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Abstract: Tn order to achieve the online detection problem of rotor speed for Bearingless Induction Motor
(BIM), a speed 1dentification scheme based on the Least Square Support Vector Machine (LSSVM) mverse 1s
presented m this study. According to the inherent relationship among the variables of BIM, the speed

subsystem 1s first built and proved to be invertible. Secondly, the inverse model was constructed using LSSVM
which has good function approximation characteristics. And then the obtained inverse model is combined with

this subsystem, which well realized the real-time rotation speed identification. Finally, a vector centrol
simulation platform of BIM i1s established to evaluate the proposed method. The simulation results
demonstrates the proposed LISVM inverse method can accurately identify the speed parameter in a full speed

operation region with good dynamic and static performance.

Key words: Bearingless induction motor (BIM), speed 1dentification, least squares support vector machine

(L.3SVM), inverse vector control

INTRODUCTION

Bearingless induction motor (BIM), combining the
functions of suspension and drive, is a new type of
magnetic levitation motor (Bartholet er al, 2011;
Rodriguez and Santisteban, 2011; Sun and Zhu, 2010).
BIM has many good characteristics of traditional
induction motor, such as simple structure, low cogging
torque, easy weakening control, high reliability. Besides
that, it also contains many virtues such as no lubrication,
no contact, no noise and long life etc. This makes it has
broad application prospects including turbines molecular
pump, compressor, high speed electric spindle, aerospace
and fly wheel energy storage etc. Now it has been
becoming a hot spot of research m the field of special
driver/transmission (Chiba et al., 2005; Chiba and Asama,
2012; Schuhmann et al., 2012; Fang et al., 2012).

Currently, the main BIM control strategy is focused
on the vector control method which applies magnetic field
orientation to achieve high-performance closed-loop
speed regulation. However, this control strategy requires
a real-time and accurate speed parameter (Clhiba and
Santisteban, 2012). A traditional method to solve this
problem 1s to mstall mechanmical position or speed sensor,
but the installed sensor will increase the system cost and
rotational mertia and finally affect the system static and

dynamic performance. At the same time, the sensor’s
performance 15 easily affected by the materal,
environment and other factors which degrade the
reliability of the control system. Therefore, speed-
sensorless operation with online speed identification
becomes the technical bottleneck for the BIM to go to the
engineermg and practical fields. At present, some
scholars have carried out many studies on the speed
identification for traditional induction motor and have
achieved a certain results, but few has studied on the BIM
speed identification. Particularly, the operational aspects
of BIM with non-speed sensor have not been reported.

In AC drive system, the speed identification principle
1s based on the motor’s non-speed mformation (such as
voltage, current and other physical quantum) with
appropriate algorithms. This information can estimate
speed information that can replace the mechanical
speed sensor (Wang et al., 2012). Thus, how to exactly
get the motor speed information to meet the
requirements of real-time control is the key difficulty of
the AC drive system with speed identification. The
current speed identification methods maimly have: (1)
Estimating speed by detecting the induced electromotive
This method has good speed identification
performance only at high speed, while the speed

force.

identification will be meffective at low or zero speed
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(Chen et al., 2003), (2) Model reference adaptive system
(MARS) method. This method based on stability theory
has some advantages such as less computation, excellent
speed estimation, ete. However, the precise extent of the
reference model parameters has a direct impact on the
speed identification  accuracy (Schauder, 1992
Gadoue et al., 2010, Cirrincione and Pucci, 2005), (3) The
Kalman filter estimation method. This method uses the
minimum variance optimal predictive estimation to weaken
the measurement noise and random interference. It is the
most common estimation method m the research and
application fields, but parameter configuration of this
algorithm 15 lack of a certain standard and the
computation 1s large (Shi et af, 2002, Salvatore ef al,
2010) and (4) High-frequency injection method. This
method does not require the coordmate transformation
and is not affected by the error of rotor parameter
estimation and then 1t can give satisfied speed estimation
even 1n low and zero speed. However, this method
needs to increase the external device to perform the
high-frequency signal mjection. The expenditure 1s high
and the motor dynamic performance is susceptible to the
mfluence of the injected signal (Kim and Seok, 2011).

BIM is a nonlinear, multivariable, strong coupling
system and the mathematical model is very complex. For
the existence of parameter change and load disturbance,
it is necessary to study the speed identification strategy
mdependent of the parameters and model changes. In
recent years, scholars have came up with left inverse
system method to realize the effective identification for
the parameters that 1s not direct measured (Huang et al.,
2010). In this study, the BIM speed left inverse
identification strategy based on the LSSVM is proposed
that has good nonlinear function approximation
characteristics (Zhang ef al., 2010). This strategy does not
totally rely on the BIM system mathematical model and
can effectively curb the system external disturbance. The
simulated result demonstrates the effectiveness and
feasibility of the presented method.

MATHEMATICAL MODEL AND REVERSIBILITY
ANALYSIS OF BIM

Ignoring the motor magnetic saturation and iron loss
and without regarding to the nonlimear characteristics and
time delay of the inverter, in the torque windings rotor flux
linkage oriented d-q rotating coordinate system, based on
magnetic equivalent circuit method and the wvirtual
displacement theorem, a mathematical model of the BIM
can be created:

2 2
H Lml (Rlerl + R‘rlel) : : usld
Lig = LLT Wi — L 12 Lygtoly, + L
cTslrlr cTslrl cTsl
2 2
i‘ _ ml (D lII (Rlerl + R‘rlel)i (Dl 4 uslq
slg rWrid 2 sl Sileld
GleLrl GleLrl Gle
Yoy = : Yot Lo
dd T Yrid T tstd
Tr Tr
2
. _ Pl : b
o, = JL: Wiiglsig 7TTL
(1)

where 1, and 1, are stator current of torque windings
d-axis and g-axis, respectively; u,, and u,, are stator
voltage of torque windings d-axis and g-axis, respectively;
@,y 18 d-axis rotor flux linkage of torque windings; R, ;and
R,, are the rotor and stator resistance of torque windings,
respectively; L., L, and L, are the rotor and stator
self-mductance and mutual mductance of torque
windings, respectively; p, is the pole-pair number of
torque windings; w, and w, are the angular velocity and
synchronous angular velocity of rotor, respectively; T is
rotation inertia; T, =L,/R,,0=1-L° /(L L,).
State variables are chosen as:

1>

x= [}‘{1’}‘{2:}(3’}‘{4]T = [isw:ism,wndvmr]T

Input variables are chosen as:
y :[Y1:YQ]T :[X37X4]T :[Wrm:mr]T
Control variables are chosen as:

u :[upuz]T :[usm:usm]T

From the analysis of this dynamic system model, it can be
seen that the d-axis stator current x, and g-axis stator
current x, can be directly measure. If Eq. 1 can be written
in another form, that is, the equation with x, as the input
and the measurable state variables as output 18 of the
system and this satisfies the
conditions, then its left mverse 15 a dynamic model with x,
as output and measurable variable and their derivatives as
input. Putting this left inverse system in series with the

model left mverse

original system, we can obtamn a equivalent composite
system which realize the online measurement of test
variable x,. The principle is shown in Fig. 1.

So, we select the first two equations in Eq. 1 to
constitute the mathematical model of the subsystem:
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Fig. 1: Speed identification scheme based on left inverse
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Then, we choose measurable variables x,, x, and their
derivatives to constitute speed subsystem and verify its
reversibility.

According to Eq. 2, the Jacobi matrix can be
constituted as:

x % L

1 =1 __—ml 0
ax x oL LT

A(x,u) = 3 74 _ sIrlr (3)
Xy 9%, L% L
aXB aX4 cﬂ"lerlTr GleLrlTr

Then:
L2

Det(A(x,u)) = ———2—x. (4)

x
2.2 2
o'L,L, T,

It follows from Eq. 4 that DetiA(x, #)) # 0 and then the
matrix A(x,u) 13 nonsingular when X, #0 . According to
the inverse function theorem, the speed subsystem (2) is
reversible and its inverse can be expressed as:

Xy =102, X, X, X U W1 00161, 1) (5)

where, f(.) 13 a complex nonlinear function whose
analytical expression is difficult to obtain. We can use the
nonlinear function approximation ability of LSSVM to
establish the inverse model.

SPEED IDENTIFICATION OF BIM BASED ON
LSSVM INVERSE

The objective of LSSVM 1s to determine the optimal
function v{x)=w'@(x)+b to regress an unknown
function, where w;eR"* and beR are the weight vector and
bias value, respectively, @ (x) is the nonlinear mapping
from 1nput space to feature space. Using this mapping, n

groups of training samples (x;, y;) in the original space are
mapped to hgh-dimensional feature space. LSSVM

traimng can be done by solving the following
optiumization problem:
minJ((na):la)Tm-%—Iiaz
T 15 (©)

1=1
sty =o@x)+b+s,i=12, n

where, ¢; 18 the relaxation factor of insensitive loss
function, v is the regularization parameter.

The optimization problem (6) can be transformed to
an optimization problem by introducing the Lagrangian
multipliers a,, that is, the followmg Lagrangian function:

L{w.a,b,z) =I(m,5) 7§n:al(yl f(nTcp(xl)fbfel) 7

i=1
where
— T _ T
= (617627”'611) -4 = (alaab'"an)

From KKT conditions, this optimization problem can be
transformed into solving the following linear equations by
calculating the partial derivative of Langrangian function

(7):

0 1 : 1
1 b 0
1 K(x,x)+ -~ Kix.x%,)
T LY (®
IOKGx)  © Kgx)+s |l D
L i

where K(x,y;) is a kernel function satizsfying the Mercer
condition. We choose the RBF kernel function as:

Kt =] X
X ,X.)=exp ———
e P 25°

o)

where 0 1s the kernel width. The values of a and b can be
obtained from Eq 8 and then w can be obtained from
Eq. 7. Fmally, we can get the L SSVM function regression
expressed as:

¥ = YaKix,x) b (10)

Based on the above analysis, the LSSVM inverse
model of BIM speed can be established (Fig. 2). where
the model input is the two-phase voltage uy, u,,
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Fig. 2: Speed observation schematic illustration of BIM
based on left inverse system.

two-phase current i, i,,, as well as motor synchronous
angular velocity w, and two phase current differential.

CONTROL SYSTEM STRUCTURE OF SPEED
IDENTIFICATION FOR BIM BASED ON
LSSVM INVERSE
BIM control  system is composed of the
electromagnetic torque and radial suspension force
control. The electromagnetic torque control is based on
the rotor field orientation wvector control of torque
windings. While, the radial suspension force control 1s
relatively complex. First, we detect rotor radial
displacement using the displacement sensor and then
calculate the reference radial suspension forces.
Secondly, using the force/current transformation,
suspension force windings current signals are achieved
to carry out the precise control of the radial displacement.
BIM radial suspension force in the d-q.
Rotating coordinate system is as follows:
{F}{ =KW, +i,,Y,) (11)
Fy = K(isqu{!m _iszdl{!m)

where, in the d-q rotating cocrdinate system, I, and I, are
radial suspension force, respectively. iy and iy, are the
stator current components of suspension force windings,
respectively. @, and @, are the air-gap flux linkage of
torque windings, respectively. K=K_+K;:

_ 1ppLlag

18y, IrwW W,

pW,

2

bW,

I... is suspension force windings mutual inductance, p, is
the pole-pair number of the suspension force windings,
W, and W, are the number of turns of torque windings

and suspension force windings per phase in series,
respectively. L, is the vacuum permeability, r is the BIM
stator inner diameter, 1is BIM stator core length.

We have ¢, = ,, @,, = 0 when the torque windings

rotor field oriented control strategy is applied. The
following equation can be obtained:

Tp+1
Ly = 2 LIJrl
Lml
3 _ TeLrl
BT Pl W
Pl Ty (1 2)
L, .
ms = 1slq
TrlLPrl
L...
Te = pl = 151 LIJrl
Lrl !

where, , 1s the rotary slip. According to the relationship
between the torque windings air-gap flux linkage and rotor
flux linkage, air-gap flux linkage component can be got by
the following equation:

L, .
= L_l(LPrld + Lrlllsld)
rl (13)
L. .
LIqu = L_lLrlllslq

rl

where, L, 1s rotor leakage inductance of torque windings.
Based on the am-gap flux linkage wvalues of torque
windings, the current value of the suspension force
windings can be determined through the Eq. 11:

g 1 cosp —sinp || F, (14)
i, | M|sinp cosp ||E

qﬂw + qﬂm : p= aI'CtaIl('qu /’f’m)

Where:

Figure 3 shows the diagram of the BIM control
system based on LSSVM inverse speed identification.
With rotor field oriented control strategy, the air-gap flux
linkage of torque windings can be observed by Eq. 13 and
the rotor radial displacement can be obtained by the
position sensors.

SIMULATION ANALYSIS

In order to validate the feasibility and effectiveness
of the proposed speed identification, we carry a
simulation with an experimental prototype. Bl parameters
as follows: the power is 1kW, The suspension force
windings (pole-pair number is p, = 1) and the torque
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Fig. 4(a-c): Simulation results of tracking rectangle-wave (a) Actual output of speed, (b) Identification output of speed

and (¢) Error

windings  (pole-pair resistance is 11.48 Q, rotor
inductance is 16.778x107% H, the mutual inductance
between the stator and rotor is 15.856x1072 H, rotor
time constant is 1.46x107° sec, the rotary inertia is
0.00769 kgem’, the rotor mass is 2.85 kg.

In the actual operating range of BIM, we sample u,,,
1,,, 14 14, Teal time as input, @ as cutput, then we
calculate the first derivative of the two-phase current i,
1,, using high-precision seven-point numerical algorithm.
In this way, the training sample set {uyg, g Lus 1, - Lugs
i, } and {w} can be constituted. Note that the sample set
of data has a difference magnitude on the quantity. In

order to overcome the disadvantage of the slow

convergence when LSSVM is trained, the training sample
set of data is normalized.

LS3VM recogmtion accuracy largely depends on the
selection of core width ¢ and the regularization parameter
¥. In order to unprove the modeling accuracy of the BIM's
speed left inverse model, we use cross-validation method
to determine the core width o and regularization
parameters y which makes LSSVM possess good
generalization capability and then improve the speed
recogmition effects. By crossover procedure, the resulting
parameters for o = 1400, y = 2.6.

Figure 4 shows a simulation waveform of system
trajectory with rectangular wave reference input. The
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Fig. 5(a-c): Simulation results of tracking triangle-wave (a) Actual output of speed, (b) Identification output of speed

and (c¢) Error

amplitude of this
2000 r min~' to 3000 r min~". Figure 4a shows the actual
speed waveform and Fig. 4b shows the identified speed
based on L.S-SVM inverse and Fig. 4¢ shows the error

rectangular wave changes from

between the actual speed and identified one. Figure 5
shows a simulation waveform of system trajectory the
triangular wave reference mput. The amplitude of
triangular wave changes from 2000 to 3000 r min™". Figure
5a shows the actual speed. Figure 5b shows the identified
speed based on LS-SVM mverse and Fig. 5c¢ shows the
error between the actual speed and identified one.

Tt can be seen from Fig. 4 and 5 that the identified
speed can track the rectangular wave and triangular wave
when the LSSVM inverse identification strategy 1s
applied. This system has good dynamic performance and
high identification precision. The maximum error between

actual speed and identified speed is lower than 20 r min ™"

CONCLUSION

In this study, a BIM’s speed identification strategy
1s presented by using the LSSVM mverse. The proposed
strategy can overcome the limitation of the physical speed
sensor built in the BIM. In order to achieve this target, the
existence of the left inverse model of speed subsystem 1s

proved. And then the LSSVM left mverse mode 1s
constructed using the structure of the LSSVM and
differentiator. The proposed speed identification strategy
is independent of the mathematical model and parameter
change. As demonstrated in the result, the accuracy,
static and dynamic performance can be ensured by using
the method. Furthermore, the presented method gives a
new way for the study of speed-sensorless operation.
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