7p1x8 + ξu2]+ µδx6(Lm1x5 − x7) (19)

Setting:

Y = [ÿ1, ÿ2, ÿ3, ÿ4]T (20)

Combining the selected state variable, the air-gap
flux-linkage components ψ1d and ψ1q in (5) can be rewritten
as follows: {

ψ1d = Lm1/Lr1(x7 + Lr1lx5)
ψ1q = Lm1/Lr1Lr1lx6

(21)

From (12)∼(19), the Jacobi matrix of the BL-IM system
can be derived as follow:

A =
∂Y
∂u
=


0 0

Km
m
ψ1d

Km
m
ψ1q

0 0
Km
m
ψ1q −

Km
m
ψ1d

δξLm1 0 0 0
0 µξx7 0 0


(22)

In the normal operation of BL-IM system, the component
of rotor flux-linkage along the d axis and the component of
air-gap flux-linkage along the d axis don’t equal to zero [22].
Then, det(A) 6= 0, rank(A) = 4, the Jacobi matrix is full
rank. The relative order of the BL-IM system is: α = (α1,
α2, α3, α4) = (2, 2, 2, 2). The sum of αi (i = 1, 2, 3 and 4)
equals to the order of the state equation of the BL-IM system,

i.e.
∑
αi = 8 = n, then the BL-IM system is reversible [22].

From the implicit function, the inverse system model that
takes the current dynamics of torque system into account can
be expressed as follow:

U = [u1, u2, u3, u4]T

= ξT (ÿ1, ẏ1, y1, ÿ2, ẏ2, y2, ÿ3, ẏ3, y3, ÿ4, ẏ4, y4) (23)

From (13), (15), (17), (19), it can be known that there is
a serious non-linear relationship between the input variable
and output variable of BL-IM system, i.e. the inverse sys-
tem model described by (23) appears serious nonlinearity.
In addition, the uncertainty of the BL-IM system, and some
other unknown non-linear factors would inevitably affect
the decoupling control performance of the analytic inverse
system. And then in this paper, in order to overcome the men-
tioned shortcomings of the analytic inverse system method,
utilizing the stronger self-learning and generalization ability
of the LS-SVM, the LS-SVM inverse model of a BL-IM
system that takes the current dynamics of torque system into
account would be identified.

IV. LS-SVM INVERSE SYSTEM DECOUPLING CONTROL
STRATEGY OF THE BL-IM SYSTEM
A. REGRESSION PRINCIPLE OF LS-SVM
For training data sets {(xi, yi)}Ni=1, where N is the number
of training samples, xi is the input data, xi ∈ Rn, yi is the
corresponding output data and yi ∈ R, utilizing the non-linear
mapping relationship ϕ(·), the input space is mapped to a
feature space with high dimension. And then the optimal
linear regression should be performed. The linear function of
the high-dimensional feature space is as follows:

y(x) = wTϕ(x)+ b (24)

In (24): w is the weight vector [25], b is the offset value.
Defining the ‘‘2-norms of error’’ as the loss function of the
LS-SVM, then the optimization problem of the LS-SVM
regression algorithms can be expressed as follows:

min J (w, ξ ) =
1
2
wTw+ γ

1
2

N∑
i=1

ξ2i

s.t. yi = wTϕ(xi)+ b+ ξi, i = 1, 2, . . . ,N

(25)

where: γ is the regularization parameter(or the penalty
factor), and it is a compromise parameter between the model
generalization ability and the identification accuracy, γ > 0;
ξ is the relaxation factor of the insensitive loss function.
From (25), defining a Lagrange function as follow:

L(w, b, ξ, α) = J (w, ξ )−
N∑
i=1

αi

{
wTϕ(xi)+ b+ ξi − yi

}
(26)

In (26), αi is the nonnegative Lagrange multiplier.
From the Karush-Kuhn-Tuch (KKT) condition, making

the partial derivatives of the Lagrange function to the
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parameters w, b, ξi and αi, and taking the obtained partial
derivatives as zero [24]. And then:

∂L
∂w
= 0→ w =

N∑
i=1

αiϕ(xi),

∂L
∂b
= 0→

N∑
i=1

αi = 0,

∂L
∂ξi
= 0→ αi = γ ξi, i = 1, 2, · · · ,N

∂L
∂αi
= 0→ wTϕ(xi)+ b+ ξi − yi = 0

(27)

After eliminating the parametersw and ξ , following matrix
equation can be derived:[

0 I
T

I �+ γ−1I

][
b
α

]
=

[
0
y

]
(28)

where: α = [α1; · · · ;αN ], y = [y1; · · · ; yN ] and � =
{�ij}N×N are N × N dimensional functional matrix; �ij =

ϕT (xi) · ϕ(xi), and i, j = 1, 2, . . . ,N ; I = [1, 1, . . . , 1]T .
According to the Mercer condition, there exist mapping

function ϕ(·) and kernel function K (·, ·) that satisfy the
condition of ‘‘K (xi, xj) = ϕ(xi)Tϕ(xj)’’. The commonly used
kernel functions include radial basis function, sigmoid func-
tion, polynomial function and so on [25]. Because the radial
basis function is easy to implement and can obtain better
accuracy, then in this paper, the radial basis function as shown
in (29) is chosen as the kernel function.

K (xi, xj) = exp[−|xi − xj|2/(2σ 2)] (29)

where σ is the kernel width.
Calculating the parameters α and b in (28) by the least

square method, substituting (27), (29) into (24), then the
regression function of the LS-SVM can be derived as follow:

y(x) =
N∑
i=1

αiK (xi, x)+ b (30)

Figure 2 gives the LS-SVM topology that takes the d-axis
voltage component us1d of torque windings as the output
variable [22]. The LS-SVM topology that takes other variable
as the output variable is similar with this, and no further
details will be given here.

B. LS-SVM INVERSE SYSTEM DECOUPLING CONTROL
In this paper, the inverse model of a BL-IM system is realized
by way of the LS-SVM and some additional integrators.
The schematic diagram of the composite system is shown
in Figure 3, which is composed of the trained LS-SVM
inverse system and the original BL-IM system. Because a
LS-SVM can only be used to approximate a ‘‘single out-
put function’’, then aiming at each output variable, the cor-
responding LS-SVM inverse model should be constructed
firstly. After that, the LS-SVM inverse system should be con-
nected in series before the original BL-IM system, as shown
in Figure 3, then the BL-IM system would be decoupled into

FIGURE 2. Topology of LS-SVM.

four independent second-order pseudo-linear subsystems.
At the end, adopting the linear system synthesis method,
the controllers for each subsystem can be designed separately,
and the dynamic decoupling control among the motor speed,
the rotor flux-linkage and the two radial displacement com-
ponents can be realized. The specific implementation steps
can be summarized as follows:

1) ACQUISITION OF TRAINING SAMPLE
In this paper, the training sample set is obtained in the precise
analytic inverse control system of a four-pole BL-IM. Taking
the random signal with normal distribution in the range of
0.45Wb ∼ 0.9Wb as the given rotor flux-linkage, taking the
random signal with normal distribution in the range of 0 ∼
3000 r/min as the given speed, and taking the random signal
with normal distribution in the range of −0.1mm ∼ 0.1mm
as the given radial displacement component. The whole exci-
tation time is 3.0 seconds, and the sampling step size is set as
0.001 seconds.

The sampled data includes ψr1, ωr , α, β, us1d , us1d , is2d
and is2q. After the sampled data are smoothed and filtered,
adopting the ‘‘high precision five-point numerical differential
algorithm’’, the first and second derivatives of the radial
displacement components, rotor flux- linkage and motor
speed are obtained. And then, the training sample set of the
LS-SVM, i.e. {α̈, α̇, α, β̈, β̇, β, ψ̈r1, ψ̇r1, ψr1, ω̈r , ω̇r , ωr}
and {is2d , is2q, us1d , us1q} are constructed. From the obtained
data, selecting 2000 groups at equal intervals as the training
set, and the rest data are used as the test set.

2) TRAINING LS-SVM INVERSE SYSTEM MODEL
After the training sample set is determined, taking the
u = {α̈, α̇, α, β̈, β̇, β, ψ̈r1, ψ̇r1, ψr1, ω̈r ,ω̇r , ωr} as the
training inputs, using is2d , is2q, us1d and us1q as the train-
ing outputs. Aiming at each of the training output variable,
the off-line training of LS-SVM inverse model is made.
There are four learning machines that are established to
train the LS-SVM. In the training process of LS-SVM,
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FIGURE 3. LS-SVM inverse system decoupling Schematic diagram of a BL-IM.

FIGURE 4. Considering the current dynamics of torque windings, the trained LS-SVM inverse model is corrected in front of original BL-IM
system, the BL-IM system is decoupled into four second-order subsystems, the PD regulator with a first-order inertia link is used as the
regulator of each subsystem, then the LS-SVM inverse decoupling control system a BL-IM is constructed.

the regularization parameter γ , and the kernel width param-
eter σ of the radial basis function determine the training
accuracy and complexity of the LS-SVM [25]. Here, the grid
search method is used to obtain the best regularization param-
eter and the kernel width [25], and then the LS-SVM inverse
model with a higher training accuracy is obtained.

3) CONTROL SYSTEM SYNTHESIS
After the off-line trained LS-SVM inverse system is com-
bined with the original BL-IM system, the BL-IM system
is decoupled into four pseudo-linear second-order integral
subsystems, include a motor speed subsystem, a rotor flux-
linkage subsystem and two radial displacement component
subsystems [22]. In order to obtain excellent static- and
dynamic-characteristics, and improve the anti-interference
ability, a closed-loop regulator is added to each subsys-
tem. Then the linearized decoupling controller of the BL-IM

system is composed of the closed-loop regulators and the
LS-SVM inverse system obtained by training. Here, the PD
regulator with a first-order inertia link is used as the closed-
loop regulator of each subsystem, its transfer function is
‘‘G(s) = K (τ1s + 1)/(τ2s + 1)’’, where the τ1 and τ2
are the differential- and inertial-time constants respectively.
Then the decoupled subsystem is corrected as a ‘‘Typical-II’’
subsystem, its open loop transfer function is as follow:

Gol(s) =
K (τ1s+ 1)
s2(τ2s+ 1)

(31)

Figure 4 shows the LS-SVM inverse decoupling control
system block diagram of a BL-IM. Compared with the exist-
ing LS-SVM inverse decupling control system [28], [29],
the advantage is that in the identified LS-SVM inverse system
model, because the stator current dynamics of the torque
system has been taken into account, the closed-loop current
regulator of the torque windings can be omitted naturally,
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FIGURE 5. Response curves of LS-SVM inverse decoupling control system.

and then the overall control system structure of the BL-IM
could be simplified to a certain extent.

V. SYSTEM SIMULATION VERIFICATION AND ANALYSIS
According to the control system structure shown in Figure 4,
the system simulation analysis and verification are carried
out, Table 1 presents the specific parameters of a BL-IM.

Simulation conditions: setting the initial radial displace-
ment components α0 = −0.1mm, β0 = −0.12mm; the
given rotor flux-linkageψ∗ = 0.85Wb, the givenmotor speed
n∗ = 1500r/min, the given radial displacement components
α∗ and β∗ equal to zero; the system starts with no load.
Figure 5 shows the response waveforms of the proposed

LS-SVM inverse decoupling control system. In order to
facilitate the comparative analysis, under the same simulation
conditions, the comparative response waveforms of the ana-
lytic inverse decoupling control system are given in Figure 6.

From the Figure 5 and Figure 6, the specific comparative
results can be summarized as follows:

1) In the no-load start-up process: based on the proposed
LS-SVM inverse decoupling control method, the motor speed
overshoot is only about 2%, the α- and β-displacement

TABLE 1. Parameters of a BL-IM.

components can reach their given values quickly with almost
no overshoots, the overshoot of rotor flux-linkage is about
4.7%; but when the analytical inverse decoupling control
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FIGURE 6. Response curves of analytical inverse decoupling control system.

method is adopted, the motor speed overshoot is about 6%,
the overshoot of flux-linkage is about 20%, the overshoots
of the α- and β-displacement components are about 0.01mm.
The simulation results have shown that when the proposed
LS-SVM inverse decoupling control method is adopted, a
better starting performance can be achieved.

2) In order to verify the decoupling performance of the
proposed LS-SVM inverse systemmethod, the given signal of
each controlled variable is changed at different time. At 0.6s,
the given signal of rotor flux-linkage is suddenly changed
to 0.65Wb; the given signal of the radial displacement in α
direction is suddenly changed to 0.05mm at 0.7s, and restored
to zero at 0.9s; the given signal of motor speed is suddenly
changed to 2500r/min at 1.0s; the given signal of the radial
displacement in β direction is suddenly changed to -0.05 mm
at 1.1s, and restored to zero at 1.3s.

From Figure 5, it can be seen that when one controlled
variable changes, the other controlled variables don’t change
significantly. The simulation results have shown that the
LS-SVM inverse system method can realize the dynamic
decoupling control among the rotor flux-linkage, motor speed
and two radial displacement components.

Comparing Figure 5 with Figure 6, it can be seen that
for the LS-SVM inverse decoupling control system, during
the transition process of variable mutation, the overshoot

of the rotor flux-linkage is no more than 0.04Wb, as for
the motor speed, α- and β-displacement components, there
are almost no overshoots. while for the analytical inverse
decoupling control system, during the transition process of
variable mutation, the overshoot of the rotor flux-linkage
is about 0.1Wb, the overshoot of the motor speed is about
50r/min, the overshoots of α- and β-displacement compo-
nents are about 0.01mm. The simulation results have shown
that comparing with the analytical inverse decoupling control
system, during the transition process of variable mutation,
the LS-SVM inverse decoupling control system has smaller
overshoot and shorter adjustment time, and then it has better
tracking control performance.

3) In order to verify the anti-disturbance ability, the load
torque of 8.4N.m is suddenly added at 1.5s. Comparing
Figure 5(b) with Figure 6(b), it can be seen that for the
LS-SVM inverse decoupling control system, the motor speed
decreases by only about 0.5% under the sudden load, and it
can be restored to the set value in a very short time; while
for the analytical inverse decoupling system, the motor speed
decreases by about 1.0%. The simulation results have shown
that based on the LS-SVM inverse system decoupling control
method, the BL-IM system owns stronger robustness and
stronger anti-disturbance ability. In addition, in the process
of sudden loading and unloading, the two radial displacement
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components in Figure 5(c) and Figure 5(d) are almost unaf-
fected or very little affected, the good dynamic decoupling
control performance between torque system and suspension
system is verified again.

VI. CONCLUSION
The bearingless induction motor (BL-IM) is a nonlinear, mul-
tivariable and strongly coupled object. In order to improve its
dynamic control performance, under the conditions of con-
sidering the dynamic characteristics of the stator current of
torque system, an inverse system decoupling control strategy
based on LS-SVM is proposed, and the system simulation
and verification analysis are carried out. The specific research
conclusions are summarized as follows:

1) After considering the stator current dynamics of torque
system, the BL-IM system oriented by the rotor flux-
linkage, is an eight-order nonlinear and strongly cou-
pled complex system that has four input variables and
four output variables, the BL-IM system is reversible.
In addition, since the components of stator voltage are
selected as the input variables of the original torque sys-
tem, the current closed-loop of the torque windings can
be eliminated, and the overall control system structure
of the BL-IM can be effectively simplified.

2) Based on the approximation and identification fitting
ability of the LS-SVM, the inverse systemmodel can be
obtained by off-line learning, and then the dependence
of the traditional analytical inverse system method
on the accurate model of the BL-IM system can be
effectively overcome.

3) Adopting the proposed LS-SVM inverse system decou-
pling control method, the dynamic decoupling control
between the motor speed, rotor flux-linkage and two
radial displacement components can be realized. Com-
paring with the traditional analytical inverse system
of BL-IM, the proposed LS-SVM inverse decoupling
control system of BL-IM has many advantages, such
as smaller overshoot, better tracking performance and
stronger robustness.
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