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Position Control of Linear Induction Motor using
an Adaptive Fuzzy Integral - Backstepping
Controller

I. K. Bousserhane', A. Hazzab?, M. Rahli’, B. Mazari*, M. Kamli®

Abstract: In this paper the position control of a linear induction motor using
adaptive fuzzy backstepping design with integral action is proposed. First, the in-
direct field oriented control for LIM is derived. Then, an integral backstepping
design for indirect field oriented control of LIM is proposed to compensate the
uncertainties which occur in the control. Finally, the fuzzy integral-backstepping
controller is investigated, where a simple fuzzy inference mechanism is used to
achieve a position tracking objective under the mechanical parameters uncertanti-
es. The effectiveness of the proposed control scheme is verified by numerical si-
mulation. The numerical validation results of the proposed scheme have pre-
sented good performances compared to the conventional integral backstepping
control.

Keywords: Linear induction motor, Vector control, Backstepping design,
nonlinear control, Fuzzy integral-backstepping.

1 Introduction

Nowadays, LIM’s are now widely used, in many industrial applications
including transportation, conveyor systems, actuators, material handling,
pumping of liquid metal, and sliding door closers, etc. with satisfactory perfor-
mance [1]. The most obvious advantage of linear motor is that it has no gears
and requires no mechanical rotary-to-linear converters. The linear electric mo-
tors can be classified into the following: D.C. motors, induction motors, syn-
chronous motors and stepping motors, etc. Among these, the LIM has many
advantages such as high-starting thrust force, alleviation of gear between motor
and the motion devices, reduction of mechanical losses and the size of motion
devices, high-speed operation, silence, and so on [1, 2]. The driving principles of
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the LIM are similar to the traditional rotary induction motor (RIM), but its
control characteristics are more complicated than the RIM, and the motor
parameters are time varying due to the change of operating conditions, such as
speed of mover, temperature, and configuration of rail.

Field-oriented control (FOC) or vector control [1-3] of induction machine
achieves decoupled torque and flux dynamics leading to independent control of
the torque and flux as for a separately excited DC motor. This control strategy
can provide the same performance as achieved from a separately excited DC
machine. This technique can be performed by two basic methods: direct vector
control and indirect vector control. Both DFO and IFO solutions have been
implemented in industrial drives demonstrating performances suitable for a wide
spectrum of technological applications. However, the performance is sensitive to
the variation of motor parameters, especially the rotor time-constant, which
varies with the temperature and the saturation of the magnetising inductance.
Recently, much attention has been given to the possibility of identifying the
changes in motor parameters of LIM while the drive is in normal operation. This
stimulated a significant research activity to develop LIM vector control
algorithms using nonlinear control theory in order to improve performances,
achieving speed (or torque) and flux tracking, or to give a theoretical justifyca-
tion of the existing solutions [2, 3].

Due to new developments in nonlinear control theory, several nonlinear
control techniques have been introduced in the last two decades. One of the
nonlinear control methods that have been applied to linear induction motor
control is the backstepping design [4, 5]. The backstepping is a systematic and
recursive design methodology for nonlinear feedback control. This approach is
based upon a systematic procedure for the design of feedback control strategies
suitable for the design of a large class of feedback linearisable nonlinear systems
exhibiting constant uncertainty, and guarantees global regulation and tracking
for the class of nonlinear systems transformable into the parametric-strict
feedback form. The backstepping design alleviates some of these limitations [6,
7]. It offers a choice of design tools to accommodate uncertainties and
nonlinearities and can avoid wasteful cancellations. The idea of backstepping
design is to select recursively some appropriate functions of state variables as
pseudo-control inputs for lower dimension subsystems of the overall system.
Each backstepping stage results in a new pseudo-control design, expressed in
terms of the pseudo-control designs from the preceding design stages. When the
procedure terminates, a feedback design for the true control input results which
achieves the original design objective by virtue of a final Lyapunov function,
which is formed by summing up the Lyapunov functions associated with each
individual design stage [4-6].
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In the past years, fuzzy control technique has also been successfully applied
to the control of motor drives [8, 9]. The mathematical tool for the FLC is the
fuzzy set theory introduced by Zadeh. It can be regarded as nonmathematical
control algorithms in contrast to a conventional feedback control algorithm. In
the control by fuzzy technique, the linguistic description of human expertise in
controlling a process is represented as fuzzy rules or relations. This knowledge
base is used by an inference mechanism, in conjunction with some knowledge of
the states of the process (say, of measured response variables) in order to
determine control-actions. However, the huge amount of fuzzy rules for a high-
order system makes the analysis complex. Nowadays, much attention has
focused on the combination of fuzzy logic and the backstepping [10, 11]. Fuzzy
inference mechanism can arbitrarily approximate nonlinear function and has the
superiority of using experiential language information. So, the adaptive fuzzy
backstepping controller compensates the uncertainties of the system [11].

In this paper, we apply the fuzzy integral-backstepping technique to
design a speed controller for the linear induction motor. The output of the
proposed controller is the current (i) required to maintain the motor speed close
to the reference speed. The current (iy) is forced to follow the control current by
using current regulators. The indirect field-oriented of linear induction machine
is presented in section 2, the integral-backstepping technique for LIM control is
summarized in section 3. In section 4, the adaptive fuzzy integral-backstepping
design for LIM control is derived. Section 6 concludes the paper.

2 Indirect Field Oriented Control of LIM

The dynamic model of the LIM is modified from traditional model of a
three-phase, Y-connected induction motor and can be expressed in the d-g
synchronously rotating frame as [2, 3]:

2
di, 1 L v L R PL &
—S=— | R +| = | R |ij,+0oL —V,i +-"5-0, +—"=0, v.+V
dt GLS [ S (L,] r} ds sh e'qs Li (I)dr Lr]’l (bqr r ds
di, 1 LY PL L,R
o | oL Dy R 4| | R i gy Py 4
dt GLS sh e'ds [ S (L,] r} qs Lrh (I)dr r Li (I)qr qs
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do, L,R R T s
A T B S L LT
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where
o=1-(L,/LL,); )
t,=L /R ; K,=3PnL,[(2hL,);

is winding resistance per phase;

is secondary resistance per phase referred primary;
is primary inductance per phase;

is secondary inductance per phase;

is magnetizing inductance per phase;

is pole pitch;

is number of pole pairs;

is synchronous linear velocity;

is mover linear velocity;

is inertia moment of the moving element;

1s viscous friction and iron-loss coefficient; and
is external force disturbance.

el T o

The main objective of the vector control of linear induction motors is, as in
DC machines, to independently control the electromagnetic force and the flux;
this is done by using a d —¢ rotating reference frame synchronously with the
rotor flux space vector [3]. In ideally field-oriented control, the secondary flux
linkage axis is forced to align with the d -axis, and it follows that [2-4]:

_ d¢rq _
by =— =0 3)

and
¢rd = ¢r = ConSt . (4)

Applying the result of (3) and (4), namely field-oriented control, the
electromagnetic force equation become analogous to the DC machine and can be
described as follows:

F; = Kf'(l)riqs (5)
and the slip frequency can be given as follow:
1 i,
Vy=—"%. (6)
Tr lds

Consequently, the dynamic equations (1) yield:
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di R 1- L 1
Las :_( —+ G]ids +%Veiqs +——0,, +—V,,

dt oL, ort, oL L, GLS
di R 1-c 1 PL w
s = — S + i -V i — s 7
dt (GLS GTr qs ]’l e ds L h (I)rd Ls qs ( )
d(l)r Lm . 1
— L=l ——0 .
dt T’, ds T (I)rd

The decoupling control method with compensation is to choose inverter
output voltages such that:

1 i
A K +K, i, —1i VGLl s 8
ds ( Sj( ds dr) h svqs ( )
1 ) yis + PL m
V (K +K Sj( qs_lqs)+ZVeGleds+L_Zvr¢rd‘ (9)

-

According to the above analysis, the indirect field-oriented control (IFOC)
of induction motor with current-regulated PWM drive system can reasonably
presented by the block diagram shown in the Fig. 1.
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Fig. 1- Block diagram of IFOC for linear induction motor.
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3 Integral-backstepping Control of LIM

The difficulties in designing a high-performance controller for the
aforementioned ac motor servo system derive from the fact that several unknown
parameters and disturbances are related to the mechanical uncertainties. The
proposed control system is designed to achieve position tracking objective and

described step by step as follows.

For the control objective, the position tracking control, we regard the velo-
city v_ as the “control” variable (called virtual control [12, 13]). Define the posi-

tion tracking error signal
e=d,—d.
Then its error dynamics is
6 (1) =dy ()=d(t)=d, (1)=v,(1).
If were v, our control, it then can be chosen as
v. =ke + d’ref
and
é=—ke, k>0.
Let us define a virtual control as [14, 15]:
Vi =k the +d,,, k,>0

with:
t
%= jel (t)dr.
0
However, o is not real control. Let us define another error as
€=V, —V.

Then we can obtain

2 ref ef J e L

T

Since
‘}ref =k +keé + dref

we can rewrite (16)

. 1
& =ky+ke+d,, —7(Fe —-Dv—F),).

6
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The equation (11) can be rewritten as follows

e, =—k,x—ke +e,,

withy =e,.
Let us define the following estimations errors
J=J-J,
F =F —F,.
Then
J=-J
and
F,=-F

Let us construct a Lyapunov function [14, 15]

V=V(X,e1,e2,j,l~7L),
V:X a_V+kza_V +é] a_V+kla_V +
oy, Oe, Oe, Oe,
+1LHM+FpJW—F”§K—}QZ=é§Zn
J Oe, oJ oF,
Also it is true that

Jd,, =Jd,, +Jd,,,
F =F +F,,
as a result
V=1 6_V+k28_V +é 8_V+k16_V +1J~d'ref.a—V+
oy, Oe, e, Oe, | J Oe,
+1FL8—V+1(JAJM+FL —Dv—F )6_V_J~8_If_ﬁL6_I~/
J "0e, JV ° "V oe, o OF,
Let
Fq ZEII +E12
and

F,=Jd, +F,.
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Then, we can obtain

V:x[a—V+kza—VJ+él(a—V+kla—Vj+%]J,ef.g—V+

oy, Oe, Oe, Oe, e,
A Lo sV p o
J “Oe, J *0e, 0J OF,
Let
a_1j;
ol Jk,
and
F_Lp,.
oF, Jk,
Then
V=1 a_V+k28_V +é 6_V+k18_V +ljd-mf8_V+
oy, Oe, e, Oe, ) J 7 Oe,
R e

J “oe, J "oe, Jk o Jk, "
Choose the external load estimate update law as
oV

F=k .
* e,

V:X a_V+k26_V +él a_V+kla_V +ljd'rda_V_
oy, Oe, e, oe, | J Oe,

Hence

g 15
J ©0e, Jk

3

Any term without 1/J may be rearranged as

As a result

€2))

(32)

(33)

(34)
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(37
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Choose the inertia estimate update law as

RS P AL PO L AL T (39)
oy, Oe, Oe, Oe, Oe,
and
F =F +F
9 A‘Is ' 44 ' (40)
F, =J(kj+ké).
Then
L PLUSTEUS By e (41)
J oy, oe, | J " Oe,
Suppose there exists an auxiliary function, f; such that [14]
oV oV oV
(— +6—= ,€,6, ) — . 42
XaX 186l (X 1 2)562 (42)
This auxiliary function is to be determined later.
N U o 1 _ oV
V==—J(ye,e,) ———F —. 43
Jf(x : 2)862 J % Oe, “43)
Choose
5 oV
F, :Jf(x,el,e2)+k5£. (44)
2
Then
2
o[V <0,k >0. (45)
J \ Oe,
The inertia estimate update law becomes
A . 4
J=k f(t-ene)+hi+ ke, +dref.]§. (46)
2
Let us put all the components of F, together:
A AA : 5 oV
F,=Jd,  +T, + J(kyx + ke )+ Jf(x,el,ez)+ ks 2 @47
2
We choose
f(Xaenez):_(kzX"‘klél)' (48)

Then we get the following
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oV

F,=Jd, +F, +ksa—,

€
oV

j = k3d.ref g,
2

where 0V /0e, can be chosen to be linear such as

4
—=c)tce tce,.

Oe,
We can choose

ov

- = ez ,
Oe,

and we will have then
J = k3d'refel’
F L =k,e,,

F,=d, J+F +tke,,

W ector contral

LIM

(49)

(50)

C2))

(52)

(53)
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Fig. 2 — Block diagram of the adaptive backstepping control.

4 Fuzzy Integral-backstepping Control of LIM

In this section, our objective is to find a robust control law based on the
controller of the previous section for LIM position tracking. The adaptive fuzzy
integral-backstepping controller is proposed. The proposed fuzzyintegral-back-
stepping controller scheme is shown in Fig. 3. In which a simple fuzzy inference
mechanism can replace the first part of the previous controller. The antecedent

and consequent parts of the fuzzy inference are shown in Figs. 4 and 5.
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Fig. 5 - Block diagram of the fuzzy-integral backstepping control.

In the fuzzy-integral backstepping controller scheme, the error (e) and its
first time derivative form the input space of the fuzzy implications of the major
switching rule. The triangular membership functions are used for evaluating
v, » Where v, is the rotor speed reference of the LIM. The i-th fuzzy rule,

©
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which incorporates the knowledge and experience of the operator in position
control, is expressed as

Rulei: If e is 4;and ¢ is By, then Av, . is C (54)
1=1,...,49; j=1,....7, k=1,...,7; [=1,...7.

A; and B, denote the antecedent parameters and C; denotes the consequent
parameter. Because the data manipulated in the fuzzy inference mechanism is
based on fuzzy set theory, the associated fuzzy sets involved in the fuzzy control
rules are defined as follows:

NB: Negative big NM: Negative medium
NS: Negative small ZE: Zero
PS: Positive small PM: Positive medium

PB: Positive big

The fuzzy rules and parameters of fuzzy inference mechanism for the speed
reference generation are shown in Table 1.

Table 1
Fuzzy rules.

elé NB NM NS ZE PS PM PB
NB NB NB NB NM NS NS ZE
NM NB NM NM NM NS ZE PS
NS NB NM NS NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PS PM PB
PM NS ZE PS PM PM PM PB
PB ZE PS PS PM PM PB PB

Finally, the fuzzy output Av, , can be calculated by the centre of area defuz-

zification as:

™

M/ici Wl 1
k=E—=[c, - ¢] i |5—=0"W, (55)
2o el
where v=[¢, -+ ¢,], ¢ trough ¢, is the centre of the membership functions

of Av,, and Wis firing strength vector:

yp S

12
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5 Simulation Results

To prove the rightness and effectiveness of the proposed control scheme, we
apply the designed controllers to the position control of the linear induction
motor.

First, the simulated results of the fuzzy-integral backstepping control system
for periodic sinusoidal and triangular inputs. The position responses of the
mover and the control effort are shown in Fig. 6. From the simulated results, the
proposed fuzzy-integral backstepping controller can track periodic step, sinu-
soidal and triangular inputs precisely. Next, the simulated results of the fuzzy-
integral backstepping control system for periodic step, sinusoidal and triangular
inputs with parameters variation are shown in Figs. 7, 8 and 9. From the simu-
lated results, the tracking responses of the fuzzy-integral backstepping control
system are insensitive to parameter variations. Moreover, the control efforts are
larger than for Case 1 due to the existence of parameter variations. Fig. 10 shows
the simulated results of the fuzzy-integral backstepping control system for
periodic step, sinusoidal and triangular inputs with force loads disturbance
application (constant and sinusoidal force load). From simulated results, the
tracking responses of the proposed controller are insensitive to force load
application. A comparison between the proposed controller (fuzzy-integral
backstepping) and the adaptive integral backstepping is shown in Fig. 11 for step
and triangular references signal. In Fig. 11, it can be observed that the position
response of the fuzzy-integral backstepping controller present best tracking res-
ponses and very robust characteristics and better that the conventional controller.

6 Conclusion

This paper has demonstrated the applications of a hybrid control system to
the periodic motion control of a LIM. First, an integral backstepping controller
for LIM control was designed. Moreover, a simple fuzzy inference mechanism
was introduced to construct a robust control law based on the conventional
controller for LIM position tracking. The control dynamics of the proposed
hierarchical structure has been investigated by numerical simulation. Simulation
results have shown that the proposed fuzzy-integral backstepping controller is
robust with regard to parameter variations and external load disturbance. Finally,
the proposed controller provides drive robustness improvement and assures
global stability.

13
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