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a b s t r a c t

This paper proposes an input–output feedback linearization techniques for linear induction motors,
taking into consideration the dynamic end-effects. As a main original content, this work proposes a new
control law based on the on-line estimation of the induced-part time constant. The estimation law is
obtained thanks to a Lyapunov based analysis and thus the stability of the entire control system, in-
cluding the estimation algorithm, is intrinsically guaranteed. Moreover, with such an approach even the
on-line variation of the induced-part time constant with the speed is retrieved, thus improving the
behavior of previously developed approaches where such a variation vs. speed is considered a priori
known. The proposed control technique, integrating the on-line induced-part time constant estimation,
is tested by means of simulations and experiments carried out on a suitably developed test set-up.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

A significant amount of research activity has been carried out
on Linear Induction Motors (LIMs) since seventies (Boldea & Nasar,
1997, 1999; Laithwaite, 1975; Nasar & Boldea, 1987; Poloujadoff,
1980; Yamamura, 1979). Although they do not require any me-
chanical apparatus which transform rotating motion in a linear
one, a significant increasing of the complexity of their dynamic
models occurs, due to the so-called end-effects. These end-effects
cause additional significant non-linearities in the LIM dynamic
model with that of the Rotating Induction Machine (RIM) (Leon-
hard, 2001; Vas, 1998).

Since the goal of this work is to propose a high performance
control system for the LIM, the dynamic model considered in this
paper is that described in Pucci (2014), which takes into account
the end-effects. As described in Pucci (2014), these effects produce
variations of the electric parameters of the model with the ma-
chine speed, and the presence of an additional braking force.

From the other side, the control system theory offers several
control techniques to cope with non-linear systems (Isidori, 1995;
Khalil, 2002; Slotine & Li, 1991). Among such techniques, the in-
put–output Feedback Linearization (FL) is that of interests for this
work.

A restricted number of works in the literature face up to the
input–output feedback linearization of LIMs (Huang & Fu, 2003;
Lin & Wai, 2001, 2002; Wai & Chu, 2007). All these papers, how-
ever, are based on the classic RIM model, as far as the controller
design is concerned (De Luca & Ulivi, 1989; Kim, Ha, & Ko, 1990;
Krzeminski, 1987; Marino, Peresada, & Valigi, 1993, 2010). It can be
thus concluded that the state of the art of the application of FL to
LIMs is the same as that of the applications of FL to RIMs, whose
current state of the art is described in Marino et al. (2010).

Recently, Alonge, Cirrincione, Pucci, and Sferlazza (2015a,
2015b, 2016) deal with the issue of the input–output FL control of
LIM, taking into consideration the LIM additional nonlinearities
due to the end-effects in the control action. In particular, in Alonge
et al. (2015a, 2015b) it is described by the conventional FL tech-
nique that assumes all the known parameters of the motor-load
system. However, it is well known that eventual variations of the
model parameters can cause deterioration of the behavior of the
control system. A first adaptive version of FL is proposed in Alonge
et al. (2016), where an adaptation law for the stator resistance is
given. In particular an MRAS (Model Reference Adaptive System)
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observer for the stator resistance using a PI-based adaptation law
is used. However among all the electrical parameter variations, the
induced part time constant variation is certainly one of the most
important, since from its correct knowledge depends on the cor-
rect field orientation, and to the best Authors' knowledge it has
not never been considered in other works in the literature. It
should be noted that, while in the RIM, such rotor time constant
depends on both the heating/cooling of the rotor and the mag-
netization level inside the machine (field weakening, optimal ef-
ficiency algorithms), in the LIM it also varies with the speed, due to
the end-effects.

Starting from these considerations, this paper proposes an
adaptive input–output feedback linearization technique for LIMs,
taking into consideration the dynamic end-effects. More precisely,
as a main original content this work proposes a control law based
on the on-line estimation of the induced part time constant. The
estimation law is derived from a Lyapunov based approach so as to
intrinsically guarantee the stability of the entire control system,
including the estimation algorithm. Moreover, with such an ap-
proach even the on-line variation of the induced part time con-
stant with the speed is retrieved, with the aim of improving the
behavior of the system controlled by the FL described in Alonge
et al. (2015a, 2015b, 2016), where the function of the induced part
time constant vs. speed is considered a priori known.

2. Dynamic model of the LIM

The main difference between LIMs and RIMs lies in the so-
called end-effects. These effects could be divided into two cate-
gories: static and dynamic end-effects. Static end-effects are
caused by the asymmetric distribution of the reluctances of the
magnetic path of the three phases. This kind of effects has not
been considered in this paper, even because their presence does
not modify significantly the LIM dynamics. On the contrary, dy-
namic end-effects are caused by the motion of the limited length
inductor with a certain speed over an induced part track theore-
tically of infinite length. Consequently the magnetic flux density in
the air-gap varies.

The effect is a deep reduction of the resulting flux in proximity
of the entrance and in a deep increase of the flux at the exit of the
inductor. This has been taken into consideration in the literature
by a so-called end-effect factor Q (Da Silva, Dos Santos, Machado, &
De Oliveira, 2003; Duncan, 1983), defined as:
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For the symbols, see Table 1.
As highlighted in Duncan (1983) and Pucci (2014), the higher

the machine speed, the higher the air-gap thickness (higher
leakage inductance) and the lower the inductor length, the lower
the factor Q. It means that the end-effects increase with the ma-
chine speed, with the air-gap thickness and reduce with the in-
ductor length. For details to the mathematical modelling of the
LIM refer to Pucci (2014).

To the aim of describing the proposal FL technique, the dy-
namic model of the LIM, taking into consideration its dynamic
end-effects (Pucci, 2014), is written in the induced part flux re-
ference frame as in Alonge et al. (2015a) where the input–output
FL of LIM is carried out without adaptation of the model para-
meters. However the model presented in Alonge et al. (2015a) is
showed here in a slightly different form in order to make possible
the adaptive FL. In particular, writing the equations in the induced
part flux reference frame, the following model for the LIM is used:
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where ψ ψ=r rx, and the variables α, β, γ, η, μ and ϑ are time varying
parameters defined as follows:
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The details for the derivation of model (2)–(4) are not given since
it is not the aim of this paper, actually the reader is addressed to
Pucci (2014) and Alonge et al. (2015a) for the modelling aspects.

Table 1
List of symbols.

Symbols

u u,sx sy Inductor voltages in the induced part flux reference frame

i i,sx sy Inductor currents in the induced part flux reference frame

ψ ψ,rx ry Induced part fluxes in the induced part flux reference frame

fe Electromagnetic thrust
fr Load force
feb Braking force

( )L Ls r Inductor (induced part) inductance
Lm 3-Phase magnetizing inductance

( )R Rs r Inductor (induced part) resistance
Tr Induced part time constant
s Total leakage factor
ωr Electrical angular speed of the induced part
v Mechanical linear speed
a Mechanical linear acceleration
p Pole-pairs
τp Pole-pitch
τm Inductor length
M Inductor mass
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