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a b s t r a c t

When uncertain systems are actuated by smart material based actuators, the systems exhibit hysteresis
nonlinearities and corresponding control is becoming a challenging task, especially with magnetos-
trictive actuators which are dominated by asymmetric hystereses. The common approach for over-
coming the hysteresis effect is inverse compensation combining with robust adaptive control. Focusing
on the asymmetric hysteresis phenomenon, an asymmetric shifted Prandtl–Ishlinskii (ASPI) model and
its inverse are developed and a corresponding analytical expression for the inverse compensation error
is derived. Then, a prescribed adaptive control method is applied to mitigate the compensation error and
simultaneously guaranteeing global stability of the closed loop system with a prescribed transient and
steady-state performance of the tracking error without knowledge of system parameters. The effective-
ness of the proposed control scheme is validated on a magnetostrictive actuated platform.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hysteresis is a nonlinear phenomenon that appears in many
different areas. Ferromagnetic hysteresis (Brokate & Sprekels, 1996)
and plastic hysteresis (Jiles & Atherton,1986) are two typical examples.
Hysteresis exhibited in the smart material-based actuators, such as
magnetostrictive and piezoelectric actuators (Smith, 2005), reveals a
looped and branched nonlinear relation between the input excitation
and the output displacement. Hysteretic behaviors also arise in
aerodynamics, where the aerodynamic forces and moments show
hysteresis when the attack angle of the airplane varies. Others are
encountered in mechanical systems, economics, neuroscience and
electronics engineering (Esbrook, Xiaobo, & Khalil, 2013; Xiao & Li,
2013), etc. When a control system involves the hysteresis nonlinearity
such as actuated by smart material-based actuators, the hysteresis
nonlinearity generates an undesired and detrimental effect, which will
deteriorate the system performance and cause inaccuracy or oscilla-
tions. The common approach for remedying its effect is to construct a
hysteresis inverse in putting in cascade as a compensator to cancel the
hysteresis effect (Krejci & Kuhnen, 2001; Kuhnen, 2003; Li, Hu, Liu,
Chen, & Yuan, 2012). For constructions of the hysteresis inverse, two
approaches are generally used: direct construction of complete inverse
function of the hysteresis function (model) (Krejci & Kuhnen, 2001;

Kuhnen, 2003), and use of an inverse multiplicative structure
(Rakotondrabe, 2011; Zhou, Wen, & Li, 2012) of the models to
compensate the complicated component in the model, in which the
development of the complete inverse function of the hysteresis model
is not required. Direct construction of inverse function of the hysteresis
model is mainly for operator based models such as Preisach (1935)
model and Prandtl–Ishlinskii (PI) model (Krejci & Kuhnen, 2001). In
both, the hysteresis is modeled by a superposition of elementary relay
or play operators. However, only the PI model possesses the analytic
form of the inverse (Krejci & Kuhnen, 2001), which explains why the
PI model is becoming dominant in the direct inverse compensation
approaches. In this paper, we will focus on the direct inverse appr-
oaches owing to unknown function in hysteresis models.

It is recognized that the operator based models except the Preisach
model generally describe the symmetric hysteresis effects. However,
there are many cases that the hysteresis exhibits asymmetric beha-
viors such as magnetostrictive actuators, shape memory alloys (SMA)
actuators. To keep the feature of PI model with the analytic inverse,
the extension of the PI model to describe the asymmetric hysteresis
behavior has been exploited in the literature, including (1) cascading a
nonlinear operator with the PI model. In Kuhnen (2003), a modified PI
model, superposition of one-sided dead-zone operators proceeded by
the PI model, was proposed. This model can describe the asymmetric
hysteresis behavior and has analytical solutions of its inversion, but it
cannot describe the saturated hysteresis behaviors; (2) modifying
the elementary play operator. In Jiang, Ji, Qiu, and Chen (2010), the
elementary play operator was redefined as right-side play operator
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and left-side play operator. In Jiang, Deng, and Inoue (2008), a non-
symmetric play operator was considered as the elementary operator.
In Janaideh, Mao, Rakheja, Xie, and Su (2008), a generalized play
operator with envelope functions was proposed, where the analytical
inversion was provided with requirement of first-order derivative of
the input signals.

To avoid the drawbacks of the those PI extensions and preserve
the advantage of the existing analytic inverse of the PI model while
still being able to describe the asymmetric hysteresis behavior, an
asymmetric shifted Prandtl–Ishlinskii (ASPI) model is proposed in
this paper, which is constructed by three components: a PI model, a
shift model and an auxiliary function. The advantages of the
proposed model are (1) it is able to represent the asymmetric
hysteresis behavior; (2) it facilitates the construction of the analytic
inverse by directly utilizing the available PI inverse result in Krejci
and Kuhnen (2001) without the requirement of first-order derivative
of the input signals; (3) the analytical expression of the error of the
inverse compensation can be derived for the asymmetric case, which
will be explained as follows.

As reported in the literature, using the inverse for hysteresis
compensation generally exhibits notable compensation errors,
which are attributed to hysteresis characterization errors. The
use of an estimated hysteresis model in deriving the model inverse
would be expected to yield some degree of hysteresis compensa-
tion error. This error yields tracking error in the closed-loop
control system. To accommodate such a compensation error, the
analytical expression of the error of the inverse compensation is
urged in the controller design. Along this line, in Tao and
Kokotovic (1993, 1995) the analytical inverse compensation error
for backlash hysteresis was derived and a corresponding adaptive
control scheme was then developed. For the PI model, an analy-
tical error expression was obtained and an adaptive backstepping
control scheme was developed in Janaideh, Su, and Rakheja (2012).
However, the analytical error expression was obtained only for the
PI model, it has not yet being exploited for its extensions. There-
fore, as listed in the third advantage, the inverse compensation
error for the proposed ASPI model is analytically derived for the
purpose of the controller design when the nonlinear system is
preceded by the asymmetric hysteresis. In order to ensure the
transient and steady-state performance of the tracking error a
prescribed adaptive control scheme is employed. The developed
prescribed adaptive control approach guarantees the global stabi-
lity of the nonlinear system and achieves the prescribed transient
and steady-state performance of the tracking error without knowl-
edge of system parameters. To validate the developed ASPI model
and the adaptive inverse hysteresis control scheme, experimental
results on a magnetostrictive actuated platform are presented.

2. Problem statement

Consider a dynamic nonlinear system consisting of an actuator
with hysteresis nonlinearity Π½v�ðtÞ and a nonlinear plant as

xðnÞðtÞþ ∑
k

i ¼ 1
aiYiðxðtÞ; _xðtÞ;…; xðn�1ÞðtÞÞ ¼ buðtÞ ð1Þ

uðtÞ ¼Π½v�ðtÞ ð2Þ

where v(t) denotes the input and u(t) denotes the output, Yi are
known continuous, linear or nonlinear functions. Parameters ai
and control gain b are unknown constants, Π½v�ðtÞ denotes the
output of the hysteresis operator, which will be described in the
following development.

The control objective is to design a control signal v(t) for
system (1), such that:

P1: The system state x(t) tracks a desired signal xd(t) and all
signals in the closed-loop are bounded;

P2: Both transient and steady-state performance of tracking error
e1ðtÞ ¼ xðtÞ�xdðtÞ should be within the prescribed area.

Comparing with general nonlinear control for the system (1)
only, the control signal u(t) becomes the output of the hysteresis
operator uðtÞ ¼Π½v�ðtÞ, where the actual control signal is v(t). As it
is well known, the hysteresis nonlinearity will deteriorate the
system performance and cause inaccuracy or oscillations. There-
fore, it imposes a challenge to handle this cascaded term with a
basic requirement that u(t) is not available/measurable. The
common approach for remedying the effect is to construct a
hysteresis inverse as a feedforward compensator. Then the control
law can be designed with available control methods. The complete
control scheme is shown in Fig. 1.

Throughout the paper the following standard assumptions are
required:

Assumption 1. The sign of uncertain parameter b is known.
Without losing generality, it is selected as b40 in this paper.

Assumption 2. The desired trajectory xd(t) and its (n�1)th-order
derivatives are continuous. Furthermore, ½xd; _xd;…; xnd�T AΩd �
Rnþ1 with Ωd being a compact set.

3. Modeling and inverse construction of asymmetric hysteresis

3.1. The Prandtl–Ishlinskii (PI) model

The Prandtl–Ishlinskii (PI) model was first used for describing
the hysteresis behavior of elasto-plasticity by Prandtl in 1928,
which is defined as Brokate and Sprekels (1996)

P½v�ðtÞ ¼ p0vðtÞþ
Z Λ

0
pðrÞFr ½v�ðtÞ dr ð3Þ

where p0 is a positive constant; p(r) is a given density function,
satisfying pðrÞZ0 with

R1
0 rpðrÞ dro1. Since the density function

p(r) vanishes for large values of r, the choice of Λ as the upper limit
of integration in the literature is just a matter of convenience (Su,
Wang, Chen, & Rakheja, 2005). Fr ½v� is the play operator:

Fr½v�ð0Þ ¼ f rðvð0Þ;0Þ ð4Þ

Fr½v�ðtÞ ¼ f rðvðtÞ; Fr½v�ðtiÞÞ ð5Þ

for tiotrtiþ1; 0r irN�1, with

f rðv;wÞ ¼maxðv�r;minðvþr;wÞÞ ð6Þ

where 0¼ t0ot1o⋯otN is a partition of ½0; tN�, such that the
function v(t) is monotone on each of the subintervals ½ti; tiþ1�.

The main feature of the PI model is its unique property of being
analytically invertible (Krejci & Kuhnen, 2001), which makes it
possible to utilize its inverse as a feedforward compensator to
cancel the hysteresis effect. However, it should be noted that
owing to the definition of the play operator, the PI model can only
describe symmetric hysteresis (Brokate & Sprekels, 1996).

Fig. 1. The control scheme.
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