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ABSTRACT

On the Adaptive Controls of Nonlinear Systems with Different Hysteresis Model

Representations

Jun Fu, Ph.D.

Concordia Univeristy, 2009

The hysteresis phenomenon occurs in diverse disciplines ranging from physics to
biology, from material science to mechanics, and from electronics to economics. When
the hysteresis nonlinearity precedes a controlled system, the nonlinearity usually causes
the overall closed-loop system to exhibit inaccuracies or oscillations, even leading to
instability. Control techniques to mitigate the unwanted effects of hysteresis have been
studied for decades and have recently once again attracted significant attention. In this
thesis, several adaptive control strategies are developed for systems with different
hysteresis model representations to guarantee the basic stability requirement of the
closed-loop systems and to track a desired trajectory with a certain precision.

These proposed strategies to mitigate the effects of hysteresis are as follows:

). With the classical Duhem model, an observer-based adaptive control scheme

for a piezoelectric actuator system is proposed. Due to the unavailability of the
hysteresis output, an observer-based adaptive controller incorporating a pre-

inversion neural network compensator is developed for the purpose of

mitigating the hysteretic effects;

il



if).

iii).

With the Prandtl-Ishlinskii model, an adaptive tracking control approach is
developed for a class of nonlinear systems in p-normal form by using the
technique of adding a power integrator to address the challenge of how to fuse
this hysteresis model with the control techniques to mitigate hysteresis, without
necessarily constructing a hysteresis inverse;

With a newly proposed hysteresis model using play-like operators, two control
strategies are proi)osed for a class of nonlinear systems: one with sliding mode

control and the other with backstepping techniques.

v
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CHAPTER 1
INTRODUCTION

1.1 Hysteresis and Control

The hysteresis phenomenon occurs in diverse disciplines, ranging from physics to
biology, from material science to mechanics, and from electronics to economics [1-5].
Some examples are hysteresis switching in synthetic gene networks [3], hysteresis curves
in ferromagnetism, backlash in mechanical systems, and hysteresis effects in smart
materials such as piezoelectrics and shape memory alloys [5]. Although hysteresis can be
explored in positive ways in engineeﬁng applications, such as the fundamental
mechanism in magnetic data storage and emerging computer memory technologies, it is
typically viewed as an undesirable, detrimental effect in physical, biological and
engineering systems [5]. The major drawback of hysteresis is that it usually results in
inaccuracies or oscillation and even instability when it precedes the system to be
controlled. Hence, it is necessary to mitigate the effect of hysteresis by using control
techniques.

However, the non-smoothness of the hysteresis, resulting from the relationship .
between input and output, usually in the form of multi-valued loops, as shown in Figure
1.1, makes traditional control approaches insufficient. Thus, the development of >some
new, effective control strategies to mitigate the effect of hysteresis is required, which is a

quite challenging task in the control community.
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Figure 1.1 Hysteresis loops

To control hysteretic systems, it is necessary to first study the hysteresis model.
Hysteresis models can be roughly classified into two categories: physics-based models
such as the Jiles-Atherton model [6, 7] and phenomenology-based models such as the
Preisach operator [8-10]. Physics-based models are built on the principles of physics,
while phenomenology-based models are used to produce behaviours similar to those of
the physical systems, without necessarily considering their physical peroperties in the
problems [6]. This thesis will mainly focus on phenomenology-based hysteresis models.
| With the available hysteresis models, there are some interesting and important
results in the literature [5, 7 and 11]. However, to our best knowledge, how to fuse

hysteresis models with available control techniques to mitigate the hysteresis effects



while, from the point of view of engineering applications, taking the unavailability of a
hysteresis output and the stability of the overall hysteretic dynamic systems into account,
is still an open problem. In this thesis, several typical hysteresis models are chosen and, at
the same time, a new hysteresis model is developed to address the challenge of
developing control methods to mitigate the hysteresis effects of the hysteretic systems
subject to the two aforementioned practical limitations. Séveral adaptive control

frameworks are therefore developed to meet the challenge.
1.2 Scopes and Contributions of the Thesis
1.2.1 Scopes of the Thesis

In the literature, some main challenges in the control of systems with hysteresis

nonlinearities are as follows:

(1) How to fuse hysteresis models with available control techniques to mitigate the
unwanted effects of hysteresis nonlinearities is largely open.

(2) As far as current hysteresis models and control methods are concerned, it is
generally difficult to analyze the stability properties of the closed-loop systems
dué to the multi-valued and non-smoothness features of hysteresis.

(3) Apart from the available hysteresis models which can be fused with the available
control methods, whether new hysteresis models can be constructed, which is

specifically suitable for controller designs to mitigate the effects of hysteresis.

Hence, the scope of this thesis is to propose several adaptive control strategies to

fuse control techniques with typical hysteresis models or newly constructed hysteresis



models, in order to address the above challenges and to achieve stability of the hySteretic

system, while tracking a desired trajectory with a certain precision.
1.2.2 Contributions of the Thesis

This thesis focuses on the adaptive controls of nonlinear systems with different
hysteresis model presentations. It successfully provides the solutions to the challenging

problems above.
The contributions of this thesis are specifically listed as follows.

®  An observer-based adaptive control scheme for nonlinear systems with the Duhem

hysteresis model representation

An observer-based adaptive control scheme for nonlinear systems is proposed.
In the developed method, the classical Duhem model is adapted to describe the
hysteresis exhibited in the piezoelectric actuators. Due to the unavailability of the
hysteresis output, an observer-based adaptive controller incorporating a pre-
inversion neural network compensator to mitigate the hysteretic effects is designed
to guarantee the stability of the adaptive system and to track the error between the
position of the piezoelectric actuator and the desired trajectory with a certain

precision. Simulation studies illustrate the effectiveness of the proposed method.

® Practical tracking control of nonlinear systems in p-normal form with Prandtl-

Ishlinskii hysteresis model representation



Focusing on a class of inherently nonlinear systems and using available
mathematical models of hysteresis nonlinearities, this work addresses the challenge
of how to fuse available hysteresis models with the adaptive control techniques for
inherently nonlinear systems to achieve practically adaptive output tracking control.
Such a possibility is shown by combining the recently developed framework of
Immersion and Invanance (I&I) tools, adding a power integrator technique, and the

Prandtl-Ishlinskii hysteresis model.
Construction a new hysteresis model with play-like operators

A new class of hysteresis models is constructed, where the play-like operators
play thé role of building blocks. From the point of view of an alternative one-
parametric representation of the Preisach operator, the constructed model
mathematically falls into PKP-type operators, as the Prandtl-Ishilinskii model falls
into Preisach model. This provides a possibility to mitigate the effects of hysteresis
without necessarily constructing an inverse, which is the unique feature of this
subclass model compared to the SSSL-PKP hysteresis model of general class in the

literature.

Sliding mode control design for nonlinear systems with play-like operators-based

hysteresis model representation

With the constructed class of hysteresis models based on play-like operators,
for the first time in this thesis, an attempt is made to fuse this model of hysteresis

with the available control techniques without constructing a complicated hysteresis



inverse. A sliding mode control based scheme is therefore developed to guarantee
the stability of the adaptive system and to track the desired trajectory with a desired

precision.

® Backstepping control design for nonlinear systems with play-like operators-based

hysteresis model representation

Two backstepping schemes are proposed to accomplish robust adaptive control
tasks for a class of nonlinear systems with the constructed models. Such control
schemes not only ensure the stabilization and tracking of the hysteretic dynamic

nonlinear systems, but also derive the transient performance in terms of L, norm of

tracking error as an explicit function of design parameters.
1.3 Organization of the Thesis
This dissertation is organized into seven chapters together.

In Chapter 2, a detailed literature review is conducted for hysteresis models and
control methods, followed by how the present research advances the knowledge in the

literature;

In Chapter 3, with the classical Duhem model, an observer-based adaptive scheme
for nonlinear systems incorporating of a pre-inversion neural network compensator for

the purpose of mitigating the hysteretic effects is presented;

With the Prandtl-Ishlinskii hysterésis model, Chapter 4 addresses the challenge of

how to fuse this hysteresis model with those results for the inherently nonlinear systems



in the literature to achieve practically adaptive output tracking control without necessarily

constructing an inverse operator of hysteresis model;

Chapter 5 deals with the adaptive control of nonlinear systems with a newly
constructed hysteresis model with play-like operators. A sliding mode based control

scheme is developed to deal with the hysteresis effects, stability and tracking issues;

Following the Chapter 5, in Chapter 6, two backstepping schemes are proposed to
accomplish adaptive control tasks for the same class of nonlinear systems, with a newly

constructed hysteresis model with play-like operators;

Chapter 7 presents the major conclusions of this dissertation and recommendations

for future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Hysteresis

When speaking of hysteresis, one usﬁally refers to the input-output relationship
between two time-dependent quantities which cannot be expressed as a single-value
function. Instead, the relationship usually is in the form of loops which are traversed
along a éertain orientation [10]. As Mayergoyz [9] pointed out, this may be misleading
and may create an impression that looping is the essence of hysteresis. Hence, it is
necessary to introduce the definition of hysteresis. Although the specific meanings of
hysteresis vary from one discipline to another, and there is no agreement in the literature
regarding the definition of hysteresis, the mathematical definition in the monographs [10,
13] 1s adopted for the purpose of this research.

Definition of Hysteresis

Mathematically, a hysteresis relationship between two functions u and vthat are
defined on some time interQal [0,¢], attaining their values in some sets U and V ,
respectively, can be expressed as an operator equation v= F{u] , where F is an operator
characteﬁzed by memory effect and rate-independence.

Suppose a system is described by the input-output pair u and v. Memory effect
means that, at any instant ¢, the value of the output v is not simply determined by the

value u of the input at the same instant, but it also depends on the previous evolution of



the input u . The rate independence means that the path (u,v)is invariant with respect to
any increasing time homeomorphism [79].

From a nonlinearity point of view, hysteresis can also be viewed as a multi-branch
nonlinearity. To be clear on this point, an alternative definition of hysteresis in [9] is
presented below.

Consider a transducer which is characterizéd by an input u(¢)and an output v(¢), as
in Figure 2.1. This transducer is said to be hysteretic if its input-output relationship is a
multi-branch nonlinearity for which branch-branch transitions occur at input extremes [9)].

Figure 2.2 shows a typical multi-branch nonlinearity.

uh | Hysteresis. | YO
Transducer-

Figure 2.1 Hysteresis transducer

n

Figure 2.2 Multi-branch nonlinearity



As stated in [9] by Mayergoyz, the above definition emphasizes the fact that
branching constitutes the essence: of hysteresis, although in the existing literature, the
hysteresis phenomenon is by and large linked with the formation of hysteresis loops
(looping) which may mislead to the impression that looping is the essence of hysteresis.
In fact, looping is a particular case of branching. Looping occurs when one applies an
input that varies back and forth between two consecutive extremum values, while .
branching takes place for arbitrary input variations.

Besides the branching of hysteresis, other characteristics of hysteresis such as rate-
independence, memory, and major and minor loops can also be briefly described as
follows with respect to the multi-branch nonlinearity accordingly. The more precise
descriptions can be found in [9, 10].

Hysteresis is rate-independent if the branches of the hysteresis, as defined above, are
determined only by the past extremum values of input, while the rate of change of input
variation between extreme points has no influence on branching.

Memory implies that at any instant of time t, output v(t) depends not only on
inputu(t) but also on the previous evolution of inputu . Hysteresis can be interpreted as a

nonlinearity with a memory which reveals itself through branching [9].
The major loop encloses the hysteresis region and minor loops exist inside the
region, as shown in Figure 2.3. Not every hysteresis model can produce minor loop(s),

like Relay.

10
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Figure 2.3 Illustration of a major hysteresis loop containing several minor loops

After this brief introduction of the general hysteresis concept, it is necessary to

review several classes of hysteresis models important for this study.
2.2 Hysteresis Models

Hysteresis models will be reviewed from two classes of mathematical descriptions:

differential-equation-based hysteresis models and operator-based hysteresis models.
2.2.1 Differential-equation-based Hysteresis Models

Three main differential-equation-based hysteresis models are reviewed: the Duhem

model, the Bouc-Wen model and the Chua-Stromsmoe (C-S) model.

Duhem Model

11



The Duhem model focuses on the fact that the outputv can only change its
characteristics when the input changes direction. The input-output relationship is

expressed by the following differential equation [14]:

o) = f,(MO) @) — f, (W) ue))itey,
W0) =v,,

2.1

hi| + 4

5 fisf> € C°(R?) and the input u(f) and the output v(r) are continuous

where gt =

and differentiable functions on [0,7]. An increase in input u(¢) causes the output v(¢) to
increase along a particular path. Under a decreasing input, the output tends to decrease

along a different path. The output is governed in terms of slope functions f,, f, by

av _ {fn(u(t),V(t)) if u>0, 2.2)
du | f,(), V() if u<O.

Hodgdon and Coleman [14, 15] have extensively studied this model by setting the input
magnetic field (H ) and the level of magnetizatibn of the medium (B) to characterize
magnetic hysteresis. This model is presented analytically by the following differential

equation:

dB
_:a
dr

dH dH
- = 23
7 l[f(H) Bl+ 7 g(H) (2.3)

where o >0 is a constant, f(/) and g(H) are prescribed real-valued functions on

(—o0,+0) .They proved that the solutions of (2.3) move on the curves defined by

12



;dg - a-sgn(ENLf (H) - Bl + g(H),

and this can be solved explicitly for H piecewise monotone:

B=f(H)+[36_f(HO)]e—a(H—Ho)SgnH +e—aHsgnH J‘[g(g)_f'(g)kagsgnﬂdé;’

H()
for H constant, B(H o) = By, sgnis sign function and provided that:

(1) f 1s piecewise smooth, monotone increasing, odd, with lim f (H)finite;
Hoox

(2) g is piecewise continuous, even, with lim[f (H) - g(H)]=0;
Hox

©

(3) f(H)> g(H) > ae™ j[ 7(&)-g(&)le“deforall H>0.

H

It has been shown that the Duhem model can describe a large class of rate-
independent hysteresis in various smart materials, such as ferromagnetically soft material,
or a piezoelectric actuator [14-16], as shown in Figure 2.4 where 7 and v is the output

and input of the Duhem model, respectively.
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Figure 2.4 The loops of a ferromagnetically soft material of isoperm type described by

the Duhem model

It is worth noting that Su et al. [17] proposed a backlash-like model based on Duhem
model and [18] refers to the backlash-like model as the SSSL model, then extends the

SSSL model to the # -th order case, called a play-like operator.

Bouc-Wen model

The Bouc-Wen model of hysteresis [19] is mathematically simple and is able to

represent a large class of hysteretic behaviour [20, 21]. This model can be applied to

14



describe the hysteresis in a single degree of freedom oscillator [20] and a
magnetorheological damper attached to a scaled, three-degree-of-freedom building [21].

Suppose x is the position of an oscillator system given by
i= f(x, % z,u), (2.4)

where z is the hysteretic variable proportional to the restoring force acting on the

oscillator, described by the first order differential equation

P (2.5)

z = Ax— B - 7|4

where the parameters n, 4, f,and y are the shape parameters of the hysteresis curves,
which can also be functions of time. Please note that, in this model, x acts as an input,
and the equation is not involved in x although the hysteresis phenomenon is observed
between x and z. When n=1, (2.5) becomes a linear ordinary differential equation
which can be solved according to the signs of X and z . The hysteresis loop will converge

to a bilinear curve governed by z = X[sgn(z + 4) —sgn(z — A)]/2as n goes tow.

Chua-Stromsmoe Model

[22] first proposed the Chua-Stromsmoe (C-S) model to represent nonlinear
inductors. But being a phenomenological model, it can be applied to a wide variety of

physical systems. The C-S model can be defined by the differential equation

dv
— =kWge O -/O),  Vie 1), 2.6)
V(O) = Vg,
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where f,g,keC'(R), f >0,g >0,on R, f,g ‘R—> Ronto, and there exist a, f such
that 0<a<k<pfB<won R. u,veC'(0,T) and a bound on input guarantees the

existence and uniqueness of a solution [22].

The function gis referred to as the dissipation function, and the function f as the
restoring function, while £ is called the weighting function. Physically, the function g is
responsible for energy dissipation, f for energy storage. A simple geometrical algorithm
to construct suitable f, g,/ functions can be found in [22].

Chua and Bass [23] modified (2.6) as follows by introducing a frequency

function w(u), such that the generalized model not only provides for hysteresis loops at

frequencies down to the direct current, but also allows for extensive control over higher

frequency behaviour.

% = Wik(M)g o [u() - fO)],  V1e(0,7),

V(O) = vO b}

2.7

It is easy to see that for w(u) = |L2|, (2.7) becomes rate-independent and a special case of

the Duhem model.
To save space, other hysteresis models based on differential equations are omitted
here, such as the Jiles-Atherton model and the Maxwell model. One may refer to [24, 25]

and references therein for the details.

2.2.2 Operator-based Hysteresis Models
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The operator-based hysteresis models mainly include the Preisach, Prandtl-

Ishilinskii and Krasnosel’skii-Pokrovskii models [8-10, 26-29].

Preisach model

The most popular hysteresis model is certainly the Preisach model. It was first
proposed by Weiss and De Freundenreichin in 1916 [26]. In 1935, Preisach suggested a
georhetrical interpretation, which is now one of the main features of the model [27]. The
Preisach model [9] has been most widely applied to characterize the hysteresis properties
of electromagnetic materialsi smart actuators. However, the success of this model has to
be ascribed to Krasnosel’skii and other Russian mathematicians [8] having elucidated the
phenomenological characteristics of the Preisach model. They proved that the model can

be considered as a superposition of elementary hysteretic relay operators
W)= [[ e, B, VI)dadp, (2:8)

where u(a, ) is the Preisach function, P is the Preisach plane, often referred to as the
density function of @ and £ and identified from measured data, and 7, ,[v](¢)is a relay

hysteresis shown in Figure 2.5 and defined by

. +1 if (1) >
VapV)O) =1 -1 if v(t) < B
remains unchanged ifa<v(t) <P

17



>
>

YaB

F D E

M HEEE | —>
] ]

AL o1 V(t)
.
- e H
A -1 B C

Figure 2.5 Relay hysteresis operators

The parameters a and £ correspond to “on” and “off” switches, respectively, for
the thresholds of input applied on the relay. It is assumed that each relay has only two

saturated output values: y,,[v(t)] =+1and 7 ,[v(t)] = —1. Suppose the output of the relay
remains in its negative saturation state ( Voplv(D)]=—1). If the input v(¢)of the relay is
continuously increased from v, <, the output of the relay switches to its positive
saturation state ( ;?aﬂ[v(t)] =+1) when v(f) = @, and remains in this state whilev(¢) > « .

Thus, the monotonic increases of v(¢) form the ascending branch ABCDE of the relay

(see Fig.2.5). Similarly, while the input monotonically decreases, the descending branch
EDFBA is traced. Hence, (2.8) can be interpreted as a parallel connection of infinite

weighted relays with positive/negative saturation values +1/-1 (see Fig.2.6).
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40

Figure 2.6 Structural interpretation of the Preisach model [9]

An extensive investigation of this model can be found in the monograph [9], where a
detailed geometric interpretation based on the Preisach plane was given. Many
experimental setups have shown that this model can be used to describe the hysteresis
behaviour in smart material-baéed actuators and sensors, like magnetostrictive [6],

piezoceramic in a stacked form [28], and SMA actuators [10].

Prandtl-Ishlinskii (PI) model

The Prandtl-Ishlinskii model relies on the building blocks: play and stop operators.
Let’s introduce these operators before reviewing the Prandtl-Ishlinskii model. One can

find a detailed discussion in [10].

Stop Operator

The stop operator, shown in Fig 2.7, has been proposed to characterize elastic-
plastic behaviour in continuum mechanics. The figure illustrates the linear stress-strain

(w-v) relationship as Hook’s law, when the stress is below the yield stress (threshold) ».
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Figure 2.7 Stop operator (where the threshold » = 3)

Analytically, let C, [0,f.] represent the space of piecewise monotone continuous
functions. For any inputv(z) € C,_[0,¢, ], the stop operator w = E [v](t) is defined by:
E,[v](0) = ¢,(v(0))

E, VIO =e, (V) —v(t) + E,V](1)) .
fort, <t<t, and 0<i< N -1 (2.9)

where e_(v) = min(r,max(-r,v)) .

Play Operator -

Figure 2.8 illustrates the play operator. The one dimensional play operator has been
described .by the motion of a piston within a cylinder of length2r. The position of the -
center of the piston is represented by coordinatev, while the cylinder position is given by

w[10].
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For any inputv(¢) € C,[0,¢, ], the play operator w = F,[v](¢) is defined by:
E[V](0) = 7,(x(0),0) = w(0) |
F V0 = £,0(0), EV)(1) 30, <t <1,,, and 0<i<N-1 (2.10)

i

where f (v,w) = max(v—r,min(v +r,w)),

Wy

Figure 2.8 Play hYsteresis operator (where the threshold» = 3)

where 0=1¢,<t, <....<t, =t; is a partition of [0,z,] such that the function v is
monotone on each of the sub-intervals|¢,,7,,,]. The argument of the operator is written in

square brackets to indicate the functional dependence, as it maps a function onto another
function.
The play and stop operators are characterized by input v and the threshold r. The

maximum value of the stop operator is determined by threshold r in the (v, w) plane.

From definitions (2.9) and (2.10), it can be proven that operator F [v] is the complement
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of operator E, [v] [10], and that they are related in the following manner for- any

piecewise monotone input function v(t) € C,_ [0, ] and thresholdr > 0:
FvI(0) + E [vI(t) = v(1) (2.11)

Using the stop operator £ [v](t) , the Prandtl-Ishlinskii model is defined by [10]:

R
¥, = [P(IE,)®dr, 1)

where p(r) is a density function, satisfying p(r) >0, and is expected to be identified
from experimental data.

The Prandtl-Ishlinskii model is also defined using the play operator £ [v](z) by:

¥p = gv()+ [p(DEI@)r, (2.13)
: 0

as shown in Figure 2.9. The Prandtl-Ishlinskii model with the density function maps
Clt,,) ontoC[t,,) . In other words, Lipschitz continuous inputs will yield Lipschitz
continuous outputs [8]. Since the density function p(r)vanishes for large values of r, the

choice of R = oo as the upper limit of integration is widely used in the literature just for

convenience [10]. In the above model, ¢ is a positive constant. As a special case, this

constant can be expressed by:

g = [p(r)dr (2.14)
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Since the play and stop hysteresis operators and the density function defined above are
rate independent, the Prandtl-Ishlinskii model is applicable for characterizing only rate

independent hysteresis.
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Figure 2.9 Hysteresis loops

Krasnosel’skii-Pokrovskii (KP) model

In the 1970’s, M. Krasnosel’skii and A. Pokrovskii [8] systematically investigated
the hysteresis phenomenon from a purely mathematical point of view. They presented a

hysteresis operator called the KP model in reference [8]. The KP model has the same
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integral form of weighted elementary operators as the Preisach model. But, unlike the
Preisach relay which is a discontinuous function on the Preisach Plane and has only two
saturation output states (+1,-1), the KP kernel, the element of the KP model, is a

continuous function on the Preisach plane, and has minor loops within its major loop.

Pz +a
r(v-p,):ABCDE
r( v-py, ):EDFBA
Major loop:
ABCDEDFBA
Minor loop:
ABCD'F'BA

Figure 2.10 KP kernel [29]

As presented in reference [29], the Krasnosel’skii — Pokrovkii (KP) hysteresis model

can be expressed as an integral of kernels (see Fig.2.10) over a specific domain by
u(t) = HI() = [ k,[%.&,)0u(p)dp, (2.15)

where  v(7) is the input of the hysteresis, u(f) is the output; H()is an operator to
transform the input v(¢) into the output u(¢); P is the Preisach Plane (see Fig.2.11) over

which hysteresis occurs. P is defined by
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2 —
P={p(p,p,)eR"V —azp,2p 2}, (2.16)
where v~ and v* represent input values of negative and positive saturation states of

hysteresis, respectively. a is the rise-constant of the kernel k,, which will be explained

later. The range of v(¢) e[v™,v"] represents the hysteresis input domain. If the input

exceeds the range, the output of hysteresis remains at its saturation states. k p is the
kemel function that gives the output values of each KP kernel defined by a pair of
parameters p(p,, p,) € P (see Fig.2.11), as it is subjected to the inputv(¢); &, (1) is a
variable to memorize the previous extreme output of the kernel parameterized by p; ££(p)
is the density of the kernel k,, which is utilized to weight the output of the kernel k.

Each point p(p,, p,)in the Preisach plane P is associated with a kernel k&, and has its

specific density value u(p,, p,) . The function to describe the densities x(p,, p,) of all

points in the Preisach plane P is called the density function or density distribution of the
KP model. Please note that the density function of the KP model is different from the

density of the Preisach hysteresis model for modeling a particular hysteresis.
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Figure 2.11 The Preisach plane P [29]

The integral KP model given by equation (2.15) can be interpreted as a parallel

connection of an infinite number of weighted kernels (see Fig.2.12).

——_g I—“ H(p.ps)
. i

w1 u(t)

'

(XX BN

Figure 2.12 Parallel connections of weighted kernels [29]

The kernel function £ [v,& ](¢)(see Fig.2.10) with parameters (p,, p,,q) is expressed by
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max {& (),y(M)—p,)} for v=0
kv, &, 10) = (2.17)
min { @), (0)~-p)} for v<0

where the value of the memory variable £,(s ) depends on the kernel k, and is updated
whenever the rate of v(¢r)changes sign. For example, if the input v(¢) starts from a value
less thanv’, i.e. ;) < v~,both initial values of ¢ )yand outputk [v(t,),¢,(1,)] Will equal
—1. As the input y(r)monotonically increases from v(z,) to a valuev(s,) and then tends to
decrease at time, , v(r) switches sign at the timez,, i.e. sign(¥(t,")) = —sign(v(t,")). Each
&,(1,) updates tok [1,).¢, ()] and retains this value until the input v(r) increases again at a
timet,, i.e., sign (v(t,")) = —sign (v(t,7)) = —sign (v(t,")). Thus, the memory variable

&, (1) 1s expressed as

-1 if t=t,

EO=1 LIMOL)] if t=t>1, and sign (" )=-sign (X))  (2.18)

&) if t2t>t, and sign (Nt"))=sign (Wt"))

for ;j =1,2,.... representing the i th turning point. In equation (2.17), the boundary functions
r((t)-p,) and r(v(t)—p,) form the major loop (ABCDEDFBA) of the kernel k,

between -1 and +1(see Fig.2.10). Any other loops which are located inside the major
loop and are not enveloped by the boundaries (W) — p;)and r(v(t) - p,) are called minor

loops of the kernel k,, for example, (ABCD'F'BA) . It can be seen that the width of the
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kernel is determined by the switching input values, p, and p,, while the transfer slope
between —1 and +1is determined by the rise-constanta. The ridge function r(v(¢)) is

defined as follows:

-1 v(t) <0,
rivi®) =<4-1+2v(t)/a 0Lv(t) <a,
. +1 wt) > a,
and it is shown by the Fig. 2.13:
Arr(v)
+1
v

e

Figure 2.13 Ridge function of KP kernel & ,[29]

Banks et al. [30] used this model to characterize hysteresis in the SMA actuator, while
Galinaities [31] investigated Krasnosel’skii-Pokrovskii model focusing on the properties

of inverse and approximation.

2.3 Control Methods -

After the review of hysteresis models, the control techniques for a plant preceded by
a hysteresis actuator are reviewed below. In the literature, different control schemes for
systems with hysteresis have been developed. The most common approach to mitigate the

effects of hysteresis is inversion compensation, which was pioneered by Tao and

28



Kokotovic [32]. For hysteresis with major and minor loops, they used a simplified linear
parameterized model to develop an adaptive hysteresis inverse model with parameters
updated online by adaptive laws. Model-based compensation of hysteresis has been
addressed in [5, 11], and the references therein. The main issue is how to find the inverse
of the Hysteresis models.

The compensation of hysteresis effects in smart material actuation systems using
Preisach model-based control architectures has been studied by many researchers {5, 11,
31-37]. Ge and Jouaneh [33] proposed a static approach to reduce the hysteresis effects in
the problem of tracking control for a piezoceramic actuator and a desired sinusoidal
trajectory. The relationship between the input and the output of the actuator was first
initialized by a linear approximation model of a specific hysteresis. The Preisach model
of the hysteresis was then used to reduce the corresponding input signals for the desired
output of the actuator displacements. A PID feedback controller was used to adjust
tracking errors. The developments worked for both specific trajectories and required
resetting for different inputs. Galinaitis [31] analytically investigated the inverse
properties of tﬁe general Preisach model and proved that a general Preisach operator can
only be locally invertible. He gave a closed form inverse formula when the weight
function of the Preisach model took a very particular form. Mittal and Meng [34]
developed a method of hysteresis compensation in an electromagnetic actuator through
the inversion of numerically expressed Preisach models in terms of the first-order
reversal curves and the input history. Instead of modeling the forward hysteresis in

piezoceramic actuators and then finding the inverse, Croft et al. and Bernard et al. [35]

directly formulated the inverse hysteresis effects using the Preisach model. Tan and
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Iyer’s work proposed an approximate invérse for the Preisach operators, but in a
numerical way or by assuming that the density function has a specific feature, like with a
piecewise constant density, as shown in [5]. The latest paper [11] proposed a new
Preisach modelling approach for feed-forward compensation of complex hysteresis and
creep effects in a threshold-discrete way. Methods based on the inverse of the KP model
can be found in [31, 36]. Galinaitis mathemaﬁca]ly investigated the properties and the
discrete approximation method of the KP operators [31]. Webb deﬁned a parameterized
discrete inverse KP model, combined with adaptive laws to adjust the parameters online
to compensate hysteresis effects [36]. Recently, a feed-forward control design based on
the inverse of the Prandtl-Ishlinskii model was also applied to reduce hysteresis effects in
piezoelectric actuators [37].

In addition to the above mentioned model-based inverse methods, neural networks
and fuzzy systems were also developed to deal with hysterésis control. It is well known
that the universal approximation property is one of the most important properties of
neural networks and fuzzy systems. However, this property is generally proven for
continuous and one-to-one functions. Wei and Sun [38] studied the rate-independent
memory property. After analyzing multi-layer feed-forward, recurrent and reinforcement
learning networks, they found that networks with only computational nodes and links
cannot function as hysteresis simulators. They proposed a propulsive neural unit to
construct hysteretic memory. Several propulsive neural units with distinct sensible ranges
were used to form a model. These can be trained to follow the loops given by the
Preisach model. Selmic [39] gave a neural network structure to approximate piecewise

continuous functions appearing in friction, or functions with jumps. Hwang [40, 41]
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developed a neuro-adaptive control method for unknown piezoelectric actuator systems.
The proposed neural network (NN) included two different nonlinear gains according to
the change rate of the input signal and a linear dynamic system to learn the dynamics of
the piezoelectric actuators. A feed-forward control based on the inverse of the learned
model was used to achieve an acceptable trajectory tracking. Because the tracking
performance by the controls in [40, 41] could not be guaranteed as the system was subject
to uncertainties, a discrete-time variable-structure control was synthesized to improve
performances [42, 43].

Essentially, inversion methods usually treat hysteresis and the structure response
function separately, that is, they use the inverse model in the feed-forward loop to cancel
hysteresis behaviour, and then they design a feedback controller to compensate the
structural dynamic effects. However, it is difficult to decouple the effects from the
hysteresis and those from the structural dynamics in experimental measurements. It
would be better to develop an approach that can consider both effects simultaneously [44].
Due to the multi-valued and non-smoothness feature of hysteresis, it is usually difficult to
analyze the stability of the hysteretic systems, except for certain special cases [32].

Passivity-based stability and control of hysteresis in smart actuators were attempted
by Pare [45], who considered hysteresis as uncertainties, as well as by Gorbet [46]. In
[46], the energy properties of the Preisach hysteresis model were investigatéd, and the
passivity was demonstrated for the relationship between the input and the derivative of
the output. But in smart actuator applications like motion control in nanopositioning, the
output of the hysteretic system is more concerned. Also, there are some results based on

the Bouc-Wen models for control purposes, mainly by F. Ikhouane and his colleagues,
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and published in the book [47], where the hysteresis nonlinearities are connected to plants
in a parallel manner.

From the above analysis, it is, to our best knowledge, still unclear how to fuse these
models with available control techniques to mitigate the hysteresis effects, while, from
the point of view of engineering applications, taking the unavailability of hysteresis
output and the stability of the overall hysteretic dynamics systems into account. In this
research interest, there are some pioneer results by Su [17, 48, and 49]. The research in
this thesis further addresses the challenges in this direction by presenting several original

contributions.
2.4 Summary

This chapter presents the literature review on hysteresis models and the control
methods to mitigate the effects of the hysteresis. This thesis addresses the challenges seen

above from the research area of control systems with hysteresis.
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CHAPTER 3

ADAPTIVE CONTROL OF NONLINEAR SYSTEMS WITH DUHEM

HYSTERESIS MODEL REPRESENTATIONS

3.1 Introduction

A typical differential equation based hysteresis model is the Duhem model [8, 14-
16, 19, 24, 47, 50-52] since it can describe a large class of hysteresis in various smart
materials, such as ferromagnetically soft materials or piezoelectric actuators. Many
variations of the Duhem model have been studied in different contexts. For instance, the
Bouc-Wen model [16, 24, and 50], the Madelung model [19], the Dahl friction model
[47], the LuGre friction model [8], and the presliding friction model [50] are special
cases of Duhem models. This chapter will deal with the adaptive control of systems with
Duhem hysteresis model representation.

To mitigate the hysteresis nonlinearity, a neural network (NN) based inversion
compensétion is proposed because of its ability to approximate the universal function of
nonlinearities [53, 54]. However, only a few results using NN to tackle hysteresis in the
literature are available [55-57]. In [55, 56], a NN model is used to describe the hysteresis
behaviour at different frequencies with the knowledge of some properties of magnetic
materials, such as the loss separation property, to allow the separate treatment of quasi-
static and dynamic hysteresis effects. In [57], a modified Luenberger observer and an NN

are used to identify a general model of hysteresis. To our best knowledge, NN has not
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been explored to construct an inverse of any hysteresis models, which is one of our
motivations for this chapter.

On the other hand, measuring the output of hysteresis is not practical in
applications, which discourages applying the available adaptive control technique to the
control of systems with hysteresis nonlinearities. Taking the unavailability of the output
of hysteresis into account, an observer has to be developed to estimate the output for the
application of the adaptive control.

Stemming from our motivations, an observer-based adaptive control scheme for
systems with Duhem hysteresis model representation is proposed. In the developed
method the classical Duhem model is adapted to describe the hysteresis nonlinearity.
With the incorporation of a pre-inversion neural network compensator for the purpose of
mitigating the hysteretic effects, an observer-based adaptive controller is designed to
guarantee the stability of the adaptive system and tracking error between the positidn of
the piezoelectric actuator and the desired trajectory with a desired precision. Simulation

studies illustrate the effectiveness of the proposed method.
3.2 An Explicit Solution of the Duhem Model and Preliminaries
3.2.1 Duhem Model of Hysteresis

Many different mathematical models are built to describe hysteresis behavior, such
as the Preisach, Prandtl-Ishlinkiil and Duhem models [24, 16, 30, aﬁd 31]. Considering
its capability of providing a finite-dimensional differential model of hysteresis, the
classical Duhem model is adapted here to develop the adaptive controller for the

piezoelectric actuator.
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The Duhem model is a rate independent operator, with input signalv,v and output

signal 7 . The Duhem model describes hysteresis H(¢) by the following mathematical

model [14, 15]:

dr _
dt

o -

-[f(v)—r]+%:—~g(v) 3.1)

dv
dt

where @ is a positive number, f(v) and g(v) are prescribed real-valued functions on
(—OO,-I‘—OO) .

It can also be represented as [14, 15]:

_41:{ a-[f(v)—z‘]+g(v), v>0 (32)

dv |—a-[f(v)—-r]+g(v), v<O

where a is the same positive number in (3.1), g(v) is the slope of the model, and f(v)

is the average value of the difference between the upward and downward sides.

Property 114, 15]: f(v) is a piecewise smooth, monotone increasing, odd function
with a derivative f'(v) , which is not identical to zero. For large values of input v(¢), there

exists a finite limit () ;
S@)==f(=v), lim f'() <o
Property 2[14, 15]: g(v) is a piecewise continuous, even function with

g()=g(-v), limg() =lim /'().
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It has been shown that the Duhem model can describe a large class of hysteresis in
various smart materials, such as ferrdmagnetically soft materiala or piezoelectric

actuators by appropriately choosing f(v) and g(v) [14-16]. One widely used pair of

functions of f'(v)and g(v) are

ayv,+a,(v-v,) for v>v,

f) = a,-v for M=y, . (3.3)

—av, +a,(v+v,) for v<-v,

g(v) =4,

where v>0, a,>0, a,>0, 1>a,>0, a, and a, satisfy a,,a,€la,, a_ ], a,. and
a,.. are known constants.

Substituting the f(v) and g(v)into (3.2), one has

a-va, v, +a,(v-v,)-tl+a, v v>v ,v>0
a-Vvia, -v—-t]+a,-v O<v<y,v>0
T= .[ ] Jra : 3.4
a-vlt—a,-vli+a,-v -v,Sv<0,v<0
a-nfz[al-vs—az(v+vs)+z']+a3—\> v<-v,v<0

The above equation can be solved for 7

a, v-f, v>v,v>0
o a, v—f O<v<v,v>0

a, v—frn -v,<v<0,v<0

ay, V= f v<-v,v<0

with
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v
S =(ayvy —74)- e — g J-(as -a,)- eaédf_(al —a,)-v,

Vo

v
Jn =(ayvy —73) e T e _[(as _al)‘eagdg

Yo

14
fis =@y, =15)- € e [(a, - a))-e e

Vo

v
S =(a,v, —7,)- ) g J'(a3 —-a,)- e‘“§d§ +(a, —a,)-v,

Yo

In order to describe the piezoelectric actuator, the same functions f(v)and g(v) as

those in [16] are chosen, which is a special case of the above choice of f(v) and g(v),

ie. a, =a, a, =0 and a; =b when lvlévs.

a-v, for v>v,
SW=< av for [vl <v, (3.5

—a-v, for v<-v,

0 for v>v,
gw)=4b  for Py, (3.6)
0 Jor v<-v

wherev >0, a>0, b>0and a>b >al2.

Suppose the parameter a satisfies a€la,, a, ], a, and a, are known

min max

constants.

Substituting (3.5) and (3.6) into (3.1), one has
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a-via-v, -] v>v ,v>0
a-vav—tl+b-v 0<v<vy v>0

a-Vr—a-vl+b-v —v, <v<0,¥<0

T =

a-vfa-v, +1] v<-v,v<0

Equation (3.7) can be solved for 7

-/ v>v ,v>0
av-f, 0O0<v<v,v>0
av-f,, —-v,<v<0,v<0

— fo v<-v,,v<0

T =

where

— ~a(v=vp)y __
Jn =-74€ av,

N S =(ay, —To)'e_a(v_v") —-e . [ (b —a)-e"“d¢
< o _
Srn=(@ v, —7y)- €507~ f(b —a)-ed¢

_ —a(v—vy)
o =—Tp€ +av,

Equation (3.8) can be also expressed as:

t=a- 0 v-Un X st S Xo Xt S X0 Xa+ Joa X2 Xa)

where y,(i =1,2---4) are indicator functions defined as:

Jr Mgy, o Mgy, 1 vz0 0 [0 v20
2700 Mevo T M, BT o v<os P T

v<Q-

Following the definition of the indicator functions, one gets

H06=0 n+x =L 2,=0, ntx =1 27(2:/% k=1273,4
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(3.8)
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By defining 7, = 7, =0, one has
T=a-g, ".’*(fz] X2 X3 + /o ARV £ +f23'l) X+ fu X2 Xa)

Let
B=hi 16 %ty - K3 - 2t oa 26T
and
K, =ay,
Thus, 7 can be rewritten as
T=Kv-F,. (3.12)
3.2.2 Augmented Multilayer Perceptron (MLP) Neural Network

The MLP NN has been explored to approximate any function with an arbitrary
degree of accuracy [61]. However, it needs a large number of NN nodes and training
iterations to approximate non-smooth functions (i.e. piecewise continuous), such as
friction, hysteresis, backlash and other hard nonlinearities. For these piecewise
continuous functions, the MLP neceds to be augmented to work as a function
approximator. Results for the approximation of piecewise continuous functions or
functioﬁs with jumps are given in [39]. The augmented NN is used here to approximate
the piecewise continuous function in the hysteresis model.

Let S be a compact set of R” and define C"(S) as the space, such that the

map f(x) : S—>R" is piecewise continuous. The NN can approximate a
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function f(x) e C"(S), x € R", which has a jump at x =c and is continuous from the

right as

=W oW x)+ W V] - x—c]+&(x) (3.13)

where £(x) is a functional restructuring error vector, W, W s and V V, are nominal

constant weight matrices, 7 represents the matrix transpose, and o(-) and ¢(-) are

activation functions for hidden neurons.

The structure of the augmented MLPNN is shown by Fig. 3.1. For the hysteresis

model (3.12), the piecewise continuous function F, is approximated by the augmented

NN. In this paper, it is assumed that there exist weight matrices W such that [le(x)] < &

with constant &, >0, for all xe R", and that the Frobenius norm of each matrix is

bounded by a known constant || < W, with W, >0.

5
l?‘, P Aot 1

~Perel 2
X

a2
riy ~ered 37 3

Figure 3.1 The structure of the augmented MLPNN |
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3.3 Robust Adaptive Control Design

Given the augmented MLP NN and hysteresis model, a NN-based pre-inversion
compensator for the hysteresis is needed to cancel out the effect of hysteresis. In this
section, a systematic approach is developed to compensate for the hysteretic nonlinearity
and to guarantee the stability of the integrated piezoelectric actuator control system.

Consider a piezoelectric actuator subject to hysteresis nonlinearities described by
the Duhem model. It can be identified as a second-order linear model preceded by

hysteretic nonlinearity:

m-J(O)+b-y(O)+k-y(O)=k-c-7,()

(3.14)
7, (1) =Hv1)]

where v(t) is the input to the piezoelectric actuator, y(¢f) denotes the position of the
piezoelectric actuator, m , b, k denote the mass, damping and stiffness coefficients,

respectively, 7, is the output of the hysteresis model, and H(-) represents the Duhem

pPr
model (3.1).
In order to eliminate the effect of hysteresis on the piezoelectric actuator system, an

NN-based hysteresis compensator is designed to make the output from the hysteresis

model z,, approach the designed control signal 7 ,, . After the hysteresis is compensated

for by the NN, an adaptive control for the piezoelectric actuator is to be designed to
ensure the stability of the overall system and that output tracking error of the

piezoelectric actuator with unknown hysteresis is bounded.
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The output of hysteresis is not norfnally measurable for the plant preceded by the

unknown hysteresis. An observer will be designed to estimate the value of 7, based on

the inputs and outputs of the plant in the Section 3.3.C. The goal of the subsequent
‘Section 3.3.4 and B is to show the theoretic possibility of applying the augmerited MLP
NN to deal with the system with unknown hysteresis under the assumption that the
output of hysteresis is available.

The tracking problem is considered, in which y(¢) is to asymptotically track a
reference signal y,(f) having the properties that y,(¢) and its derivatives, up to the

second derivative, are bounded, and y,(f)is piecewise continuous for all #>0. The

tracking error of the piezoelectric actuator is defined as
e, (1) =y, (t)—y(). (3.15)
A filtered error is defined as

r,(t)=¢€,(t)+ 4, e, (1) (3.16)

where 4, >0 is a designed parameter.
Differentiating r,(¢) and combining it with the system dynamics Eq. (3.14), one

may obtain:

i T e et Vet A8
k-c k-c k-c (.17

b . k 1
+;c—;'(yd +(/1p—g),‘ep)+;'yd.
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The tracking error dynamics can be written as

where

(3.18)

) o k ’
de[yd+lpep yd+(2p—;)ep yd}

1s a regression vector and

T
g = [ﬂ i l} e R?
’ ke ke ¢

is a unknown parameter vector with 8, . <60, ,<6

1] are some known real numbers.

p max

A. NN-based Compensator for Hysteresis

i=1,2,3 where ¢ and

p min

In the presence of an unknown hysteresis nonlinearity, the adaptive control signal

7,4 to be designed for the piezoelectric actuator is different from the output of the

hysteresis model 7 ,, . Defining the signal error as
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The output of hysteresis 7, satisfies (3.12). Substituting it into above equation, one has
T =T, ~KV+F, (3.21)

Here, a second first-layer-fixed MLP [39] is utilized to approximate the nonlinear

function F, :

F = W2T 'O'(Vzr h)+ W/21T '(azx(V_/mT -h)
+szzr'¢zz(Vf22T’h_vs)
+ W, 0u V' h+v)+6(h)
T
2

T, V V I]T , T, 1s the initial value of the control signal, V," ,

where h = [r o Tp

T T . . . T
Vit » Vi » and er are input-layer weight matrices, W, , sz,r , szzr , and

/4

2 and —v_ are jump points on the output

52

3T are output-layer weight matrices, 0, v
layer, o(-), ¢,,(), ¢, (), and ¢,,(-) are the activation functions, and & (%) is the

functional restructure error in which inversion error is included. Output-layer weight

T

matrices W, WfZ,T » Wy »and W/23T are trained so that the output of NN approximates

the nonlinear function F;.

Letting

O(h,v,) = [O'(Vzr -h) (Dzl(szlT -h) (ﬂzz(szzr “h—v,) ¢23(V/23T “h+v, )
and
W,T=[W2T w. T ow. T Wf23T],

122

the nonlinear function F, can be expressed as:
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F, =W O(h,v,) +5,(h). (3.22)

It is assumed that the Frobenius norm of weight matrix W; is bounded by a known

constant || <w,, with W,,>0 and | (h)|<¢, with constant &, >0 , for

allxe R".

The estimated nonlinear function I:“2 1s constructed by using the neural network with the

weight matrix 7, :
E,=WTO,v,). (3.23)

Hence, the restructure error between the nonlinear functions F, and F, is derived as:

~

Fy=F, - F, =W/O(h,v,)+&(h). (3.24)
Then, the hysteresis pre-inversion compensator is designed:

v=flk, T, 47, + W Oy)+r,} (3.25)

A Q. . . . ~ .
where 4 =-"" is an estimated constant which satisfies 0 < 2<1 with the known

~

a

boundary of a e [amjn am]. k, is a positive constant, a is the estimated value of a,

T

and er :[WZT Wﬁ]r szz Wﬁ}r] is the estimated output-layer weight matrix W,T.

Defining the error matrix as
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and inserting (3.23), (3.25) into (3.21), one obtains

T, =k, p K, T, +(0-4-K,)-7,

a 14
+(-4g-K,)-W, " -0(h,v,)
-4-K, -1, + w,” -0 (h,v,)
+&,(h)
~and the weight matrix update rule as

W, =TO(h,v,) 7, + kp]l'z’pl W, (3.26)

where T'is a positive adaptation gain diagonal matrix, and £, is a positive constant.

The design of the updating rule of parameter /i in the pre-inversion compensator v

is taken as
= Proj(ft, n-%,-[¢,, +W, OMhv,)+r]) (3.27)

where 77 is a positive constant and Proj(.) is a projection operator defined as follows:
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Proj(pr, n-%,-[t, +W, Oh,v,)+r,]) =

i

n- ?p {7, +W,T(~)(h,vs)+rp]

=1 & n-%, [¢,+W &hv)+r,]1<0

or

(3.28)

Ro

The adaptive NN-based pre-inversion compensator v is developed to drive the

adaptive control signal 7,, to approach the output of the hysteresis model 7, so that the

hysteretic effect is counteracted.

B. Adaptive Robust Controller for the Integrated System

In this section, an adaptive robust controller for the piezoelectric actuator with the

pre-inversion compensator is developed to

drive the tracking error between the output of

the actuator and the desired trajectory y,(¢) to converge to a small neighbourhood

around zero. A rigorous analysis is carried out to prove the stability of the overall system.

The adaptive controller is designed as

T
T =kpd-rp+)’:, .

The updating rule is designed as

g, (3.29)
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where f# is a positive constant adaptation gain, and

{mwﬂa,ﬂqynm:

f

0

18-, -rp),

~

0, =Projép((9p, p-Y,-r)

if 6’p,.=0pmax and ﬂ'(Yd"’p),-<0

if 0,.<0,<8

~

or 0

pi = pmax

~

or i

A

pmax

0 and fp-(Y,-r,), 20
Opmin  and  B-(Y,-r,), <0

if‘ epizepmin and ﬂ'(Yd'rp)i>0

(3.30)

(3.31)

The stability and convergence of the above integrated control system is summarized

in Theorem 3.1.

Theorem 3.1 For a piezoelectric actuator system (3.14) with unknown hysteresis

(3.1) and a desired trajectory y,(f), the adaptive robust controller (3.29) and the NN

based compensator (3.24) are designed to make the output of the actuator track the

desired trajectory y,(¢). The parameters of the adaptive robust controller and the NN

based compensator are tuned by the updating rules (3.26), (3.27), and (3.30). Then, the

tracking error e, (¢) between the output of the actuator and the desired trajectory y,(f)

will converge to a small neighbourhood around zero by appropriately choosing suitable

gains k,, andk,. The overall control system is guaranteed to be stable.

Proof: Define the Lyapunov function as
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m 2 l~2 1 ~T ~

1 -1
v, :_?j.k-c r, +57p +—-tr(W,' T W)
1 ~ 2 1 A T
+ 1-gK ) +—-(8, -0
2'77Ka( AK,) 25 ,-6,) (3.32)
0,-6,)>0

Differentiating Equation (3.32) yields

) ~ ~ T 1.5
: k-c.rp rp+rprp—tr(W, r w))

1

L . (3.33)
— (=K )= 5(0,-0,)7 0,

7

Introducing the control strategies (3.24), (3.29), and the updating rule (3.26), (3.27),

(3.30) into the above equation, one obtains

~kb "‘,,Z—kpd"’,f—kb'ﬁ'K T2
¢ (3.34)

+ 7,6, (h) =k, |7, or O7,"W,).

v, =

With the assumption of neural network output weight matrix W, and the approximation

error €, (), one has

V, < —({?—c+ k), —k, 7T,
+|?pi'5w —k, -|?,,| (3.35)
7 or -

wherek, =K -k, -a_, .
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If one has

(3.36)

and

N T 6.37)

V, can be easily proven to be negative. Inequality (3.36) shows that if the control

parameters k, are chosen large enough then the following inequality holds

~k,, -W1N2/4 + &,y
k

m

<b, (3.38)

2

where b, > 0 represents the radius of a ball inside the compact set C, of the tracking
error 7 (7).

Thus, any trajectory 7,(s) starting in compact set C, = {rl I < br} converges
withinC, and is bounded. Then, the filtered error r,(¢) of the system and the tracking
error 7,(£) of the hysteresis converge to a small neighbourh;)od around zero. According

to the standard Lyapunov theorem extension [62], this demonstrates the UUB (uniformly

ultimately bounded) of 7,(¢), 7,(¢) and W, .
C. Observer-based Control of the Integrated System

50



In this subsection, the same problem is considered in the situation where the output
of hysteresis is not available for control.

It is observed that the output of hysteresis is usually not measurable for a plant
subject to unknown hysteresis. However, considering the whole system as a dynamic
model preceded by the Duhem modél, an observer can be designed to estimate the output
of hysteresis based on the input and output of the plant by using the method in [61], as

illustrated in Figure 3.1.

y X .
FeedbaCk Adaptive TP"
Congfoller ‘
/ Controller Observer
L v
%
+ . . Second-Order _
L ey G iy |y o] S L
E pd +
Tpr
Hysteresis Compensator

Figure 3.2 Configuration of the closed-loop control system

We denote the observed output of hysteresis as7__, and define the error between the

pr?

actual output of actuator y and the estimated output of actuator y :

6=y~ (3.39)

Denote the error between the output of hysteresis 7, and the observed 7, is

defined ase, =7, —7,, . Then the observer is designed as:

51



J=y+Le (3.40)
i, =Kyv-F,+Le K, %, (3.41)

where y(#) is the assumed measurable velocity of the actuator. The error dynamics of the

observer are obtained based on the actuator and hysteresis models.

é =—Le,
¢, =Kv-F,—Le +K 7%, (3.42)

where the error parameter is defined as K, =K, — K, .

By using the observed hysteresis output 7, , one may define the signal error between

pr?

the adaptive control si gnal 7, and the estimated hysteresis output as:

ve = Fpd T Fpr (3.43)
The derivative of the signal error is:

T, =1,y ~KV+F,—Le +Kp,r“p,. (.44)

A hysteresis pre-inversion compensator is designed:

V=i {k, T+t Fy ). (3.45)
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By substituting the neural network output F , = W 7 ® (h,v,) and pre-inversion

compensator output into the derivative of the signal error, one obtains:

z’;-Ipe = (1 _]%nﬁ‘)z:pd _kala 'kb?pe
+(1-K, W 0h,v,)

) (3.46)
—K, por,~Le+K,7,.
The weight matrix updating rule is chosen as:
W, =TO(hv,) 7, +k,|F..| 7. (3.47)

Furthermore, the updating rule of parameter /i in the pre-inversion compensator v is

designed with the same projection operator as (3.28):

2 - n P T
M= Proj(u, n'rpe ~[Tpd +VVI ®(h’v5)+rp]) (3.48)

The updating rule of parameter 16,, in the observer (3.41) is designed with the same

projection operator as (3.28):
K,=Proj(K,, y-i-%, [t, +W, OMhv)+r,]+v-T,) (3.49)

Hence, the adaptive controller and the updating rule of the control parameter are

designed as:

T,y =k, v, +Y, -6, (3.50)
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0,= Projép @6, p-Y,-r) (3.51)
where the projection operator is

(Proj, (6,, B-Y;r,)}; =

0 if 6,=0,.and B-(Y,r,) <0
if 0 pmin < ép,. <O, max
<,H~(Yd-rp),.or Hp,.:@pmax and ﬂ~(Yd-rp),.20

or 6,=0,.and B-(Y,r) <0
| 0 if 0,=0,and B-(Y,-r,) >0

The stability and convergence of the above integrated control system are

summarized in Theorem 3.2.

Theorem 3.2 For a piezoelectric actuator system (3.14) with unknown hysteresis

(3.1) and é desired trajectory y,(t) , the adaptive robust controller (3.50), NN based

compensator (3.45) and hysteresis observer (3.40) and (3.41) are designed for the output

of the actuator to track the desired trajectory y,(¢) . The parameters of the adaptive robust
controller and the NN-based compensator are tuned by the updating rules (3.47), (3.48),

(3.49) and (3.51). Then, the tracking error e,(¢) between the output of the actuator and

the desired trajectory y,(f) converge to a small neighbourhood around zero by

appropriately choosing suitable control gainsk ,,, k, and observer gains L, L, and K , .

Proof: Defining a Lyapunov function
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%- ) +%r~pj +—;--n»(n7,’r W)
1 ~ 2 1 > N2
1- gK,) +—(K,-K
2-77Ka( AK,) 2'y( .~ K.
] . .
+ﬁ”(0p_6p)r.(9p—0p)

+%€12 +%e22,

+

the derivative of the Lyapunov function is obtained as

. m . _ s ’.‘T 145
V, = P FF, T, T, -tr(W,' T "W))

1 n X 1 A A
-—(-4K )p-—(K,-K,)K,
n V4

1 ~ A
_E'(epﬁgp)r'ep

+e e +e,é,.

Introducing control strategies (3.45) and (3.50), and the updating rules (3.47), (3.48),

(3.49), and (3.51) into the above equation, one obtains
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Vy = r i, + T, T, —tr(W, T W)
k-c
1 ~ A 1 ~ A
——(l—',uKa),u—.—(Ka_Ka)Ka
n7 vV
1

—-E-(ep ~0) 0, +e (~Le,)

+e2(K v—F ~L,e,+K,7,).

:—(%Mm)-rp ~k,-4-K_-7)°

+e&, ()T, —k,
r —Lzelr +Kp,rp, e

—Le]2~(L e,+F2)e2

+ K

pr pr2

By using?,, =7, —e,, Il?l < ¢, and inequality +ab < éaz +—12—b2 and noticing (3.25),

one has:

VZ:—(;?.—C—+kpd)-r —k,-f-K, T,
+¢&,(M)T,, —
+%e22 +%rp +—Le} leze
T KLtk 4 KLEL - G5
+% § Le] —2—(Lze,+.91,\,)2
+%e§' +Kp, € K

Using the inequality %(a +b)? < a’+b* , the following inequality can be derived:
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b
k-c

+ 7,

1 ~ 2

EK; -1)-7,

. 1 o
Vo< —( +kpd—5).rp2_(kb'/'l.Ka—.

ey —k

3
—(L, - ELZZ)e,Z (K, —2)e;

7 Jor =)

pl'Tpe
2 2 2
tey + K, 7.

From Property 1 of Chapter 2 in [47], one knows rj, is bounded (say,

rf” < M’ where M is a constant), and we then define a constant
2 2 342 2 »2 2
o=¢&y +K, M* > &), +Kp,rp,
such that

; b 1 TS| ~
VoS (k=) r, =k 1K, =2 K] =) 7,
+l?p€,

SRR AN (A O

3
—(L, -EL‘,_?)e,2 (K, —2)e; +6

pl ’ z-pe

(3.53)

Selecting the control parametersk,,, k, and observer parameters L, L, and K, to

satisfy the following inequalities

b 1
—+k,  ,——>0
k-c 7 2 -

K,>2

s 1
kb-amax-Ka—EKf”—l>O

L >%L22,
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welet k, =k, -a_, -K, —le,, —1 such that
2

"kpl'W1N2/4+5|N
k

m

(3.54)

=

7> Wi 124 Wi 1 4= 1K,y (3.55)
Hence, we can easily conclude that the closed-loop system is semi-globally bounded
[63].
Therefore, the following inequality holds

_.kp]-WlIz/z/‘l'*’glN <'br

m

where b, > 0 represents the radius of a ball inside the compact set C_ of the tracking
error 7 ,,(f) .

Thus, any trajectory 7,(r) starting in compact set C, = {r[ I < b,} converges
withinC, and is bounded. Then, the filtered error r,(¢) of the system and the tracking
error 7, (z) of the hysteresis converge to a small neighborhood around zero. According to
the standard Lyapunov theorem extension [62], this demonstrates the UUB (uniformly

ultimately bounded) of r, (1), 7,.(¢), W,, e and e,.

3.4 Simulation Studies

In this section, the effectiveness of the NN-based adaptive controller is
demonstrated on a piezoelectric actuator described by (3.14) with unknown hysteresis.

The coefficients of the dynamic system and hysteresis model for the simulation purpose
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are adopted from [54]: m =0.016kg, b=1.2Ns/um, £ =4500N/um, ¢=0.9 um /V, a=6,

b=0.5,v,=6 um /s, f=0.1, k .4 =50 .The input reference signal is y, =3-sin(0.27¢).

The Neural Network has ten hidden neurons for the first part of the neural network
and five hidden neurons for the remaining parts of the neural network, with three

jumping points (0, v_, —v_). The gains for updating the output weight matrix are all set as

I = diag{10},; ,,, . The activation functiono(-) is a sigmoid basis function and activation

1—e Y
e x20 , otherwise zero. The
+e

function ¢(-) has the definition qo(-)z(

parameters for the observer are K, =20,k, =100,7=0.1, y =0.1, K, =10, L, =100,

L, =1and initial conditions are j(0)=0, 7(0)=0 . Fig. 3.3 shows the tracking
performance of the adaptive controlled piezoelectric actuator without the hysteretic
compensator. Fig. 3.4 shows that the tracking performance is much better than that of the
case without hysteretic compensator, as shown in Fig. 3.3. The input and output maps of
the NN-based pre-inversion hysteresis compensator and of the hysteresis are given in
Fig. 3.5. The desired control signal and real control signal map (Fig. 3.5¢) shows that the
curve is approximate to a line, which means the relationship between the two signals is

approximately linear with some deviations. In order to show the effectiveness of the

designed observer, we compare the observed hysteresis output 7, and the real hysteresis

output 7, in Fig. 3.6.
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3 10 20 30 40 50
time(s) - (b

Figure 3.3 Performance of the NN controller without hysteretic compensator (a) The

actual cohtrol signal (dashed line) with reference signal (solid); (b) Error y - y,;
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Figure 3.4 Performance of the NN controller with hysteresis, its compensator and

observer (a) The actual control signal (dashed line) with reference signal (solid); (b)

Error y -y,
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(a)

Pre-inversion Hysteresis Compensator

,
0.5 4
0 .
£.5 -
1, 2 1 0 1 2 3
(b)
Desired Input and Estimated inputSignal
3
2 4
] -
(1} J
1 -
2 o
-3 .
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Figure 3.5 (a) Hysteresis’s input and output mapz,, vs.v ; (b) Pre-inversion
compensator’s input and output map vvs. 7, ; (c) Desired input signal and Observed

input signal curve 7, vs.7,,.
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Figure 3.6 Observed hysteresis ouput 7, and real hysteresis output 7,

3.5 Conclusion

In this chapter, an adaptive compensator was proposed for systems with Duhem
hysteresis model representation. An augmented feed-forward MLP was used to
approximate a complicated unknown piecewise continuous nonlinear function in the
explicit solution to the differential equation of the Duhem model. The adaptive
compensation a]gorithm and the weight matrix update rules for NN were derived to
cancel out the effect of hysteresis. An observer was designed to estimate the value of the
hysteresis output based on the input and output of the plant. With the designed pre-
inversion compensator and observer, thé-stability of the integrated adaptive system and

the boundedness of the tracking error were proved.
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CHAPTER 4

ADAPTIVE CONTROL OF NONLINEAR SYSTEMS WITH

PRANDTL-ISHLINSKII HYSTERSIS MODEL REPRESENTATIONS

4.1 Introduction

In the literature, the most common approach to mitigate the effects of hysteresis is to
construct an inverse operator, which was pioneered in [32], and recent progress can be
found in [11, 12] and references therein. Essentially, constructing an inverse dperator
relies on the phenomenological modeling methods (say, using preisach models) and
strongly influences the practical application of the design concept [75]. Because of the
multi-valued and non-smoothness features of hysteresis, these methods are sometimes
complicated, computationally costly and the model parameters are sensitive to unknown
measurement errors. These issues are directly linked to the difﬁculties' of stability
analysis of these systems, except for certain special cases [32]. Thus, a question naturally
rises: whether there is a possibility of mitigating the hysteresis nonlinearities, represented
by appropriate hysteresis models, without necessarily constructing the inverse operators
when the hysteresis nonlinearities precede general nonlinear systems, while taking into
account the stability issue? This chapter will provide an affirmative answer to this

question by selecting a typical operator-based Prandtl-Ishlinskii hysteresis model
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representation and focusing on p-normal form systems, which have received much
attention in the nonlinear control community [64-71].

The organization of this chapter is as follows. In Section 2, we recall the Prandtl-
Ishlinskii model description based on play operators. Section 3 states the problem. The
main results, including design of the parameter estimator, the re-treatment of the Prandtl-
Ishlinskii model and the contfoller, are presented in Section 4. Conclusions are given in

Section 5.
4.2 Review of the Prandtl-Ishlinskii Model

The Prandtl-Ishlinskii model can be defined by the stop or play hysteresis operators.

The model defined by the stop operator is illustrated as follows:
R
w(t) = [p()E, V)()dr,
4]

where p(r) is a given continuous density function, satisfying p(r) >0 with
w(t) = J.rp(r)dr < ; Ris aconstant such that p(R)is close to zero.
0

As an alternative, the model can also be defined by the play operator as

w(t) = pp(t) - [p(H)F,[VI(t)dr | (4.1)

R
where p, = j p(r)dr is a constant that only depends on the density function p(r).
0
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Remark 4.1: The treatment of the Prandtl-Ishlinskii model (4.1) as input

signal pov(¢) , together with a shifting term d[v](f) , makes it possible to fuse the

hysteresis with available control techniques to mitigate the hysteresis effects. This is our

primary motivation for using the Prandtl-Ishlinskii model.
4.3 Problem Statement

The following inherently nonlinear system preceded by actuator hysteresis with

Prandtl-Ishlinskii presentations is considered:

. . T
X =x"+o(x) 6
) T
X, =x +@,(x,x,) 6,
1

X = x[ +§0f(x|s"”xi)T9' (4.2)

X, = w(t)+(on(x,,---,xn)rt9

n
Yy =%,

where (x,,x,,---,x,) € R" is the system state, w(¢)1is the output of the Prandtl-Ishlinskii
model (4.1) with v(¢) as an input, ¢,(x,,---,x;) is a smooth vector field, and 6, is an

unknown constant vector. For i =1,---,n—1, p, is a positive odd integer.
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Figure 4.1 Conﬁguratibn of the control system

The control objective is to design an adaptive feedback control law v(¢) that makes

the output of system (4.2) follow a prescribed time varying reference signal, with an
arbitrarily small tracking error and guarantees all signals of the closed-loop system are
bounded, meanwhile mitigating the hysteretic effect without necessarily constructing a

hysteresis inverse operator.
Global practically adaptive output tracking:

As [66] formulated, let y,(z) be a bounded C' reference signal whose derivative

¥,(¢) is also bounded. For any ¢ > 0, find, if possible, a dynamic controller of the form

V=/1(x,01,"'a0"’yr(t))

) 4.3)
91‘ = 771‘(xl""’xiﬂ’gxa"'agn),

where . is the estimation of system parameter 6., and f,(x,, -, x,)is a smooth function

to be designed later, such that:
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(1). the states of closed-loop system (4.1), (4.2) and (4.3) are well-defined on

[0,40) and globally bounded;
(2). for any x(0) € R", there is a finite-time T’ > 0 such that the output of closed-loop

system (4.1), (4.2) and (4.3) satisfies

v -y, 0|<e, Vi2T>0 (4.4)

Before the end of this section, the first lemma is given here which is a consequence
of Young’s inequality.
Lemma 4.1{66]: For real numbers a >0, >0, and m > 1, the following inequality

holds;

a<b+ [—"—]m {m—_lr . 45)
m b

4.4 Output Tracking Controller Design

In this section, a globally practical adaptive output tracking controller is designed
for system (4.2) by combining I&I tools developed in [72] with the technique of adding a
power integrator [64, 65]. The design procedure is mainly divided into the parameter
estimator design, the particular treatment of the Prandtl-Ishlinskii model [10] and the

controller design.
A. Parameter Estimator Design

Firstly, by 1&I tools developed in [72], the error vanable is defined as
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2, =00+ B.(x,,x), i=12,-n (4.6)

where & is the estimate of ,, and f,() is a smooth function yet to be defined.

Remark 4.2: It should be noted that the considered system (4.2) without considering
actuator nonlinearity can be thought of as a special case of the systems considered in [65].
However, differing from [65], the proposed adaptive mechanism (4.6) does not need to

follow the certainty equivalence principle. As it will be clarified later in the development,

~

0. is not directly used to update &, , instead, é + () is utilized to update &, .

Secondly, differentiating (4.6), the dynamics of z, are given by the equation

. A o 0B .
K :ei+z af’ [x," +¢k(x1a""xk)r
pa X

O+ L%, %)~ 2)] (4.7)

with x ,, =w.

The updating law can be selected as follows
A AR n
0 = "Z gﬂ’[xkﬂ + @, (x, '>xk)T(9k + B (x5 x)] (4.8)
k=1 k

-Thus, the error dynamics are

. L op,
z, = ——Za—ﬂ‘(ok(xl,---,xk ) z,. “4.9)
k=1 OX

Note that (4.9) is in lower triangular form.
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In what follows, the selection of the functions f,(-) and its assumption are adopted

from [73].

In (4.9), the diagonal terms can be rendered negative semi-definite by

selecting f3.(-) as
B.Cx) = [k 6o, 6 )dr, (4.10)

where k() are positive functions.

The following assumption is needed [73].

Assumption 4.1: There exist a function x;(-) and a constant x;(-) > k; > O such that,

for j=1,---,i—1,

ap,
aﬂ#:%(xp--nx,-)%(xl,---,x,-) @.11)

J

for some bounded functions &, ("), where () is given by Equation (4.10).

In order to establish the stability properties of the estimator, the second lemma is

given.

Lemma 4.2: Consider the system (4.9), with the functions f.() given by (4.10), and
suppose that Assumptio}l 4.1 holds for all i =1,---,n.Then, there exist constants & >0

such that

d n T n
EZ(;g’Z’ z,.)S—’Z;( 0,(xyx)72,) - (4.12)
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Proof: Similar to [73] and thus omitted here.

n n
. T . . . . T .
Remark 4.3: Since E &z, z; 1s a decreasing function of time, Ze,‘zi z,1s upper

i=1 i=1

bounded by a constant (say M), i.e., Zg,.z,.Tz,, <M.

i=1

B. Special Treatment of the Prandtl-Ishlinskii Model

Here, the Prandtl-Ishlinskii model expressed through the play operator (4.1) is

considered. The hysteresis output w(¢) can be expressed as
w(t) = pov(1) —d[v](1) , (4.13)

where

R
aple) = | p(r)Fvieydr .

Remark 4.4: The term d[v](¢) can be thought of as a shifting term or disturbance.
However, traditional methods for dealing with this shifting term cannot be directly
applied because it is an integral term and there is no conclusion on its boundedness. Since
the density function p(r)is not a function of time, a special treatment is to be developed,

which is crucial for the fuston of the Prandtl-Ishlinskii model with the results of the

inherently nonlinear systems.
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R
Remark 4.5: Since p, = Ip(r)dr is a constant which depends only on the unknown
0

density function p(r) , it is an unknown constant. From (4.13), the hysteresis

nonlinearities also introduce the unkpown control gain problem.

Hence, in order to develop the control law, the following assumption and definitions
are required, which are useful to derive the controller in the last step of the proposed
constructive approach.

Assumption 4.2: There exist known constanté DPomin » Pomax and p..., such that
Pomin < Py < Pomax and p(r) < p,,, .

Remark 4.6: Based on the properties of the density function p(r), it is reasonable to
set an upper bound p, for p(r) . Here, p,.. >0 must be satisfied, otherwise
P, = 0implies w(t) =0.

We define

p(r,t) = p(r)—p(r,1)

$(1) = ¢~ 9(1)
where p(r,t)is an estimation of the density function p(r)and ¢3(t) is an estimation of
p=1/ Po.

Letting

Fviekr,  414)

Co@) = [p(r)

the estimation C(¢)is described by
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C@y = [pOr,0|F,v)0dr, (4.15)

which yields

R

C() = C0)-C@) = [lp(r) - p(r,0JF, VIO)|dr . (4.16)

0

C. Controller Design

In this subsection, we will first give a brief introduction to estifnating solution
trajectories from a differential inequality; then we propose a very useful lemma based on
the abstract differential inequality estimation; finally, we design a global adaptively
practical output tracking controller by combining the estimator design in the last
subsection.

As proposed in [65], a sufficient condition for the existence of solutions to the

practical control problem can be characterized by a Lyapunov-like inequality of the type

%’. <-K()+6, (4.17)

where & is a real constant, K(-) is a x,, function and V(&) is a C' function, and which
is positive definite and proper. From (4.17), it is straightforward to conclude that there

exists a finite time T such that

VD) <K' (25), Vt=T>0. (4.18)
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In fact, if we define Q= {&|V (&) > K'(28)}, V(&) is strictly negative over Q
(particularly, on the boundary of Q). As a result, £(¢) must enter the set R" —Q

(described in Fig. 4.2) at a finite time and stay in the set for the future time. Namely,

global boundedness of the state £(¢) is implied by (4.18). On the other hand, it is
deduced from (4.18) that by tuning the parameter & , ”cf(t)" can be made arbitrarily small.

This idea is the principle behind our adaptively practical output tracking, to be presented

in this section.

Figure 4.2 The set R" —Q entered by trajectories

Based on the above abstract estimation of the solution, we give the following

lemma which estimates the state £(¢) explicitly.
Lemma 4.3: Let p,i=12,--,n-1 and p, =1 be odd positive integers
and p=max{p,,i =1,2,---,n}. Assume that there exist constants ¢;,i=1,2,---,n, and a .

positive-definite and proper Lyapunov function

74



7

mp—p;+2 p+l 5

n~1 Pp;+2 p+ n 1—i - 1 .
V= J + S ) s lg,.sz+£i¢2+—If72(t,r)dr (4.19)
2n 29 ;

which satisfies

where0< § <1 is a real constant, and &,(¢) is a C' function of ¢. Then the following

inequality holds after a finite time 7 > 0

p-p;+2 ~
_.é:_"___< V <2 C5

p"pf+2~
2 i p;, —1 +n+ﬁi .52/(p+1),
p+l\T p-—p, +2 2

VtZT,izll,VZ,---,n.—

Proof: Given any 6 >0 andi=12,---,n, defining x=5"""" and y =<, , and

using the well-known Young’s inequality (e,
xp,»-—lyp—pi—l < Pi -1 xp+l + P—D; +2yp+l),
p+1 p+l1
we have
ép-p, +2 J2 -1
: +— o (4.20)

_épﬂ S_(p+])é'(p,—l)/(p+l)
p-p+2 p-p+2

Using the same argument of [66] and inserting (4.20) into (4.19) can easily yield

75



-1
V<—c(é)V+(Zp +n+——— | @21

=—dOW+cd
wherec(5) = min {(p +1)oP PP 150 and é= y_piol n +ﬂ .
i p=p;+2 2
By multiplying both sides of (4.21) withe“?, we get
d () A c(d)
— (V)< ce (4.22)

dr

Integrating both sides of (4.22) on interval (0,¢) yields

V< iv_ ‘“‘”[ } (4.23)
c(9) c(5)

This implies that the states £ are bounded and well defined on [0,+00). Furthermore, we

can get the conclusion from (4.23) that after a finite time T

p-p;+2
o SO

p—p;+2 c(8)
hence, the conclusion is proved.
With the aid of lemmata 4.2 and 4.3, the adaptive controller is designed in an
iterative manner by combining the adaptive mechanism with the modification of adding a

power integrator. To this end, the main result of this paper is given below.

Theorem 4.1: Given a bounded smooth reference signal y _(¢), whose derivative is

also bounded, the global practically adaptive output tracking of system (4.2) can be

achieved by a smooth state feedback adaptive controller of the form (4.3), if

#t,) €Q, ={$=1/P)| 1/ Pypus S$<V/ P} (4.24)
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Plty,r) €9, = {p(ty, )] O plt,7) < Py, Vr €[OR]

Proof: In what follows, the proof is given in a constructive way.

First, an odd positive integer is needed, i.e.

p= max {p;}.

i=12,n

Step 1: Given a bounded smooth reference signal y, (), let & =x, —y, be the error

signal. Then its time derivative can be given as

5‘1 = X} _.)'/r
=x2 +0,(x) (G +B(x)-2)~,

We construct the Lyapunov function

§P—Pl*2 -
24—z z

V(&,z,)=
(G =2

which is positive-definite and proper. By Lemma 4.2, its derivative is given by

Vl < flp_plﬂ(xzpl + ¢ (XI)T(é] +B(x)-z)-¥,) _%(wl(xl)rzl)z
- :flp_plﬂ[x;] + ¢71(x1)r(é1 +B(x)-y.]1- flp_le(Pl(xl)Tzl _‘;:(901 (x, )T21)2

Sélp i ][xzpl +¢7|(x,)r(9| +ﬂ,(xl))—yr]+5§]2(l’ Pl

Since y, is assumed to be bounded, it can be shown that for any real numberé > 0,

using Lemma 4.1 by choosing

71



b = 5,(1 = glp—pl+l[¢1(x1)r(é1 + ﬂl(xl)) - y,] , M=,

there always exists a smooth function p,, (¢, ,é]) 2 0 such that

flp_p‘ﬂ[% (x])r(é] +,B1 (xl )) "'J.’r] < 5+§1p+]pn(§l’él)’

Hence, one has

; + + A 1 —pyt
Vi <ge” lxzpI +§+§1p lp]1(§|’9])+_2_§]2(p )

Then, the virtual smooth controller

1

* oy ] — + -
X, :_gl(n+pll(§l’01)+—i§lp 2 l)pl

= _glal(éjnél), a](gpé]) >0
renders the derivative of the Lyapunov function
V< ng” 464 £ (e - )

‘Step 2 We define &, = x, —x, . Since x, is smooth, we have

& = x +0,(%,%,) (0, + By (3, %,) — 2,)

‘%xl[x;' +0,0) 6+ B, (%)~ 2)]

X

ox, - Ox, .
-2 ]__lyr‘

691 a.yr
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We construct the Lyapunov function

p=py+2 1

V. ,60,20,2 V+——+ £z, z
2(81,62,21,2,) = p-p,+2 25

which is positive-definite and proper. Its derivative is given by

< nt,",’”' +5+§,p_p‘”(x2”‘ —x;”‘)

é:p Pz“l{ 3Pz +¢2(x],x2)r(é2 +ﬁz(xpxz)_’zz)

~%{x;" 0,0 (64 (x)=2)]
g 86, Z( 0, x)'7, )’
ag I i 17" A i
=n&™ +5+ 5{’ o - X))
5" U+ 0,(35,5,)T (0, + By (x,%,)]

[x;" F o) (6 + (6]~ ’; ) —‘;;i

Y.}

ox.
I ] T
[ Q’z(xl’xz) z,-&7 " _2¢|(x1) Z

Ox,

Note that

!
p-pHl( _p *p p-pi+l d I
l‘fl T X, ')'Spllé:l ' xz_lexz T X,

= Pllglp‘p]ﬂ gz'((éz _§la;(§l’él))Pn‘l
+(&a,(£,6))"7).

Usingix + ylp <27 ([xl + ‘yl) , we have
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52,01 2p2

| ‘flp—pﬁl( xh— x;pl ), < p, (l ép—pﬁ‘
+lef)efan . 601 a+ 277 (4.27)
<EM+E D6, E,.6)

for a smooth non-negative function ,521(5,,4‘2,91). And this last relation follows from
Young’s inequality.
Because of the boundedness of the output and its derivative, like in step 1, by using

Lemma 4.1, there always exists a smooth function p,,(£,,<,, é, , 192) > 0 such that

. o, . &, . ox,
7P [0, (x,%,) (0, + By (36, ) ——2 [x2 +0,(x,) (6, + B (x))]- =26, ~—2 3
2 (ZACERSY ) + By (x5 x, ox, [x)' +¢,(x )+ 6 (x, 20, | &, Y.} (4.28)

<&M 0(856,,0,0,)+5

Using a® +b* > 2ab for the last three terms in (4.26), and inserting (4.27), and (4.28)

into (4.26), yields
Vy, S ~(n=DE + £ 4 EPV D (6, 6,,0) + oy (6,,6,,6,,6,)]

N2
+1522""”2+" 1+ ?—xi +20,
2 Ox,

Thus, we can select a virtual smooth controller

X

2\~
. _ . NS P
X3 =—f{n—l+P21(§1,§z,9|)+,022(§1,52,9,,92)4-55,” 2p ]{]+(a—xzj :U

:“é:zaz(é:xsfz’énéz)a (Zz(f,,gz,é,,éz)>0

to render
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<—(n=I&P + &Y v PN (x — X7 426

Inductive Step:

Suppose at stepk -1, there are a set of smooth virtual controllers x; ,---,x,, defined by

yr & =x - X
= -4, (5.,9) S ST (4.29)
= "§k4ak—1(§|"”§k—1,91a"'gk-l) & =X, _xl:

withe,(£,,6,)>0,--, a, (&, &,.,,6,,- 8,_,) > 0 being smooth, such that

<—(n-k +2)(§1”+] +...+§IHP+')

R (4.30)
+é:p Pi- ;+1 17;( 1 _xk"*~')+(k_1)5’

where

k-1 é:pp+2 k-

Ve =2 Z

apP—p+2 S

is a positive definite and proper Lyapunov function.

Using the inequalities

PPk1+1( Pi1 __ p“)

S§IP+]+"'+§p+] §p+’pkl(§]: ' 7§kaé]a"‘?ék~l)
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| EPP (0, () G, + B.()) -
axk ox,

& ox, .
,Z,ax, [x2, +0,() @, +B,()]- Zae ,—a—y-y,l (4.31)

SS+E P& 6, 0,6,)

r

one can claim that inequality (4.31) also -holds at step k. To prove this claim, one

considers the following Lyapﬁnov function.

PP +2 k
Sk o1 £z,'z, . (4.32)

v, =V , +—=——
¢ ! p—p+2 2°5

Using (4.30), the dynamics of (4.32) can be -given by

—(n k+2)(§]p+]+ +§k 1p+])+§p Pi- I+I(xp1<| *pkl)+(k__1)§
i Pk“{x“l +¢k(xl,---,xk) (9,( + B (x5 %) —2,)

ox .
_Za_k[xﬁ] +¢’f(xl"”’xj)7(91 + (x50 x,) —2))]

j=r OX;

_ axk % _k T,
JZ]BZ_QJ ay, yr} ;( (oi(xla 7‘xi) Z,.)

==k +2)(&T 4+ EL T E P P =Y+ (=15

+&0 pkﬂxkpil +EPH(@ (x5 )T (‘91( + B (x5, %)

A 1 ox, ox; .
’Z k[xj+1+¢J(xl""’xk)r(0j+ﬂj(x1,' x)] Z Pyl _Ey—k_yr}
+1 T P+l kla T
FP (5o x,) 2+ EE Zg—co,(x,,---,x,) z))
j=1

k 2
’Z( (Di(x],'”,x,.)Tz’.) . (433)

i=l

Similar to the step 2, it is not difficult to prove that the following relations hold.
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p ,. ~
p p‘ lﬂ(xpk T - " ')l < év:pﬂ +---F ka +§p+lpkl(§1a . gkagp"',gk_l)

< 5+§p+1pk2 (51:"',51,,91,"',6;()

where p,,(-), p,, () are nonnegative smooth functions.

Putting (4.33), (4.34) and (4.35) together, we have

S—(m—k+DE ++ &7
+&ETH +]xk+l épﬂ[pkl(')"'pkz Q)

k-1

. \2
+l.§22‘”"’2+” 1+ Zgﬁ) + k8.
2 ox,

J=1

We can select the virtual smooth controller as follows

1

£ \2 P2
R _ | T oox, :
X =—G n—k+1+p, + o, + 5771+ Z“—’
2 = Ox;

_‘_gkak(gl”uaékné]f”,ék): ak(gla“"gkaé]’”'>ék) > 0
Hence,

_(n_k_,_l)(é_'lpﬂ +.__+§kp+l)+§p pk+1 k X;+,pk)+k§

+l

Similarly, it can be shown that the claim holds untilk =n—1.

Step n: now, considering the positive-definite function
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p+l
V.=V, +§ —Zf:zz+p°¢+ Ip(tr)dr
27

and computing the time derivative, one gets

S—2(§lp+l +...+§ P+1)+§P Pn |+l(xpn_, _ :pn-l)+(n_1)5

+& W+, (x,,x,) 6, - Z 7 +(9;,0076)))
ox, -1 r
_Gy, ]_Eizzl:((pi(xn'"’xi) Zi)

~2 1 R - -
2036+~ [V ple.r)dr
n U
Therefore, the above inequality becomes

S (&7 A EPNY S+ & PG 6,0600,0,0)

.

1
+5:*‘pn2(5,~~,§n,9,,---,6n>+ &P 1+ Z
j:

+ §Pw+ 0 g+ L jp(z r)2 p(t,r)dr

Since one has w(f) = p,v(t) - d[vi(¢), p, =% and the controller of the form v(¢) = &vl (t)is

proposed, one obtains
pov(t) = poévl () =v,(1)- pofgvl (1) .

Hence, the derivative of the Lyapunov function satisfies
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V,. < _(§‘p+l +...+énp+1)+n5+§:+'ﬁm(§p...,én,é"...,g”n_‘)

1 tox )
+ A A < X,
+§rf’ lpnz(é:l”'lgn’el""’al)+5§;p[1+(z J:,

70X,

+§:’(v,(r)~d[v]<t»+%5(¢?~nv,§:)

15 .
s [, 2 pit,r)dr
0

Thus, the control law can be designed by

w(1) = §(t) v, (1)

vi(@®)=(u,+u,)

(4.36)
u, == 1+p,0)+p,,0)]
1., _ il 6x; :
(g2
437)
u, = sign(£,)C (4.38)

where p,,(-),p,,(-) are the corresponding terms in (4.31) in which n=4k, and their

updating laws for parameters of the hysteresis model are chosen as:

¢ = [p(r,OF0)dr

éﬁ(t )={ 0 lfbc(t’r):pmax (4.39)

GEMOIE| i B = P
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0 if ¢ = andnv,EP <0
0O min
. 1 -
ifl <¢< ]
0 max p()min
(2(1) =4 -V, orlp = andnv,&? 2 0]
pOmin .
or[¢5 = - ! andnv,é? < 0]
0 max
0 | if¢§ = ! andnv,&? >0
Pons (4.40)

wherer € [0, R], gis a constant, and ¢, is the n-th state of the error dynamics.

Hence, one obtains

V. <AEP 4+ EPNY 4+ nS

~ & Psign(E)C +|dD()

fnp

+£9'5(¢?_77V1§:)
n

17 _
+; J‘p(t,”)gp(t,”)d"
0

=~(§,p+]+-~+§n”+’)+rﬁ

EI@)

& &l

=@ (4.41)

R
C+ [pt.rg
0

In virtue of Lemma 3, (4.41) immediately implies that all the solutions of the closed-loop

systems are globally bounded and well defined over [0,+0). This leads to the fact that

the states (x,,---,x,) are globally bounded, due to the relation (4.29) and the boundedness

of y, .

Moreover, from Lemma 3, for any d > 0, there exists a finite time T, such that
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/(p-n+2)
-p+)(~- p-1
by 0= g XA AT M e
ptl \Gp-p+2 2
Vt>T>0.
Hence, for any i > 0, there is a 6(u) such that
ly—yt<u Vi>T>o0.

Remark 4.7: The conditions (4.24) are the price paid for the boundedness of ;’—25 2

.R
and ;—q_[ﬁz(t,r)dr in (4.19), which is required to obtain practical tracking. The conditions
(4.24) imply that (4.34) and (4.35) are locally bounded, which were originally introduced

by the unknown density function of the Prandtl-Ishlinskii model.

Remark 4.8: The function ¢(;) = J’ jy(r,z)lF,[v](t)|dr in the implementation can be
0

computed using numerical techniques by replacing the integration with the

R N-
sum C(t) = Z ﬁ,(lAr,t)lF,A,[v](t)lAr where N determines the size of the intervals of R
=0 .

such that Ar = R/ N . The selection of the size of the intervals depends on the requiréd

accuracy requirement.

4.5 Conclusion

This chapter has proposed an adaptive control scheme of inherently nonlinear
systems preceded by an unknown hysteresis, represented by the Prandtl-Ishlinskii model.
The main contributions are twofold: (i) The challenge of how to fuse hysteresis models
with available adaptive control techniques to cope with control problems of inherently

nonlinear systems has been addressed; (ii) The new adaptive mechanism has been
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combined with the technique of adding a power integrator under the framework of 1&I
tools. This scheme ensures that all signals of closed-loop systems are bounded, while
practically keeping the output tracking error to an arbitrary small neighbourhood around
the origin and mitigating thev effects of unknown hysteresis, without necessarily

constructing a hysteresis inverse operator.
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CHAPTER 5

SLIDING MODE CONTROL FOR NONLINEAR SYSTEMS WITH
PLAY-LIKE OPERATORS-BASED HYSTERESIS MODEL

REPRENSENTATIONS

5.1 Introduction

As mentioned in Chapter 4, those inversion compensation methods may bring
mathematical complications, computational costs, and high sensitivity of the model
parameters to unknown measurement errors, and difficulties for the stability analysis of
systems. Motivated by mitigating the hysteresis nonlinearities without necessarily
constructing the inverse operators in the last Chapter, one may ask whether there are
other hysteresis models in the literature or whether a new hysteresis can be developed to
share the same facilitation as the Prandtl-Ishlinskii hysteresis model representation has.
This chapter focuses on this issue by developing a new hysteresis model using play-like
operators [17, 18] and thus provides an alternative hysteresis model for this mitigation of
the hysteresis nonlinearities.

Thus, a sliding mode based control design is developed for a class of systems

preceded by this new class of hysteresis models.

The organization of this chapter i1s as follows. Section 5.2 gives the problem
statement. In Section 5.3, the class of hysteresis models based on play-like operators is
constructed and its properties are explored. The details about sliding mode control design

for the nonlinear system with the newly developed hysteresis model is presented in



Section 5.4. Simulation results are given in Section 5.5. Section 5.6 concludes this paper

with some brief remarks.
5.2 Problem Statement

Consider a nonlinear plant preceded by an actuator with a hysteresis nonlinearity,
1.e., the hysteresis is presented as an input for the nonlinear plant. The hysteresis is

denoted as an operator
w(t) = Pv](1), (5.1

where v(¢)is the input and w(¢z)is the output. The operator P[v]will be constructed in

detail in the next section. The nonlinear dynamic system preceded by the above hysteresis

is described in canonical form as
. k
X0+ a ¥ (x(0), 51, X" (1) = bw(t) (5.2)
i=1

where X =[x, %, x" Y is the plant state vector , Y.(i =1,---,k) are known continuous
linear or nonlinear functions, and parameters g, and control gain b are unknown constants.

It is commonly assumed that the sign of bis known. Without losing generality, we
assume b is greater than zero. It should be noted that more general classes of nonlinear

systems can be transformed into this structure [76].
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Hysteretic System

Actuator Plant
Reference State
v W |Nonlnear system ‘
— » - >
Controfler > | described by ()

Figure 5.1 Configuration of the hysteretic system

The control objective is to design a controller v(¢)in (5.2), as shown in Figure 5.1, to
make the plant state X (r)to track a specified desired trajectory X ,(¢) with a certain
precision, i.e., ||X(t) - X, (t)|| <gas t = oo with ¢being a positive constant.

Throughout this paper the following assumption is made.

Assumption 5.1: The desired trajectory X, =[x,,%,,--,x'" ] is continuous.

Furthermore, [X[,x{" € Q, < R™ with Q,is a compact set.

5.3 Hysteresis Model Based on Play-like Operators

In this section, we first recall the play-liké operator [17, 18] which serves as the

elementary hysteresis operator. In other words, the play-like operator plays the role of
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building blocks. Then, we will show how the hysteresis model is constructed by using

the play-like operator and, finally, some useful properties of this model will be explored.

5.3.1 Play-like Operator

-1
i=—2n+2

Let’s assume there is an alternating string of distinct real numbers {v,} such

i=—n+!

that {v,,}.! ., is strictly decreasing and {v,,,};! ., is strictly increasing withv_ <v,,.
Operator w(t) = F_[v;v]is defined by

w + sign®)a, W +---+ (sign(¥))" d(W", w,v) = 0,

(1) (k)

where d(W",w,v) = a,(W"” ~1) +sign()a;(w—v)+c and w* denotes the k—th

derivatives of w with respect to vand a, > 0 for all m. For simplicity, we consider the

play-like operator generated from the 1% order differential equation below, namely

backlash-like operator

dv-
-F)Y+B—, 53
(CY ) ldt (5.3)

dv
dt

where a,c,and B, are constants satisfying ¢ > B, [17].

The solution to (5.3) can be obtained explicitly for piecewise monotone v as follows:
F(t) = cv(t) +[Fy = v, ] 4 =0 [ [B, — @V dg (5.4)

for v constant and w(v,) = w,. Equation (5.4) can also be rewritten as
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+e™ ™ B—‘_—S(e‘” —e™), v>0,

‘ a
F) = (5.5)
B —
278 _e ™y, <.
-a

—a{v-vy)

cv(t)+[F, —cvyle

ev(t) +[Fy — vy 1e?C7 + ™

It is worth noting that

c—B,

hm (F(v)—cv)=~-
v+ : (5.6)
lim (F(v)—cv) = E:a—‘

Hence, solution F(f) exponentially converges the output of a play operator with

c—B ; . c—B c~B
L and switches between lines cv+ L and cv— !
a a a

. We will

threshold r =

construct a hysteresis model based on the above play-like (i.e., backlash-like) operator in
the next subsection, similar to the construction of the well-known Prandtl-Ishilinskii

model from play operators.
5.3.2 Construction of the Hysteresis Model

We are now ready to construct a class of hysteresis models through a weighted
superposition of the elementary play-like operator F,[v](¢), in a similar way to L.

Prandtl’s [10] construction of the Prandtl-Ishilinskii model using play operators.

Keeping r = c= B in mind and, without losing generality, setting F(v(0)=0)=0,
a

we rewrite equation (5.5) as
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*(C*Bl)v

F.(f) = v(t)—r+rec_;v , v>0 (5.7)
v(it)y+r—re " v<0
where r is the positive threshold of the backlash-like operator (due to ¢ > B,).
To this end, we construct the hysteresis model as follows:
w) = [ p(rIEM©dr, (5.8)

where ¢ is a sufficiently small positive constant, p(r)is a given continuous density

function satisfying p(r) 2 0 with f p(r)dr < +o00, and is expected to be identified from
experimental data [8, 10]. Since it is reasonable to assume that the density
function p(r) vanishes for large values of »[10], the choice of R = +co as the upper limit

of integration in the literature is just a matter of convenience [10].

Inserting (5.7) into (5.8) yields

~(c-B),

prydrvt)y+ | plr)(-r+re = )dr, v>0
Wvj(@) = f. ‘( eB (5.9)
K p(r)drv(t)+ [i p(r)(+r—re )dr, v<0
Also, hysteresis (5.9) can be expressed as
—(C—Bl)v
p(r)(—r+re © )dr, v>0 ,
w(t) = p,v+ f B, (5.10)
f p(r¥r—re © )dr, v<0, ¢

where p, = f p(r)dr is a constant which depends on the density function p(r).
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Property 5.1 Let

—_ r d y O
dv](t) = ch(")( ”’; yar,  v>0 (5.11)

J:; pr)r—re * v)dr, v<0

where p(r) 2 0 with p(r)dr <+ . Then, for anyv(t)e C,_ ,(¢,,), there exists a
e pm I \"0

constant M 2 0 such that |d[v](t)| <M.

Proof: Since (5.7) can be rewritten as F,(¢) =v(z)+ L(r,v), where

‘(C‘B|)
—_—

—r+re 7 v>0
L(}",V)Z B, ’

r—re ’ v <0,
L(r,v) has the definition on the domain formed by the variables » ¢[g,R] and
v(t)eC,, (t,,®) where C, (t,©):C, (¢,0)NC({,©) , and [ is a closed

sufficiently large interval [74]. Namely, the domain of the variables is bounded and

closed. Hence, it is always possible to partition the domain of the variables into finite

bounded closed sets. Since L(r,v) is continuous on each set, |L(r,v)| has one bound on

each of the sets [78]. Hence, it is always possible to define a positive constant M, such
that M, is the biggest bound among all the bounds. Thus, for ar;y rele,R] and

any v(t)eC,, (f,»o) , there exists a positive constant M, , such that

lL(r, v), < M, uniformly holds. Hence, one obtains

d[v](t) = j p(r)L(r,v)dr < j p(R|L(r,v)|dr <M, j p(r)dr .

O+¢ O+¢ O+
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R
With the assumption of p(r), one can conclude that M = M, I p(r)dr.

0+e

Property 5.2: The hysteresis model constructed by (5.9) is rate-independent.

Proof: Following [10], we let o :[0,2,] — [0,7.]satisfying o(0) =0and o(t,) =1,
be a continuous increasing function, i.e. o(-)is an admissible time transformation. We
also define w,[v,] satisfying w,[v,]=w{v](t),s €[0,;] and ve M [0,¢,], where v,
represents the truncation of v at ¢ defined by v(r)=v(r) for 0<7<¢t and
v, () =v(t)fort < 7 <t , and wW{v](¢) constructed by (5.9). For the model (5.9), we easily

have

Wveal(t) = w (ve o), ]=w/lv, e ol=w/v,,]=wv](c(1) = wv](t) e o(1).
Hence, for all admissible time transformations o(-), according to definition 2.2.1 in [10],
the model constructed by (5.9) is rate-independent.

Property 5.3: The hysteresis model constructed by (5.9) has the Volterra property.

Proof: It is obvious that whenever v,ve M, [0,7;] and 1€[0,,] , then

v, =V, implies that (w{v]), = (W{V]), .Therefore, according to [10, page 37], the model
(5.8) has the Volterra property.

Lemma 5.1 """ (Characterization of a hysteresis operator): If a functional
w: C,,[0,t,] > Map([0,7,]) has both rate independence and Volterra properties, wis a
hysteresis operator.

Proposition 5.1: the hysteresis model constructed by (5.9) is a hysteresis operator.

Proof: From the Properties 5.1, 5.2 and Lemma 5.1, the hysteresis model

constructed by (5.9) is a hysteresis model.
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Remark 5.1: It should be mentioned that the Prandtl-Ishilinskii model is a weighted
superposition of the play operator, i.e., the play operator is the hysteron [8]. The
constructed hystéresis model in this paper is a superposition of play-like operators from a
1* order differential equation [18]. As an illustration, Figure 5.2 shows w(t) generated by
(5.9), with p(r) = """ | €[107,50], B, = 0.505 and input v(r) = 7sin(4r)/(1+1),

with F(v(0) = 0) = 0.

25 1 T T T T T T T T

20+

16+

10+

wt)
»

N
o

Figure 5.2 Hysteresis loop of the hysteresis model given by (5.10)

Remark 5.2: From the standpoint of the categories of hysteresis models, the
constructed hysteresis model is a subclass of SSSL-PKP hysterésis models in the
literature [18]. However, it provides a possibility to mitigate the effects of hysteresis

without necessarily constructing an inverse, which is the unique feature of this subclass
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model compared to the SSSL-PKP hysteresis model of the general class. This will be
illustrated later in the controller design.

Remark 5.3: From the point of view of an alternative one-parametric representation
of the Preisach operator [79], the cdnstructed model mathematically falls into PKP-type
operators [18] (which can be easily seen when the density function is independent on the
integral variable), as the Prandtl-Ishilinskii model falls into the Preisach model. As a
preliminary step, we explore the properties of this model and its potential to facilitate
controller design when a system is preceded by this kind of hysteresis model, which will
be demonstrated in the next section.

To this end, we can rewrite (5.9) as

w(t) = pyv+d[vi(t), (5.12)

where p, = f p(r)dr and d[v](2)is defined by (5.11).

Remark 5.4: It should be noted that (5.10) decomposes the hysteresis behavior into
two terms. The first term describes the linear reversible part, while the second term
describes the nonlinear hysteretic behavior. This decomposition is crucial since it
facilitates the utilization of the available control techniques for the controller design in
the next section. Furthermore, it is worth mentioning that one of advantages of the
hysteresis modél using differential-equation-based building blocks is the simplicity of

implementation [18].
5.4 Sliding Mode Control Design

From (5.10) and Property 5.1, we see that the signal w(t)is expressed as a linear
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function of input signal v(¢) plus a bounded term. Thus, the available robust adaptive

control techniques can be utilized to design the controller.
Using the hysteresis model of (5.10) and the representation of (5.12), the nonlinear

system becomes
x" (1) +iafﬁ(x(t),k(t),"-,X‘"_”(t)) =b{p,v(t) - d[v}(1)} (5.13)

where the input signal v(¢) is linear to the bp,. It is very important to note from the
Property 1 that there exists a uniform bound M 2 0 such that|[d[v](r)|< M .

We define the tracking error vector X = X — X, and a filtered tracking error as in

[25]
d (n-1) -
s(t) =(—-+,1) X, (5.14)
dt

where s(¢) can be rewritten as s(¢) ;AT)?(I) with A" =[P, (n-DA"?,--.1] and a
strictly positive constant A .
Lemma 5.2 [25]: For the definition of the filtered tracking error (5.14), the
following statements hold: |
i). The equation s(¢)=0 defines a time-varying hyperplane in R” on which the
tracking error vector X decays exponentially to zero,

). If )?(0):0 and |s(t)|$£ where ¢ is a constant, then for V>0 ,

>

~ A ~ . .
XneQ, :{X(z)l | X, <27 A "e,i=1,.,n};
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). If )?(O);tO and |s(t)|<e , then X’(t) will converge to €2, within a time
constant(n-1)/A.

In sliding mode control design, the controller contains the discontinuous

nonlinearity sgn(-) . It will cause chattering due to practical imperfections in switching

devices and delays. In order to eliminate chattering, rather than using the filtered error

s(7) to derive the adaptive law, a tuning error s, is introduced as
s, =s—&sat(s/g) , (5.15)

where € is an arbitrary positive constant and sat(-) is the saturation function. Please note

that the tuning error 5, = 0 when the filtered error s < &
For the controller design, we need to make the following assumptions.

-1 . .
D17 is continuous and

Assumption 5.1: The desired trajectory X, =[x,,x,,..., x,
available. And, [X,”,x] € Q, c R™ with Q , being a compact set.

Assumption 5.2: There exist known constants 0 < b, <b__ such that the control
min > Oran ] -

gain b in (1) satisfiesb € [b

Assumption 5.3: Defining a vector @ =[a, /bp,, -+,a, /bp,]” € R*, then the vector

<6.<6_ ,i=1.k}, where 9,‘,,;" and 6. are some known

i —imax?

A
0 Q,and Q,={6] 6

min
real numbers.

Assumption 5.4: The bound M for|d[v](1)| < M is known.

Assumption 5.5: There exist known constants pg,.., Poms SUch that the slope p, is
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bounded, i.e., p, €[ Py.ins Pomax] -

Remark 5.5: Assumption 5.1 is generally adopted for the design of a tracking
controller. Assumption 5.2 is common for nonlinear controller designs [25]. In
Assumption 5.3 a new parameter vector ¢ has been defined for the convenience of the
following development. This assumption implies that the range of the plant parameters,
a;,i =1,...,K are known in advance. This is a reasonable assumption regarding the prior
knowledge of the plant. Assumption 5.4 requires knowledge concerning the boundedness
of the hysteresis, which is again quite reasonable and practical from a physical point of
view. Assumption 5.5 assumes the slope range of the hysteresis, which is reasonable [17].

In presenting the sliding mode control law, we define that
6()=06()-6
bO=h0-¢ (5.16)

where é(t) 1s an estimate of & and ¢3(Z)is an estimate of ¢=1/(bp,)

Given the plant and hysteresis model subjected to the assumptions described above,

a control law 1is designed as follows:

v=—k,s(t)+9v,(6)+ 0TV (X)+v, (5.17)
$6) = proj(@-mv,s,) (5.18)
0t) = proj(G,—y Ys.) (5.19)

where k, > Ois a design parameter;

v () =X —5(1)
=X 10,47 (n=DA" P, (n=DAJ X;
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Y =[Y,--,Y) eR";
Vy = “Sat(i)k*S.t. k* 2 M/pOmin
£

and the parameters n7and y are positive design parameters determining the rates of the

adaptations, and the projection operators proj(-) are formulated as:

proj(9,—nvys,)

0 if  ¢=0um.and nvys, >0
VS, i P € (BB ] (5.20)
=9 , or [¢§ = un-and v ,s < 0] '

or [¢=pp..and nqv,s, 0]

0 if §=@u.and nvys, >0

{proj(é7_}/ Yse)}i

0 if 6,=6,_ .and y(Ys)<0
“7(15), Y 6, €16,3.0,0m,] (5.21)
= or [6,=6,,.and y(¥s,), <0]
or [6,=0,,.and y(¥s.),20]
0 if 6,=0_ ,and y(¥s,),>0
Remark 5.6: -

(1) The projection operators used in the above control law have the following
properties [26]:

(). O@) eQ, if O(1,) € Qg where Qg is a compact set;

(ii). || proj(@, ») i<l ¥l
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(iii). — (@ -@)" A proj(@,z) 2 —(& —w) Az where A is a positive definite
symmetric matrix.

(2) The projection operators require the upper and lower bounds of the parameters
¢andf. Assumption 2, Assumption 3 and Assumption 5 are fundamental to
these bounds. However, these parameters are only used to specify the variable
ranges of the parameter for the projection operator. These ranges are not |
restricted as long as the estimated parameters are bounded.

The stability of the closed-loop system is established in the following theorem:

Theorem: For the plant (5.2) with the hysteresis (5.10), subject to Assumptions (1)-

(5), the robust adaptive controller specified by equations (5.17)-(5.21) ensures that for:

<0,<0_ i=1.k};

—imax >

Q,=( 6,

min

Q¢ ={¢! 1 /(bmaxp()max ) < ¢ Sl /(bminp()min )} >
Q, (X)X, <27 A "e,i=1,.,n},

if é(to) e, and‘«;l;(to) €€, all the signals of the closed-loop system are bounded and

the error between the state vector and the reference trajectory )~((t) converges to Q, as

time goes to infinity. -
Proof: For the system (5.13), after applying the control laws (5.17)-(5.21), the time

derivative of the filtered error (5.14) is:
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k
s(t)y=-vy, ——ZaiYi
i=1

+ %[—kds(t) + v () + YO sar(D)k') (5.22)
&

+bd (v)

To establish the global boundedness of the close-loop system, a candidate Lyapunov

function is defined:
V(z)=%t¢s£ Lé-oré-0+LG-91. (5.23)
4 n

Since the discontinuity at |s|=& is of the first kind, and s, =0 when |s|S£ , the
derivative V() exists for alls . Especially V() = O,Vlsl <&, when ]sl > ¢ from (5.22) and

noticing the facts s, = s,s, one has

V()< ~k,s.>+s [y, (t)+ Y70~ sat(D)k]
d e £ fd e

+s (-, () + Y"0+1/ p, -d[vI(t)]

5007 0+—G-9) 4

Applying the adaptive laws (5.18)-(5.21) and the properties of the projection operators as
(0~ proj(0-7¥s,) <~1(0~0)' ¥,
(=B proj(b=11vus) <=1 =)V s,

one has
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V() < ~kys,” +5,[fv () + Y O =sat(2)i']
&

+s (-, () + Y'9+1/ p,-d[v](®)]

—(0-6) Y5, ~($-9) v, (0)s,
=—k,s,? ~sat(X)k* +1/ py - d[v](t) (5.24)
- |

< —k,s,
Noticing V(t)=0, V|s‘$g and Equation (5.24), we conclude that V(¢) is a Lyapunov
function which leads to a global boundedness of s,,8 = é—eanda = gg—gb. From the

definition ofs,, s(¢)is bounded. It can be shown that if X (0) is bounded, then X(¢) is
also bounded for all, and since X 4() is bounded by design, X (¢) must also be bounded.

To complete the proof and establish an asymptotic convergence of the tracking error, it is

necessary to show that s, - 0 ast — co. This is accomplished by applying Barbalat’s

lemma [80] to the continuous, nonnegative function
V() =V() - I;(V(r) +k,s. (0)dr >0

with V,(t)z—kdssz(r)SO .Since every term in (5.23) is bounded, s(¢) and s,(¢) are
bounded. This implies that V(¢) is a uniformly continuous function of time. Since
V()20 and V,(t()<0 for all ¢ , applying Barbalat’s lemma proves that
V,(t) — 0ast —> o. Therefore, from the derivative of V,(¢), it can be demonstrated that

5,(¢) >0 ast—oo. The Lemma indicates that X (t) will converge to Q2.

Remark 5.7: It is now clear that the sliding mode control scheme to mitigate the

hysteresis nonlinearities can be applied to many systems and may not necessarily be
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limited to the system (5.2). However, we should emphasize that our goal is to show the
fusion of the hysteresis model with available control techniques in a simpler setting that

reveals its essential features.
5.5 Simulation Studies

In this section, we illustrate the methodologies presented in the previous sections

using a simple nonlinear system described by

1-¢
X = am+bw(t) , (525)

where wrepresents the output of the hysteresis nonlinearity. The actual parameter values
are a =1, and b =1. Without applying the control signal, i.e., w(¢) = 0, one notices that
(5.25) is unstable, because for x>0, x=(1-e")/(1+e™)>0, and forx <0,
x=(1-e")/1+e ™)< 0. The objective is to control the system state x to follow the
desired trajectory x, = 2.5sin(2.3¢) + cos(?) ..

In the simulations, the parameters are chosen as: 7=0.5, y =0.5, k, =10,6=0.2,
r=01, k" =25 $0)=0.5, 8(0)=0.6, £(0)=1.05, v(0)=0, Pomin =1 > Pomax =10,

c=1,B,=0.505, p(r)=e*"®""" forr €[107, 50]. The simulation results are shown in

Figures 5.3-5.5. Figures 5.3 and 5.4 show the tracking error for the desired trajectory,
Figure 5.5 shows the control signal of the hysteretic system. From figures 5.3-5.4 we see
that the proposed control scheme demonstrates the good tracking with an acceptable
precision. Please note that it is desirable to compare the control performance with and
without considering the effects of hysteresis.' However, this comparison is not possible in

this case since the control law is designed for the entire cascaded hysteretic system [17].
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5.6 Conclusion

We have for the first time constructed a class of hysteresis models based on play-
like operator, which facilitates the application of available control techniques to systems
preceded with hysteresis to mitigate the effects of hysteresis, without necessarily

constructing an inverse. Our main contributions in this paper are highlighted as follows:

(1) A new class of hysteresis models is constructed, where the play-like operators
play the role of building blocks. From the standpoint of categories of hysteresis
models, this class is a subclass of SSSL-PKP hysteresis models. It allows the
mitigation of the effeéts of hysteresis without necessarily constructing an inverse,
which is the unique feature of this subclass model identified from the SSSL-PKP

hysteresis model of general class in the literature;
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(i1)

(iii)

The paper addresses the challenge of fusing a suitable hysteresis model with
available robust adaptive techniques to mitigate the effects of hysteresis, while
avoiding the construction of a complicated inverse operator of the hysteresis

model;

A sliding mode based control scheme is proposed to accomplish robust adaptive
control tasks for a class of hysteretic nonlinear systems. The control scheme
ensures stabilization and acceptable tracking performances of the hysteretic

dynamic nonlinear systems.
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CHAPTER 6

BACKSTEPPING CONTROL FOR NONLINEAR SYSTEMS WITH
PLAY-LIKE OPERATOR-BASED HYSTERESIS MODEL

REPRENSENTATIONS

6.1 Introduction

Backstepping is a very popular control technique in control theory since it provides
a systematic way to simultaneously construct Lyapunov functions and controllers for
nonlinear systems in lower triangular structures [76, 80]. With the same motivation as in
the last chapter, this chapter proposes two backstepping based adaptive control schemes
for the same class of nonlinear systems, with the same hysteresis model representation
discussed in the last chapter, to mitigate the hysteresis without necessarily constructing a
traditional hysteresis inverse operator. The new methods not only can perform global
stabilization and tracking tasks of dynamic nonlinear systems, but can also derive

transient performance in terms of L, norm of tracking error as an explicit function of

design parameters, which allows designers to meet the desired performance requirements
by tuning the design parameters in an explicit way.

The layout of this chapter is as follows. Section 6.2 gives the problem statement.
The details of backstepping based control schemes for the nonlinear systems with play-

like operators based hysteresis model representation are presented in Section 6.3.

Simulation results are given in Section 6.4. Section 6.5 concludes this paper with some



brief remarks.
6.2 Problem Statement

In this chapter, for the same class of nonlinear hysteretic systems discussed in
Chapter 5, the robust .adaptive control design can also be developed using backstepping
technique and the new hysteresis model.

Considering the hysteresis model based on play-like operators given in (5.10), the

hysteresis output can be expressed as

w(t) = p,v+d[vi(t), (6.1)
where
~(e-B),
- r dr, 0> 0
JI(0) = fw pr)(—r+ rf_Blv )dr V>
Ji p(rY(r—re © )dr, v<0

with p, = f p(r)dr , and the other variables and notions can be seen in section 5.3.
+&

The nonlinear dynamic system in.the presence of the above hysteresis nonlinearities

is described in canonical form as
k
X0+ a Y (x(0), 5 (), X"V (1) = bw(1) (6.2)
i=1

where X =[x, x,---,x""] is the plant state vector, Y, (i=1, ..k) are known continuous

linear or nonlinear functions, parameters a, and control gainb are unknown constants. [t
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is a common assumption that the sign of bis known. Without losing generality, we
.assume b is greater than zero. It should be noted that more general classes of nonlinear
systems can be transformed into this structure [76, 80].

The control objective is to design backstepping based controller v(¢) in (6.1) to
drive the plant state | X(t) to track a specified desired trajectory X, (¢) , i.e,
X()—> X, (t)as t — o and all the other si gnals of the overall systems are bounded.

Throughout this chapter the following assumption is made.

Assumption 6.1: The desired trajectory X, =[x,,x,,-,x{""] is continuous.

Furthermore, [X),x"] € Q, < R™ with Q, is a compact set.

6.3 Backstepping Control Design

From (6.1) and Property 5.1, the signal w(?)is expressed as a linear function of input
signal v(¢) plus a bounded term. Hence, the nonlinear system dynamics can be re-

expressed as

).C,, :“Zk: aiYi(xl (t)>xz (t)"“’xn Q) ©

+b{p,v(t) - d[v](1)}
=a’Y +b,v(1) —d,[v],

where x,(¢) =x(t), x,(2) =x(t),---,x,(t) = "), a=[-a,~a,,-,~a,] , and

Y =[%,Y,,, Y1, b, =bp,, and &,[v](t) =bdv}(0).
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Before presenting the adaptive control design using the standard backstepping
technique in [76, 82] to achieve the control objectives, we make the following change of

coordinates:

(6.4)

z,=x,—-x;, —Q,, i=23,-,n

4 7

where , ; is the virtual controller in the ith step and will be determined later. In the

following two subsections, we give two control schemes. In Scheme I, the controller is

discontinuous; and in Scheme II, it is continuous, for the implantation issue.
6.3.1 Scheme I

In what follows, the robust adaptive control law is developed for Scheme I.

First, we give the following definitions

a(t)=a-—a(r) |
() =¢-) (6.5)
M(t)=M - M (),

where a is an estimate of the vector a, ¢3is an estimate of ¢, which is defined as

¢ = -bl—, and M is an estimate of M .
P

Given the plant and the hysteresis model subject to the assumption above, we

propose the following control law
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v(t) = (), (¢)
(n)

vty =—-c,z, -z, -a’y ~sg11(zn)15+x,, +a,

4(0) = -, (1)z, 6.6)
a(r)=TTz,
M ) =ylz,

where ¢, , 77, and y are positive design parameters, and I'" is a positive-definite matrix.

These parameters -can provide a certain degree of freedom to determine the rates of the
adaptations. Also, a, ,and the implicite, |, i =2,3,---,n—1in (6.6) will be designed in the
proof of the following theorem for stability analysis.

The stability of the closed-loop system is established as:

Theorem 6.1: For the plant given in (6.2) with the hysteresis (6.1), subject to
Assumption 6.1, the robust adaptive controller specified by (6.6) ensures that the
following statements hold.

(1)  The resulting closed-loop system (6.2), (6.1) and (6.6) is globally stable in the
sense that all the signals of the closed-loop system are ultimately bounded;

(i1) Asymptotic tracking is achieved, i.e., lim[x(¢) —x,(¢)] = 0;
: . 2o

(i) The transient tracking error can be explicitly specified by

(1 5(0)’1“-‘5(0)+b—"$ (0)° +i1\7(0)2J
2n 2y

"x(t) — X4 (t)"2 <

G

Proof: We will use the standard backstepping technique from [76, 82] to prove the

statements in a systematic way as follows:
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Step 1: The time derivative of z, can be computed as
Z =z, 4. (6.7)
The virtual control &, can be designed as
a, =—¢z,,

where ¢, 1s a positive design parameter.

Hence, we can get the first equation of tracking error:

Z, =2z,-qz
Step 2: Differentiating z, gives
Z, = z, +a2'—-0'c, .
The virtual confrol a, can be designed as
a, =—c,z, -z, +a,
Hence, the dynamics is
Z, ==z, — 2z +2,.

Following this procedure step by step, we can derive the dynamics of the rest of the states,

until the real control appears.

Step n: The n-th dynamics is given by
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z,=by()+a'Y —x{" —a, , +d,[VI(1).
We design the real control as follows:

v(t) = g, (2)

~T ~ .
vl (t) = _cnzn _Zn—l —a Y_Sgn(zn)M +xz(1") +an—l

30 = -1, (0)z,

a(r)=TYz,
M@=y

Zy
Note that b,v(¢) in (6.9) can be expressed as

bv(1) = b,d(n(1) = v, () ~b, (M (D).
Hence, we obtain

n

To this end, we define the candidate Lyapunov function as -

n - N b ~ 1 _
V= Z—l—z,? PRY S ar PR Ly C
=2 2 2n 2y

The derivative ¥ is given by
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Z. = —CnZn _Zn—l - éTY —Sgn(zn)M + db[v](t)—bpa(t)vl(t) .

(6.8)

(6.9)

(6.10)

(6.11)

(6.12)



} n . b = ~ L
V=>zz+a T 'a+Lgg Eyy
- n /4
n . b ~ A
<Y ezl +A T (TYz, —a)— 2@ (vz, + §)
i=1 7

~ 1 ~~

~|z.|M +|z,|d, V()| + — MM

7 L ' (6.13)

<= ez +A T Yz, —2)—-L g (1 z, + )
77 .

i=1

LY 7o P 7Y
V4

c 2
i=1

Equations (6.12) and (6.13) imply that V' is nonincreasing. Hence, the boundedness of the
variables z,,z,,---,z, ¢3 .4 and M is ensured. By applying the LaSalle-Yoshizawa
Theorem [81, Theorem 2.1], it further follows thatz, —» 0, i=1,2,---,nas time goes to |
infinity, which implies }i_]l}[x(t) -x,(0]=0.

We can prove the third statement of Theorem 6.1 in the following way.

From (6.13), we know

V(©O)-F(=) V()
C

] G

«©
J2i; = [lexo)f ds <
(]

. - i b, ~ I~ .
Noticing ¥ (0) = % a(O)Tl""a(O)+2—”¢(O)2 +2—M(0)2 after setting z,(0) = 0,i = 1,2,---,n,
n Y

one obtains
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| PSR bp Fn? o b oo
SROTTEO)+ 2 §(0) +5- M (0)
i 4 (6.14)

Jx()) - x, @), <

¢

Remark 6.1: From (6.14), we know that the transient performance in a computable

explicit form depends on the design parameters 77,7,¢, and the initial estimate

errors 5(0),5(0) M (0) , which gives designers enough freedom to tune transient

performance.
6.3.2 Scheme 11

In the control scheme above, we notice that in the controller, sgn(z, ) is introduced in

the design process, which makes the controller discontinunous and this may cause
undesirable chattering. An alternative smooth scheme is proposed to avoid possible
chattering by using the definition of the continuous sign function below, as defined in
[82].

First, the definition of sg,(z;)is introduced as follows:
Zi
sg.(z,) = 2 (6.15)

Z.

]

IZ,-’ + (§i2 _ Z,~2 )n—i+2

where the design parameters J,(i =1,---,n) are positive. It is known that sg;(z;) has

(n—i+2)-th order derivatives.

Hence, we have
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1,
0,
-1,

Sgi(zi)fi(zf) =

where

1

fi(Zi) = {0,,

z, 26,
|z,.| <0,
z; £ -0,

- zlz 6,

|z,.|<5,..

Given the plant and hysteresis model subject to the assumption above, we propose

the continuous controller as follows:

w(it) = (v, (1)

v, (1) = —(c, +1)(

—-6,)sg,(z,)— a’y

ZVI

(n)

_sgn(zn)M +xd +dn—|

A(e) =~ (1)
-6,)f,58,(z,)
~8)f,

a() =TY(z,
M) = r(ez,

(6.16)

=6,)/,58.(2,)

Z’l

where, similar to Control Scheme 1, ¢,, 77, and y are positive design parameters, and T"

is a positive-definite matrix, and o, _, and the implicite,_,, i = 2,3,---,n—11in (6.16) will be

designed in the proof of the following theorem for stability analysis.

Theorem 6.2: For the plant given in (6.2) with hysteresis (6.1), subject to Assumption

1, the robust adaptive controller specified by (6.16) ensures that the following statements

hold.
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(1) The resulting closed-loop system (6.2), (6.1) and (6.16) is globally stable in the
sense that all the signals of the closed-loop system are ultimately bounded;

(i1) The tracking error can asymptotically reach d,, i.e., lim[x(¢) — x, ()] =, ;

(111) The transient tracking error can be explicitly specified by

Ix()=x, )], <6 + i (ls(ofr‘*‘a(onb—"g(oy+iﬁ(0)2)
"2 2n 2y

G

(6.17)

Proof: To guarantee the differentiability of the resultant functions, z’ in the

Lyapunov functions is replaced by (|z,.|—é’,.)”‘"+2 f, in Scheme I and z, in the design

!

procedure detailed below is replaced by (|z,.| ~68,)" " sg., as in [82].

Step 1: We consider the positive-definition function V] in [82]:

1 nt
Vl=n—_'_1(lzli_51) ].f](Zl)7
and we design a virtual controller ¢, as in [82]

a, = —(c,+k)(|z]| —-6,)"sg,(z,)— (6, +Dsg,(z,), (6.18)

with constant k satisfying O<kSZ and a positive design parameter ¢, . Its time

derivative is computed by using (6.7) and (6.18),
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V] = (Iz]|-51)"f](zl)sg] (z))z,
<= (e, +k)z,| - 8)*" fi(z))
+(z|-6,)" (2, - 6, -1 £, (z))-

Step 2: We choose a positive-definition function ¥, as in [82]:
1 "
V,=V +;(|ZZI_52) f2(z,),

and design virtual controller «, as

a, =—(c,+k+ 1)(|22|_ 6, )" 58,(2,)
+a, — (6, +1)sg,(z,),

with a positive design parameter ¢, , then compute its time derivative,

Vz S -Zci ('zil—é'i)z""’*')ﬁ(z')—k(IzII - 5,)2"f,(Z,)

+(|z,| - 6,)"(
+(lzzl_52)n_](

Z;

23|_53 -1 f,(z,).

By using inequality 2ab < a” + b* , we have

. 2 _ 1
Vo <=2 ez]=6)" fiz) + - (e - 8=1)°

i=l

- (’Zzl - 52)2(”—])f2 (z,)+ (IZZ'_ 52)n_](lzst_53 -1 /5(z,)

for both cases |zzl >0, +1and |zz| < 0, +1, we can conclude that
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— 68, =1 /1(z)) = (|2,]| = 8,)"" " f1(2,)

(6.19)

(6.20)



V, < —Zcf(|z,|—(5,)2‘"*’+'>_ £z +(z,) =8, (2. - 6, - D folzy) - (6.21)

i=l

Step n: Following this procedure step by step, we can derive the real control

W) = (), (t)
v (1) = ~(c, +1)(

—sg (2 )M +x\" + ¢,

~8,)sg,(z,)-a"Y

Zn

X (6.22)
6@t = = (z,|- 6,) fr58.(2,)

a(t) =TY(z,|-35,)f,58.(z,)

M) =y(z,|~4,),

where «a,, can be obtained from the common form of virtual controllers
a, =—(c+k+ 1)(|z,.l -8, g, (z)+a,_, — (5, +)sg,(z), (i=3,-,n—1)with positive
design parameters c;.

We define a positive-definite function ¥, as

-1 : 1 b o~ 1 ~
V = -6 (n=i+2) ¢ 7 +_5Tr—l’5+l_ 2 +___M2
=Y |- 8" £z + P

i=]

and compute its time derivative by using (6.3), (6.18), (6.20) and (6.22),
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. b o~ ~
~8,) f,(z,)58, ()2, + A T a+L g +—M,

. ) 1
I/n:an—1+( 77 ;

Zﬂ

<=Sellz|- 6 fi(z)+F T (T Yz, —4)
i=1

b ~ R R s
‘;p¢(77"12n +@)—|z,|M +|Z,,“d,,[V](t)|+;1/—MM

<= c(z|-8) """ £i(z,)+3 T (I'Yz, - 2)
i=l
b, ~ i1 ~ :
~;mWa+m+;Mwh%M)

== >l f(2)

Thus, we proved the first statement of the theorem. The rest of the statements can be
easily proven by following those of the proof of theorem 1, which is omitted here for
space saving.

Remark 6.2: It is now clear that the two proposed control schemes to mitigate the
hysteresis nonlinearities can be applied to many systems and may not necessarily be
limited to the system (6.2). However, we should emphasize that our goal is to show the
fusion of the hysteresis model with available control techniques in a sifnpler setting,

which reveals its essential features.

6.4 Simulation Results

In this section, we illustrate the methodologies presented in the previous sections by

using a simple nonlinear system described by

1—e™
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where wrepresents the output of the hysteresis nonlinearity. The actual parameter values

are a=1 and b=1. Without control, i.e., w(t)=0, (6.23) is unstable, because
x=0-e"N/A+e™)>0for x>0, andi=(1-e"")/(14+e”)< 0 for x<0. The
objective is to make the system state x follow the desired trajectory x, = 12.5 sin(2.3t).

In the simulations, the robust adaptive control law (6.9) of Scheme I was used,
taking ¢, =09, y=02 , n=0.1, =01 , #(0)=08/3, M(0)=2, %0)=3.05,

v(0)=0, B =0.505, p(r):e‘("m']"”2 for r €[107°,50] . The simulation results
presented in Figures 6.1, 6.2 and 6.3 are comparisons ;)f the system tracking errors,
tracking performances and input signals, respectively, for the proposed control Scheme 1
and without considering the effects of hysteresis. For Scheme 1I, we chose the same
initial values and o = 0.35. The simulation results presented in Figures 6.4, 6.5 and 6.6
are comparisons of the system tracking errors, tracking performances and input signals,
respectively, for the proposed control Scheme II and without considering the effects of
the hysteresis. Finally, comparing the solid blue curves in Figures 6.3 and 6.6, the
possible chattering phenomenon is avoided in Figure 6.6. Clearly, all simulation results

verify the proposed schemes and show their effectiveness.

124



Tracking Error

1
6 8 0 12 14 16 18 20
: 1(s) '

Figure 6.1 Tracking errors -- control Scheme I (solid line) and the scenario without

considering hysteresis effects (dotted line)
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Figure 6.2 Tracking performances--Reference signal (dashed line); control Scheme I

(solid line) and the scenario without considering hysteresis effects (dotted line)
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Figure 6.3 Input signals-- control Scheme I (solid line) and the scenario without

considering hysteresis effects (dotted line)
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Figure 6.4 Tracking errors -- control Scheme II (solid line) and the scenario without

considering hysteresis effects (dotted line)
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Figure 6.5 Tracking performances--Reference signal (dashed line); control Scheme I1

(solid line) and the scenario without considering hysteresis effects (dotted line)
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Figure 6.6 Input signals-- control Scheme II (solid line) and the scenario without

considering hysteresis effects (dotted line)

127



6.5 Conclusion

With the newly constructed hysteresis model, two backstepping control schemes
were proposed to accomplish robust adaptive control tasks for a class of hysteretic
nonlinear systems. The control schemes not only ensure stabilization and tracking of the
hysteretic dynamic nonlinear systems, but also derive the transient performance in terms

of L, norm of tracking error as an explicit function of design parameters. By constructing

this class of hysteresis based on play-like operators and using the backstepping technique,
this paper has addressed the challenge of how to fuse a suitable hysteresis model with
available robust adaptive techniques to mitigate the effects of hysteresis, without

constructing a complicated inverse operator for the hysteresis model.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Concluding Remarks

This dissertation research has extensively addressed fusing available adaptive control
techniques with suitable hysteresis models to mitigate the effects of hysteresis preceding
nonlinear systems, while guaranteeing the basic requirement of system stability and
ensuring tracking precision. This has potential applications for smart material actuated
systems, such as the SMA actuated robotic joint.

In this research, several adaptive control strategies have been developed for systems
with different hysteresis model representations. Based upon the studies carried out in this
dissertation, the following major conclusions are drawn:

e  With the classical Duhem model, an observer-based adaptive control scheme for
nonlinear systems has been proposed. The explicit solution to the Duhem model
has been explored and a new formulation of the Duhem model has been
presented as a linear model in series with a piecewise continuous nonlinear
function. Due to the unavailability of hysteresis output, an observer-based
adaptive controller incorporating a pre-inversion neural network compensator
for the purpose of mitigating the hysteretic effects has been designed to

guarantee the stability of the adaptive system and to track the error between the
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position of the piezoelectric actuator and the desired trajectory with a desired
precision.

With the Prandtl-Ishlinskii model, an adaptive tracking control approach has
been developed for a class of nonlinear systems in p-normal form by using the
technique of adding a power integrator to address the challenge of how to fuse
this hysteresis model with the control techniques to mitigate hysteresis, without
necessarily constructing a hysteresis inverse;

A class of hysteresis models based on play-like operators has been constructed.
The play-like operators play the role of building blocks. From the poiht of view
of an alternative one-parametric representation of the Preisach operator, the
constructed model mathematically falls into PKP-type operators, as the Prandtl-
Ishilinskii model falls into Preisach model. The new model has provided a
possibility to mitigate the effects of hysteresis without necessarily constructing
an inverse, which is the unique feature of this subclass model identified from the
SSSL-PKP hysteresis model of the general class in the literature.

With newly proposed hysteresis model using play-like operators, a sliding mode
control strategy has been developed fOr. nonlinear systems for tracking and
stabilization purposes for the first time. An attempt has been made to fuse this
hysteresi_s model with the available control techniques without necessarily
constructing a complicated hysteresis inverse to guarantee the stability of the
adaptive system and to track the desired trajectory with a desired precision.

For the same hysteretic nonlinear system, two backstepping schemes have been

proposed to accomplish robust adaptive control tasks. Such control schemes not
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only ensure the stabilization and tracking of the hysteretic dynamic nonlinear

systems, but also derive the transient performance in terms of the L, norm of

tracking error as an explicit function of design parameters.

7.2 Recommendations for Future Studies

The following particulér topics for future research in this area will be of academic and
practical interests and can be conducted to extend the research work presented in this
dissertation:

e For the systems considered in this thesis, it is possible and useful to further
develop and extend the current adaptive control strategies to rate-dependent
hysteresis exhibited in the systems.

@ Experimental data will be used to verify the newly constructed model with play-
like operators.

e Since this research focuses on the theoretical results of exploring how the
advanced control techniques can be fused into the hysteretic systems to lay a
foundation for the potential applications, applying the results presented in this
work to smart material actuated systems and the experimental validations will be

interesting and promising.
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