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APPLICATION OF ADAPTIVE VARIABLE SPEED
BACK-STEPPING SLIDING MODE CONTROLLER
FOR PMLSM POSITION CONTROL

Mei-Yung Chen and Jian-Shiun Lu

Key words: permanent magnet iron core linear synchronous motor,
adaptive variable speed back-stepping sliding mode
controller, high-precision servo positioning platform.

ABSTRACT

In this research, an adaptive variable speed back-stepping
sliding mode controller (AVSBSMC) is proposed to control
the permanent magnet linear synchronous motor (PMLSM) on
high-precision positioning servo system platform. This con-
troller combines the dynamic features of variable speed con-
trol (VSC) and the positioning characteristics of adaptive
back-stepping sliding mode control (ABSMC). Firstly, the
detailed dynamic machine model of PMLSM is established.
Secondly, the proportional-integral-derivative (PID) and
ABSMC controllers are proposed to compensate the uncer-
tainties in position control. Then, the one provides the better
servo performances is the position controller in the motor
system. Thirdly, the variable speed controller (V SC) and each
segment of the variable speed dliding functions are designed to
combine with the ABSMC controller. Switching control is
then used to change the system control mode accomplishing
the high-precision positioning control. Our experimental
results demonstrate that the AVSBSMC enhance the posi-
tioning accuracy of linear motor and reduce the transient
overshoot effectively.

I[.INTRODUCTION

Because of development of industry, the use of a linear
motor as driving power source has been increasing. The per-
manent magnetic linear synchronous motor (PMLSM) pro-
vides several advantages, such as 1) high-speed drive, 2)
powerful thrust, 3) along driving stroke, 4) no backlash effect,
5) direct driving mechanical construction, 6) high repeatability,
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and 7) excellent servo response. These features indicate that
the PMLSM is idea for use with the servo system, such as
X-Y positioning platforms, the transmission equipment for
industrial robots, power equipment in the semiconductor in-
dustry, and servo systemsin the automation industry, which is
required for high-precision performance. Therefore, aPMLSM
was used as the driving power source for an X-Y high-
precision linear positioning platform in this study.

Although the dynamic response of the driving perform-
ance of the PMLSM is excellent, the positioning and tracking
performances of the PMLSM are adversely affected by nu-
merous nonlinear disturbances and noises, such as 1) the
friction force of the linear rail, 2) ripple effect between the
magnetic poles and air gap, 3) load effect on the carrier, 4)
vibrations in the platform mechanism, and 5) variation of the
system parameters.

Zschaeck et al. [16] combined a bristle model with a dis-
turbance observer to compensate for the force of friction and
restrain the disturbances of nonlinear friction force to improve
system accuracy. Chen et al. [5] used hysteretic relay, whichis
afeedback component in system identification technology, to
establish amodel of the ripple effect between magnetic poles.
This model was then compensated and enhanced by using
system dynamic responses. Cao and Low [3] designed are-
petitive model predictive controller (MPC) to increase the
robustness of the system and reduce disturbances in tracking
performance from the load effect. Bianchini et al. [1] ana
lyzed the relative relationship between the frequency and
amplitude of vibration in the linear guideway. Mechanic vi-
bration is caused by nonuniform thrust and the load effect.
Butcher and Karimi [2] designed the iterative learning control
algorithm to estimate the system parameters and analyzed
the trends in system variation to improve the stability and
robustness of the control system. The aforementioned mate-
rials are used for improving the performance of positioning
platforms.

[I. SYSTEM MODEL OF PMLSM

1. The Sructureof PMLSM and ItsDriving Principles
The structure of PMLSM can be regarded as arotary motor
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which is cut by aradial plane and is unrolled. It includes a
rotor, a stator and the air gap. The concept of design is shown
inFig. 1[4].

The actuation principle of the PMLSM issimilar to arotary
motor. In the driving system, the pulse wide modulation
(PWM) and inverter were employed to generate the sinusoidal
current signalsi,, nc u, v, w. Thedifferences of current phase
angle between each wave are 120° which are shown in Fig. 2.
The system utilizes three-phase current to generate the elec-
tromagnetic field. Electromagnetic force F isemerged then by
the changing of magnetic field between three-phase current
coils and the permanent magnet stator. The symbols of U, V
and W represent the power lines of PMLSM transmitting the
three-phase current in system, shownin Fig. 3.

According to the above analysis, the electromagnetic force
F can be expressed as Eq. (1).

F=p-1:1-B,y (@)
where p is the turns per cail, | is the three-phase current vec-

tors, | is the length of coil in permanent magnet field and By
isthe intensity of permanent magnet field.

Carrier

Linear track

Linear motor

Fig. 4. Thestructure of PMLSM.

The electromagnetic force F actuates the carrier moving
along alinear direction. The structure of PMLSM isshownin
Fig. 4.

2. Mathematical Model of Electromagnetic Force

The voltage and current vectors of the PMLSM in matrix
form are expressed as follow [7].

d
Ve =l Iy +—A4 2
abcs s 'abcs dt abcs ()
//labcsst'Iabcs'l-/imax (3)

where

Vabcs :I:Vas Vbs Vm]T ' labcs :l:ias ibs ics:'T’

Aos =[ Aas s ﬂcs]T T =T 1,4 (unit matrix),

{. (ﬂxJ .[”x zﬂj .(ﬂx zﬂHT
A =| SIN| —| sin| ——-—| sin| —+—
T T 3 T 3

Lo+Lo—Lycos 22X —Li _fcos2 PXE) L _ cosy FXL T
T 2 r 3 2 7T 3

—ELA—LB cosZ{”—X—” mx_27
2 T

1 X
gj L|5+LA—LBCOSZ(7—?J —ELA—LBcosz[Twrj

—}LA—LBCOSZ(”—X-#E) —ELA—LBCOSZ(”—X-FIEJ L,5+LA—LBcosz[”—x+2—”)
2 r 3 2 T r 3

where Vapes, lanes, Aanes @€ the vectors of phase voltages, cur-
rents, and flux linkages. rsisthe resistance matrix of primary
winding. Then L is the leakage inductance, 7 is pole pitch,
x is the position of carrier, and A is the amplitude of sinu-
soidal flux linkages in primary windings.

We selected process which mathematically replaces the abc
stator coils by fictitious qdo coils fixed to the trandator to
facilitate the analysis to the system, shown as follow.
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where
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3
Li=lotLatole s and Li=Lo-L=2 L,

To supply anideal three-phase AC power to the system, the
Vo and i, are zero after d-q axes transformation.
v, =0 )
i,=0 (8)
For a magneticaly linear field, and neglecting copper,

hysteresis and eddy current losses, the electromagnetic force
F. can be simplified as shown in Eq. (9).

Fe=§{(Ld—Lq)-iqid+\/§iq~/lmax:| 9)

3. Dynamical System Model of PMLSM

According to the above deduction, the dynamical system
model of PMLSM can be expressed as Egs. (10)~(13) [4].

%: %=V (10)
%:xzﬁ(—sw F—F) (11)
%:L_lq[_nq_gndid_ %%xﬂ@ﬁv] (12)
%:L—ld(—rid +§>’(Lqiq+vdj (13)

where M is the mass of carrier, B is the viscous friction coef-
ficient, and F_ is the uncertain forces caused by friction, load
effect, ripple effect, and other uncertain noises.

Tointegrate Egs. (12) and (13), the dynamic equation of d-q
axes current in matrix form can be expressed as Eq. (14).

C(s)

r 1 .
) -—— 0 _ —( vy +wLi
{id}= L KN Ld( d qq)
Iy o T fla) [2f, ]2
L, L v, — Whyiy 3W/1max

(14

To decouple the control system into working at linearly
independent condition, the control voltage vector v* is defined
by Eq. (15). Finally, the uncoupled system is derived as Eq.
(16).

A
{vq } V, = Whyig —\/%Wﬂmax (1)
. _LL 0 | . Li-vd*
[ [
{..d:|= d '|:-di|+ d (16)
lq 0 _ "l i.vq*
Lq Lq

From the mathematical model and the uncoupled model of
PMLSM, the simplified closed loop block diagram isshown in
Fig. 5. Where y*, and yy, are the reference command and real
position respectively. Moreover, the Gy(s) is the controlled
system, C(s) is the position controller, and u is constant of
current control loop.

I11. CONTROLLER DESIGN

The design processes of the system controllers are intro-
duced in this section: to design the PID controller and ABSMC,
then compare the two controllers in dynamic responses.

1. The Controller Design Process of PID

The PID controller has been widely used in industry be-
cause of its simple structures and high reliability. In contrast,
the transient responses of system, the ability to resist the pa-
rameters variation and the robustness of against the load dis-
turbances exhibit poor performances.

To avoid non-linear disturbances prior to the controllers
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Fig. 6. Block diagram of PID control system.

design, the system control block diagram of PID controller is
shown in Fig. 6, and the dynamic equation of control system
can be expressed as Eq. (17).

Mi+Bx=F,—F, —F

ripple —

F a7

friction

Fripge = R-SIN(WX+ @) = R, cos(wx) + R, sin(wx)

ripple —

(18)

F =F.sgn(X)+(F,—F.) e (%) sgn(v) +Bx  (19)

friction

where Fige is the ripple force and R, w, ¢, R, Rs are the
constants of system. Fgicion iS the friction force. And Fis
maximum static friction force. F. is coulomb friction force.
And vq is the speed parameter of Stribeck model.

However, Gy(s) represent the nominal model of PMLSM,
its transfer function is expressed as Eq. (20). And the mathe-
matical model of PID is C(s) presented as Eq. (21).

MKy
G, (9= 20
(9 M s’ +(B+u-K,)s (20)
C(s)=KP+&+KD~s (21)
S

where Kp is the proportional gain constant, K is the integral
constant, and Kp, is the derivative constant.

By adjusting the three control parametersin on-lineways, it
can improve the properties of PID controller and promote the
positioning precisions and reduce the tracking errors syn-
chronously of PMLSM control system.

2. The Controller Design Process of ABSMC

When PMLSM is in operation, the nonlinear external un-
certainties disturb the control system, for instance, the friction
of linear rails, the vibrations around motor, and the load effect.
All these factors lead to the inaccurate system parameters and
poor control accuracy. Therefore, ABSMC is used to reduce
or even eliminate the external interferencesin thisresearch [6,
8, 10].

ABSMC controller integrates the design concepts of adap-
tive control law and robust control to avoid potential external
disturbances and some unknown noises.

Refer the above Egs. (10) and (11) in defining the system
state variable X; = x, X, = X and reference input command
Vq as well as taking into considerations of some effects of
system parameters variation, external interferences thrust and
the friction force in system model. The state variables can be
defined as X; = X = Ym, X2 = X=V, U =y, and the state space
model of PMLSM control system can be expressed as Egs.
(22)~(24).

Xl =X, (22)

X, = (A, +AA) X, + (B, +AB) U +C_ (F. + F. e + Fricion)
(23)

Y = Xl = ym (24)
where A, = -B/M, B, = K;/M, C,=-1/M. The AAand AB are
uncertain parameters variation of M and B in the system. U
isthecontrol input i, Thento deduce Eqg. (23) to Egs. (25) and
(26). D represents the quantity of system uncertain distur-
bances and some noises. Using the adaptive estimator to
estimate D and assume that the estimated value is a constant
during the estimation period.

X,=AX,+BU+D (25)

D= AAXZ +ABU + Cm(I:L + Fripple + Ffriction) (26)

The purpose of the control object is to make the response
of the system output, Y = yn, to tracing of the input command,
Y4 = ¥*m and achieving of the position tracking control. The
steps of controller design are described below:

Sep 1.

In order to control the tracking response, a function of
position tracking error z; is defined as Eq. (27) and derivatized
to Eg. (28). Then defined a stable function o4 as shown in
Eqg. (29), a Lyapunov function V; in Eq. (30), and the second
system variable z, in Eq. (31). Finaly, by taking a derivative
of Lyapunov function V; with time and integrate the above
equations, the first equation about stability in system is de-
rived (Eq. (32)).

z=Y-Y, (27)
z=X,-Y, (28)
o =cz (29)
where c; is a positive constant.
V=27 (30)
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z,=X,-Y,+, (31

Vi=z(X,-Y)=2(z,-a)=22-¢2" (32

Sep 2:

Assume that the amount of the disturbances D satisfies the
matching condition and value is bounded (|D| = Dyy,). Then
take derivative of variable z, and expand it to Eqg. (33). And
next step isto define a second Lyapunov function V, as Eq. (34)
in system which contains a dliding surface o as Eq. (35).

2, =X,-Y,+&,=AX,+BU+D-Y,+¢, (33)
1,

V,=Vi+20 (34)

c=kz+7 (35

To take a derivative of the Lyapunov function V, and inte-
grate the above functions Egs. (32) and (33), then the second
equation about stability in control system is derived as Eq.

(36). Theinput control U of this equation can be defined as Eq.

(37).
V, =V, + o6
=272,-0z"+o(kz +1)

=27,-07" +olk(z,-¢2)

+AZ+Y,—)+BU+D-Y,+]  (36)
U=BT -k(z-62)-A(z+Y,—®)
— Dy SIN(0) +Y, — &y — (0 + fsgn(0)) ] (37

whereh and Sare al positive constants.

Then to integrate the Egs. (36) and (37). The Eq. (38) is
derived, and it can be expressed into matrix of quadratic form
asEq. (39).

V, =-¢Z +22,—ho® —hf|o|+ Do - D, o]
<-¢Z +22,—ho® —hp|o]+|o]|(|D]|-Dy )
(38)

<-¢Z +22,—ho?~hp|o]

V, =-2'Qz-hp|o] (39)

i b2

1
hk, > h
tive definite and symmetric matrix.

In order to comprehend the characteristics of the control
variables in the time-varying system, the convergences of
Lyapunov function V,, and the stahility of the control system,
it is needed to define an additional function, w(t) as Eq. (40),
and take the integral as Eq. (41).

where z={zl} and Q= , and Qisaposi-

W) =7 Qz+hBlo|<V,(z (). () (40)

[[WD)dr <V, (z0), ) -Vo(&(1), ) (41)

When the initial value of V,(z,(0), z,(0)) is bounded and the
V,(z(t), z(t)) isanon-increasing function, the value of w(t) is
bounded as Eq. (42). Simultaneously, w(t) is a continuous
function and its differential term W(t) is also bounded. Ac-
cording to the Barbalat lemma, it can be inferred that the w(t)
converges to zero with time as shown in Eq. (43).

in [ocir <= “@

limw(t) =0 (43)

According to the above equations derivation, it can be de-
duced that the system variables z; and z, converge to zero as
t — 0. It shows that the system control outputs (position y,
and velocity v) converge to the input commands (position yy
and its differential term Yy, ) as Egs. (44) and (45).

limy, = yq (44)

limv=y, (45)

Although the system parameters vary and the external in-
terferences impact the control system, the system state vari-
ables still convergent stably and asymptotically.

Sep 3:

In fact, to estimate the exact values of the external distur-
bances is difficult in real world. Therefore, the total magni-
tude of Dy is equal to a varying value with time. For this
reason, the adaptive law is used to estimate the value of ex-
ternal disturbanceD. Firstly, set an equation of estimated error
D in disturbance as Eq. (46) and then define the third
Lyapunov function V; as Eq. (47).

D=D-D (46)
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l ~2
V,=V,+—D 47)
L=Vt (

where D isthetotal value of disturbancein real world. D isan

estimated value of disturbance. And yisa positive constant.
By taking the derivative of the Lyapunov function V3 as

Eqg. (48) and the control input U could be derived as Eqg. (49).

V, =V, - = BD
4
=22,-6Z +0l k(2,-02) + A,(Z,+Y, ~ )
+B,U+D-Y, +0'(1]—£|5|5
v

=22,-¢Z +0[ k(z,-6z)+ A (% +Yy — )

+BmU+I5—Yd+dl]—%I5(I5—70') (48)
U=B -k(z-¢2)-A(%+Y,-a)
~D+Y, —é,~h(o+ Asgn(o)) | (49)

The adaptive law about estimating external disturbances D
isdesigned as Eq. (50).

D=yo (50)

Finally, to substitute Egs. (49) and (50) into Eq. (48), Eq.
(51) isderived. The matrix Q must be positive and definite as
stated in Eq. (52). According to Barbalat lemma, it can infer
that w(t) converges to zero with time as Eq. (53).

V, =62 +22,~ho® ~hpo|
=-7'Qz-hp|o|

=-w(t)<0 (51)

Q=hie )~ k= | =hie +i) -5 >0 (52

!i mw(t) =0 (53)

Similarly, according to the above equations derivation, it
can be deduced that the system variables z; and z, converge to
zero when t — oo. This ensures the stability in the control
system. Moreover, if the condition is true as Eq. (54) states,

the system variables can converge to the diding surface as
shown in Eg. (55).
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Fig. 7. (a) Step responses 10 mm (simulated results), (b) Tracking errors
(simulated results), and (c) Steady stateerrors(simulated results).

06 <0 (54

c=0 (55)

However, the most important of al is that the control input
U must be kept in exciting state. 1t drives the estimated value
of the external uncertain disturbances to converge to the real
valuesin the system.

3. The Performance Comparison of PID and ABSMC

The control objects of 10 mm stroke positioning and 10 mm
sinusoidal wave dynamical tracking performances are shown
asfollows.
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Case 1: Positioning performances—Sep response 10 mm.
The simulation values of the system parametersin PID and
ABSMC controllers are given as follows:

PID controller (ssimulated parameters)

| Kp=200 | K =2 | Kp = 10 |
ABSMC controller (simulated parameters)
¢, =100 k1:50 'Y:4-0
£=30 h=150

The simulation results about step response 10 mm of posi-
tioning control, tracking errors, and steady state errors are
depicted in Figs. 7(a), (b), and (c).

From the above simulation results of case 1, it is obvious
that ABSMC controller has better performances than the PID
in positioning control. The rise time of PID and ABSMC are
0.178sec and 0.043sec respectively, and the steady state errors
of PID and ABSMC are 5.532 um and 0.024 um respectively.

Next, the experiment parameters of the PID and ABSMC
are selected asfollows.

PID controller (experimental parameters)

| Kp=069 | K=0036 | Kp=295 |
ABSMC controller (experimental parameters)
c =12 k. = 15 y=0.2
B=15 h=15

The experimental results about step responses 10 mm of
positioning control, tracking errors, and the steady state errors,
are depicted in Figs. 8(a), (b), and (c).

From Fig. 8(a), the PID and ABSMC have the transient
overshoots, and the percent maximum overshoots of PID and
ABSMC are 18.2% and 2.5% respectively. The overshoots
can give rise to serious tracking errors and some irregular
mechanical vibrations in the transient performances, which
impedes the positioning accuracy as Fig. 8(b) shows. Simi-
larly, in the responses of steady state errors in Fig. 8(c), the
ABSMC can resist the multiple external disturbances and
exhibit good stability and robustness. On the contrary, PID is
weak in opposing the external disturbances; its steady state
responseis easily disturbed.

Case 2: Dynamical tracking performances-Sinusoidal wave
response (Amplitude: 10 mm, frequency: 0.5 Hz).
The simulated values of the system parameters of PID and
ABSMC controllers are given as follows:

PID controller (simulated parameters)

| Kp=250 | K =8 | Kp = 10 |
ABSMC controller (simulated parameters)
=90 k; =30 y=100
£=80 h=115

124-.\|||||||||
N

Displacement (mm)
N

. s S .
) S S AU SUUU SRR SR | Command 10 mm
[ PID
0 I i i i i i ABSMC
0 05 1 1.5 2 25 3 35 4 45 0

(a)

Tracking errors (mm)

0 02 04 06 08 1 12 14 16 18 2
Time (sec)

Tracking errors (mm)

Time (sec)

(©)

Fig. 8. (a) Step responses 10 mm (experimental results), (b) Tracking
errors (experimental results), and (c) Steady state errors (ex-
perimental results).

The simulation results in sinusoidal wave responses of
dynamical tracking control, and tracking errors are depicted in
Figs. 9(a) and (b).

In the ssimulated results shown in Fig. 9, ABSMC has ex-
cellent performances in dynamical tracking control, whereas
thetracking errors of the PID are not only larger than ABSMC
but also reached maximum at the inflection points in sinu-
soidal wave responses. The maximum tracking errors of PID
and ABSMC are 0.148 mm and 0.011 mm respectively.

Moreover, the experiment parameters of the PID and
ABSMC are selected as follows:
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Fig. 9. (a) Sin waveresponses (simulated results) and (b) Tracking errors
(simulated results).

PID controller (experimental parameters)

Kr=069 | K=0036 | Kp=295 |
ABSMC controller (experimental parameters)
c,=12 k.= 15 v=0.2
B=15 h=15

The experimental results about sinusoidal wave responses
of dynamical tracking control and tracking errors are depicted
inFigs. 10(a), (b), (c) and (d).

The experimental results show that the ABSMC has better
abilities to restrain the disturbances of friction force and also
has the abilities to suppress the ripple effect.

In the sinusoidal wave tracking responses, PID exhibits sig-
nificant tracking errors during transient state in Figs. 10(a) and
(b). The time points of PID and ABSMC which the tracking
errors are less than 0.5 mm are 0.585 sec and 0.283 sec, re-
spectively (Fig. 10(c)). The values of the maximum tracking
errors of PID and ABSMC are 1.76 mm and 0.94 mm &t tran-
sient state. Moreover, the tracking errors of PID and ABSMC
are 0.39 mm and 0.13 mm (RMS) (Fig. 10(d)). Therefore, the
ABSMC has the preferable transient responses and more ac-
curate controlled precision in position control.

4. The Controller Design Process of VSC

After designing the controllers of PID and ABSMC and
analyzing their responses, the performances of transient state
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Fig. 10. (a) Sine wave response of PID (experimental results), (b) Sine
wave response of ABSMC (experimental results), (c) Transient

state tracking errors (experimental results), and (d) Tracking
errors (experimental results).

responses are still undesirable even when the performances of
ABSMC are found to be better than PID.

The design of controllers of PID and ABSMC and the
analysis of their responses, the performances of transient state
responses are still undesirable even when the performances of
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Fig. 11. Thevariable speed curve.

ABSMC are found to be better than PID. The oversize ac-
celeration and velocity of linear motor make some unneces-
sary overshoots and mechanical vibrations in transient re-
sponses, which seriously disturb the control performances.
Therefore, the speed controller VSC is proposed to improve
the tracking errors during transient state responses [11, 13].

The VSC shows better transient responses in positioning
control which suppresses the mechanism vibrations and over-
shoots at initial derivation. In addition VSC can also be ap-
plied with variable speed principles to switch the velocity
control mode into the position control mode.

The velocity control mode is divided into three segments,
the constant acceleration, the uniform velocity, and the con-
stant deceleration. The segments of the variable speed curve
areshowninFig. 11.

The variable speed dliding mode functions S, of each seg-
ment I, 11, and I1l are shown in Eq. (56).

1
S =X1__X22_X0=0

204
SI =X2_Vm=O (56)
Su = Xl"'ixzz =0
201,

where X is the initial displacement, x; is the error of dis-
placement, X, is the mover velocity, o is the acceleration of
region |, a, is the deceleration of region I11, and v, is the uni-
form velocity of region II.

As aresult of the above mentioned, there are a lot of ex-
ternal disturbancesin the control system. Therefore, to ensure
the convergence of system states, variable speed sliding sur-
face S, isimportant. According to the Lyapunov lemmatheory,
if the controlled system satisfies the diding condition as Eq.
(57) states, then the diding mode, S, = 0 exists. It can there-
fore define the system input as Eq. (58) to ensure the stability
in VSC and the system state variables converge to the equi-
librium points.

S-S, <0 (57)

Fo=K U =K (h+hx) (58)

where h; and h, are the system parameters and the values are
selected based on the system performance requirements.

Table 1. The system hardware parameters.

Mass 12Kg
Peak Force 679N
Continuous force 339N
Force constant 68.5894 N/A s
Back emf constant 51V ndMm/s
Electrical time constant 10.3ms
Resistance 6.2 ohms
Inductance 64 mH
Thermal resistance 0.66°C/W
Magnetic pole pair length 32mm
Velocity Limit 200 mm/s

Fig. 12. The PMLSM positioning platform system.

IV.EXPERIMENTAL RESULTS

1. The Experimental Equipment

In this research, the positioning platform utilizes the per-
manent magnet iron core linear synchronous motor (PMLSM)
as the driving equipment (model number LMS27, HIWIN
Corp., Taiwan). The effective stroke of the PMLSM is 200
mm. The hard structures of PMLSM positioning platform
system are shown in Fig. 12.

The model number of the optical linear encoder is
RGH22Y30D61, RENISHAW Corp., UK. Its highest accu-
racy of resolutionis 100 nm. The power driver (model number
800-1519A, COPLEY, Inc., USA) in our system is to provide
sufficient current to induce the electromagnetic force. The
embedded microbox used in this research is PXle-1062Q
manufactured by National Instruments Inc., USA, and the
multifunction data acquisition (DAQ) devices is model
PXle-6363, which are manufactured by National Instruments
Inc., USA. Theclock rate of DAQ is 1.73G Hz, which allows
us to accomplish real-time control in implementation. More-
over, the controller design software is Labview 2010, which
supports the functions of PC-based control and graphical
human-machine interface in the design processes. It is aso
manufactured by National Instruments Inc., USA.

Above al the hardware structures parameters of PMLSM
arelisted in Table 1.
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2. The Simulated Resultsand Experimental Results

In this research, the positioning performances of the step
responses 100 mm are used to compare the positioning effi-
ciency between ABSMC and AVSBSMC.

In order to redlize the control performances, feasibilities,
and stability in positioning control of AVSBSMC controller
prior the experiments software MATLAB R2008a was used
to simulate the system responses of AVSBSMC. The control
object serves to execute positioning control obeying the
trapezoidal velocity profile with o; = 600 mm/s%, Vi, = 150
mm/s, a, = 1875 mm/s, t; = 0.25 sec, t, = 0.75 sec, and t; =
0.83 sec in addition, the system parameters of control gains h;
andhzare%t$51=20, é/1=20, 52215, ;2: 12, §3=25,
{3 = 25, and %, = 0 in the velocity control mode. The pa-
rameters of ABSMC are set as ¢; = 100, k; = 50, y = 40,
B =30, and h =150 in position control mode. The simulation
results about the variable vel ocity curve and the step response
100 mm of AVSBSMC are depicted in Figs. 13(a) and (b).

From the simulation results, it is obvious that the
AVSBSMC controller has better performance at transient
response over ABSMC with the ability to suppresses transient
overshoot effectively as well as supplying desirable motor
velocity values[12, 14].

In the experiment, a software Labview 2010 was used to
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Fig. 14. (a) Velocity curve (experimental results), (b) Step responses 100
mm (experimental results), and(c) Tracking errors (experimen-
tal results).

design the application programming interface (API) in the
system controllers, and to control PMLSM.

The system parameters of control gains h; and h, are set as
é‘l:l, 41=3, 52:0.5,C2=2.5, §3=1, éé=3,a|']dX0=0in
velocity control mode. The parameters of ABSMC are set as
€1 =85,k =85, y=1.25, f=3.75, and h = 1.25 in position
control mode. The experimental results about the variable
velocity curves, the step responses 100 mm, and tracking
errors of our control scheme are shown in Figs. 14(a) to (c).

According to Fig. 14(a), the velocity curve of AVSBSMC is
trapezoidal and its results are very close to simulation results
inFig. 13(a). However, the velocity curve of ABSMC belongs
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Fig. 15. (a) Thetracking response of MPC controller and (b) Thetrack-
ing response of AVSBSM C controller.

toanirregular polygonal curve. Thus, thesystemisinclinedto
bring more excess transient overshoots and positioning errors.

The externa disturbances and other noises destroy the
smoothness of the PMLSM velocity curve of AVSBSMC
shown in Fig. 14(a), and these interferences are also the
sources of positioning errors. Fortunately, these positioning
errors are smaller then VSC control and can be compensated
rapidly by ABSMC in position control mode. Relative to the
ABSMC without V SC controller, the converged speed of com-
pensating the positioning errors is slower than AVSBSMC as
shown in Fig. 14(c).

Finally, it is obvious that the transient overshoots of
step response 100 mm can be eliminated successfully in
AVSBSMC as shown in Fig. 14(b). Correspondingly, the
ABSMC till has the bigger transient overshoots. Hence, this
composited controller can improve the transient performance
effectively and promote the compensation of errorsrapidly in
the positioning system [9, 15].

3. Comparison of System Performance

To enhance AVSBSMC control in testing the relative po-
sitioning performance, we made a comparison between
hereby developed controller with Cao and Low’s research [3]
which used a model predictive control (MPC) approach for
linear motor. The reference input was set as a sinusoidal
motion with amplitude 10 mm and 0.5 Hz. Some results are
shown below:

x 10
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Fig. 16. (a) The tracking error convergence of MPC controller and (b)
Thetracking error convergence of AVSBSM C controller.

(1) AVSBSMC and MPC controllers have the same motion
trajectories, but load weights of these two carriers were
different: AVSBSMC: 12 kg, and MPC: 2.6 kg.

(2) Fig. 15(a) shows the setting time, 4 sec for the MPC con-
troller and Fig. 15(b) showsthe setting time of 0.28 sec for
the AVSBSMC controller.

(3) Figs. 16(a) and (b) show the tracking error converged
times. The time of steady state tracking response was
27.56 sec for AVSBSMC controller and 40 sec for RMPC
controller when the maximum error was reduced to less
than 1 um.

(4) Parts of the steady state errors, the steady state error of
AVSBSMC (load weight 12 kg) was 13 um and those of
RMPC (load weight 2.6, 5.2 and 7.8 kg) were 8.5, 9.2 and
9.8 um.

The results of total comparisons are shown in Table 2.
Based on these results; the AVSBSMC controller was shown
to have a better transient response and a more suitable steady
state response than MPC. Therefore, the developed AVSBSMC
controller can effectively solve the coupling problem in this
research.

V. CONCLUSION

In thisresearch, two controllers are designed, ABSMC, and
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Table 2. Comparison of system performance with hereby
developed controller and Cao [3].

AVSBSMC MPC
Item controller controller
(hereby developed) [ (R. Cao and K. S. Low)
Load weight (carrier) 12 kg 2.6 kg
Transient response
(Tracking error less 0.28 sec ~4 sec
than 20 um of time)
Steady stat_e 27.56 sec =~ 40 sec (20 runs)
response of time
Load 2.6 kg=8.5um
Steady state response _ ~
(steady arror) Load 12 kg = 13 um Load 5.2kg=9.2um
Load 7.8kg=9.8 um

VSC. By combining ABSMC with VSC, AVSBSMC is de-
rived. The experimental results show that AVSBSMC con-
troller has an excellent ability of high precision positioning
control. The experimental data of step response of 100 mm
also shows that, the control precision class which we can
implement isabout 0.13 um in precision positioning. Astothe
amount of transient overshoot, its suppression to less than 1%
of 100 mm can be achieved. Therefore, this proposed control
scheme of AV SBSMC is shown to be an outstanding controller
in a high precision positioning system.
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