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Preface

The idea of this research arose from the discussion between Professors
Y. Shtessel, A. Poznyak, and L. Fridman in Mexico City in September 2002
motivated by the recently obtained result, the so-called robust min-max prin-
ciple, by Professors V. Boltyanski and A. Poznyak. The main topic of this
discussion was about the advantages and disadvantages of two different types
of robust control concepts: min—max and sliding modes. In conclusion, Pro-
fessors Poznyak and Fridman decided to start the investigation joining the
advantages of two approaches to robustness:

— the ability of integral sliding mode controllers to compensate matched
uncertainties starting from initial time moment;

— the possibilities of robust optimal controllers to provide the best possible
solution for the worst case of a set of uncertainties.

This decision finally defined the topic of master and Ph.D. thesis and post-
doctoral study life of Dr. Francisco Javier Bejarano.

Working on this topic we discover that for the case when the number of
matched unknown inputs is less than the number of the outputs sometimes it
is possible to design an observer estimating unmeasured coordinates theoret-
ically exactly starting from the initial time moment even in the presence of
unknown inputs.

In this way the concept of output integral sliding modes was born which
we would like to present in this book.

Mexico City, Mexico Leonid Fridman

Alexander Poznyak
Francisco Javier Bejarano

vii
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Introduction

1.1 Importance of Robust Control

Robust control is a branch of modern control theory that explicitly deals with
uncertainty in its approach to controller design. Robust control methods are
designed to function properly so long as uncertain parameters or disturbances
are within some (typically compact) set. Robust methods aim to achieve
robust performance and/or stability in the presence of bounded modelling
errors. The classical control design, based on the frequency domain method-
ology, was fairly robust; the state-space methods invented in the 1960s and
1970s were sometimes found to lack robustness [1], prompting research to
improve them. This was the start of the theory of robust control, which took
shape in the 1980s and 1990s and is still active today. In contrast with an
adaptive control policy, a robust control policy is static; rather than adapting
to measurements of variations, the controller is designed to work assuming
that certain variables will be unknown but, for example, bounded [2, 3].

When is a control method said to be robust? Informally, a controller
designed for a particular set of parameters is said to be robust if it would
also work well under a different set of assumptions. High-gain feedback is a
simple example of a robust control method; with sufficiently high gain, the
effect of any parameter variations will be negligible. High-gain feedback is the
principle that allows simplified models of operational amplifiers and emitter-
degenerated bipolar transistors to be used in a variety of different settings.
This idea was already well understood by Bode and Black in 1927.

The modern theory of robust control began in the late 1970s and early 1980s
and soon developed a number of techniques for dealing with bounded system
uncertainty [4, 5]. Probably the most important example of a robust control
technique is H*® loop-shaping, which was developed by Duncan McFarlane
and Keith Glover [6]; this method minimizes the sensitivity of a system over
its frequency spectrum, and this guarantees that the system will have suffi-
ciently small deviation from expected trajectories when disturbances enter the

L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 1
Systems & Control: Foundations & Applications, DOI 10.1007/978-0-8176-4962-3_1,
© Springer Science+Business Media New York 2014



2 1 Introduction

system. Another example is LQG/LTR, which was developed to overcome the
robustness problems of LQG control [7]. In [8] the polynomial robust stability
is analyzed.

In this book we will deal with two different types of robust control
strategies: min—maz concept and sliding mode control. Let us discuss firstly
the advantages and drawbacks of both strategies.

1.2 Min—Max Concept

When we do not have a complete information on a dynamic model to be
controlled the main problem consists in designing an acceptable control which
remains to be “close to an optimal one” having a small sensibility with respect
to any unknown (unpredictable) factor from a given possible set. In other
words the desired control should be robust with respect to an unknown factor.
In the presence of any sort of uncertainties (parametric type, unmodelled
dynamics, external perturbations, etc.) the main way to obtain a solution
suitable for a class of given models is to formulate a corresponding min-max
control problem, where

— mazimization is taken over a set of uncertainty;
— minimization is taken over control actions within a given set.

The min—max controller design for different classes of nonlinear systems has
been a hot topic of research for over the last two decades. A recent more
comprehensive publication on this topic can be found in [9].

Three drawbacks of min—max concept are that:

it requires the availability of the entire state vector along all the time;
it deals only with parametric uncertainties;
it needs the complete knowledge of all possible plant variations.

1.3 Sliding Mode Control

1.3.1 Main Steps of Sliding Mode Control

Sliding mode controllers (SMC) were developed in the Soviet Union in the
mid-1950s (see, e.g., [10]) in the framework of variable structure control
(VSC), a nonlinear control method that alters the dynamics of a nonlinear
system by the application of a switching control. In the framework of VSC it
was understood that if the controllers are ensuring finite-time arrival to some
surface in both sides of the surface, the solution should slide on the surface if
it is supposed the frequency of the switching is infinite. Moreover, analyzing
the phase plane, it was shown that such motions have three principal specific
features (see, e.g., [11-14]):
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— the sliding mode dynamics are not coinciding with any dynamics of the
system outside of the surface;

— the sliding motions are invariant with respect to uncertainties/distur-
bances;

— the sliding dynamics is described by reduced order equations;

— the finite-time convergence of the system trajectory to the sliding surface.

Later in the early 1960s the rigorous mathematical analysis of SMC was
done (see [15]). In 1969 Drazenovic [16] showed that the sufficient and nec-
essary condition that sliding dynamics be invariant with respect to uncer-
tainties/disturbances be that they should be matched. In 1981 Lukyanov and
Utkin [17] proposed a two-step procedure of SMC design:

— design of the sliding surface;
— discontinuous controller design.

However, SMC has the following drawbacks:

e chattering, i.e., fast undesirable oscillations inspired by discontinuity of
control law and presence of nonidealities: parasitic unmodelled dynamics,
hysteresis and time delays, etc.;

e sliding motions are invariant with respect to matched perturbations only.

1.3.2 Sliding Mode Control for Systems with Unmatched
Uncertainties/Disturbances

The SMC for the systems with unmatched uncertainties are designed in many
papers.
We would like to underline the following direction:

1. Compensation of unmatched uncertainties/disturbances using dynamic
sliding surfaces is presented in [18] (see also a discussion therein).

2. The LMI-based approach is applied in [19].

The combination of backstepping and higher-order sliding modes [20, 21].

4. [22] proposed the LQ multimodel problem solution presented as a com-
bination of two optimal problems: firstly an optimal sliding surface for
singular Multimodel LQ problem was designed. After that, the time min-
imization problem for reaching phase was solved.

®

The main disadvantage of those approaches is that they need complete infor-
mation about system states.

1.3.3 Output-Based Minimization of Unmatched
Uncertainties/Disturbances via SMC

Normally the output-based sliding mode controllers are designed basing on
some kind of observers. In doing so:
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e output-based minimization of unmatched uncertainties/disturbances using
H®° was proposed in [23, 24];

e in [25] the observer-based approach was suggested identifying the pertur-
bations and compensating them through sliding surface;

In all the abovementioned approaches sliding motions are not starting from
initial time moment, i.e., the reaching phase exists and does not allow the
matched uncertainties/disturbances compensation from initial time moment.

1.4 Integral Sliding Mode Control

1.4.1 Main Results

In some control problems the control law, i.e., the nominal trajectory, is
already done in the initial state space. The only thing the designers need
is to ensure the insensitivity of the trajectory tracking with respect to uncer-
tainties starting from the initial time moment. To ensure exact (with respect
to the matched uncertainties/disturbances) tracking of the nominal trajectory
designed for nominal systems in original state space starting from initial time
moment the concept of integral sliding mode control (ISMC) [26, 27] was
proposed.

The integral sliding surface is a surface in an extended state space. The
motions on this surface are starting from the initial time moment. So the
systems governed by ISMC have the following advantages:

e compensation of the matched uncertainties/disturbances starts from the
initial time moment since the motion surface is a virtual surface;

e the motions in integral sliding modes have the same dimension as the
initial state space;

e it leads to chattering reduction, because ISMC needs the smaller discon-
tinuous control gains since the nominal system dynamics are supposed to
be already compensated by the nominal control law.

Unfortunately the main drawbacks of ISMC are that:

e they need complete information about all of the system’s states starting
from initial time moment;
e ISMC cannot compensate unmatched uncertainties.

1.4.1.1 ISM-Based Compensation of Unmatched Uncertainties

The works [28, 29] presented a projection method allowing to design ISMC
compensating completely matched uncertainties/disturbances and minimizing
and not amplifying the unmatched once.

In the papers [28, 30-32] the combination of ISMC and H control is
suggested for minimization of the effect of the presence of unmatched uncer-
tainties/disturbances on the quality of nominal trajectory tracking.
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1.5 Main Contribution of the Book

The aim of the book is to present a concept of output integral sliding modes
(OISM). OISM [33, 34] controller provides theoretically exact tracking of
nominal trajectory for the systems with matched uncertainties if we suppose
that the ideal sliding modes do exist and equivalent control signals are
available.

This concept has two main advantages:

e it provides the information about the system states:
theoretically exactly;
— right after initial time moment;
— even in the presence of matched uncertainties;
e it ensures exact tracking of the nominal trajectory:
— right after the first moment;
in the presence of matched uncertainties;
— basing on output’s information only.

Combination of OISM and LQ controllers allows maybe firstly in the
history to offer theoretically exact solution of LQ problem basing
on output’s information only.

Application of OISM to robustification of LQ problem for linear uncertain
systems ensures theoretically exact tracking of nominal LQ trajectory:

e in the presence of matched uncertainties;
e starting from initial time moment;
e using only output information.

Combination of OISM with multimodel LQ problem has one more advantage:
it allows to eliminate the matched part of model variations and uncertainties
and consider only the unmatched part.

In Table 1.1, we have summarized the main advantages of the combina-
tions of ISM and OISM strategies with LQ and multimodel LQ problems for
LTV uncertain systems. The advantages of the proposed strategies are marked
in bold letters.

1.6 Structure of the Book

The book consists of an introduction, three parts, and two appendixes.

In Part I the concept of output integral sliding modes is presented.

As the first step in Chap.2 the concept of integral sliding mode (ISM)
is revisited. The efficiency of ISM is illustrated on the example of robustifi-
cation of LQ control for systems with uncertainties/disturbances. Then the
projection to the unmatched variable subspace is designed ensuring that by
applying the ISMC we are not amplifying, but minimizing the unmatched
uncertainties/disturbances.
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Table 1.1. Advantages of using min—-max and OISM together

Unmatched Matched uncertainties Needed
model variation /disturbances information
Part of the
MM-LQ min-max problem Can’t reject All states
in original space
ISM+LQ Can’t reject Compensates completely| All states
OISM+LQ Can’t reject Compensates completely| Output
MM-LQ Eliminates matched
+ o gs Compensates completely| Output
OISM variations of models

Chapter 3 describes the OISM observer design. The main idea of such
observer is the following: by designing the output-based integral sliding mode
one can reconstruct the value of the output’s derivative as an equivalent
control signal right after initial time moment, provided that ideal sliding
modes do exist and the equivalent control value is available. Applying such
procedure step-by-step one can reconstruct all necessary derivatives of the
outputs and consequently observe theoretically exactly all of the system states
for observable systems right after initial time moment.

Chapter 4 presents the main concept of the book output integral sliding
mode control. Such type of controllers ensures theoretically ezact tracking of
nominal optimal trajectory right after the initial moment even in the presence
of matched uncertainties/disturbances based on output information only, if it
is supposed that there exist ideal sliding modes and equivalent output sig-
nal is available. The discrete realization of output integral sliding mode con-
troller requires the filtration to obtain the equivalent output injections. It is
shown that the observation error can be made arbitrarily small after an arbi-
trary small time without any adjustment of the observer parameters, only by
decreasing the sampling step and filter time constant.

Part II presents three different combinations of min-max control [9] and
ISMC or OISM control.

This part starts with Chap.5 revisiting the concept of robust min-max
control. Firstly the min-max control problem in Bolza form is discussed.
Then the robust exact principle theorem is formulated. Finally, the application
of robust maximum principle to the solution of LQ problem for multimodel
systems is given.

Chapter 6 presents the combination of ISMC with min—max controllers
basing on the state information. The multimodel systems with matched
uncertainties are considered. It is shown that the application of ISMC to
the solution of min—max problem reduces to a solution of an equivalent
min—max nominal LQ problem. The ISMC completely dismisses the influence
of matched uncertainties right after the initial time instant.
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In Chap. 7 we consider the application of a min—-max optimal control based
on the LQ index for a set of systems where only the output information is
available. Here every system is affected by matched uncertainties, and we
propose to use an OISM to compensate matched uncertainties right after
the beginning of the process if we suppose that there exist ideal sliding modes
and equivalent output injections are available. For the case when the extended
system is free of invariant zeros, a hierarchical sliding mode observer is applied.
The error of realization of the proposed control algorithm is estimated in terms
of the sampling step and actuator time constant.

Part IIT of the book presents applications of the methodology developed
in Part IT to three different control and observation problems.

In Chap.8 an OISM-based fault detection scheme is proposed. The effi-
ciency of the proposed scheme is illustrated by the example of the estimation
of the actuator’s level damage in the cart pendulum.

Chapter 9 tackles the problem of a two-player differential game affected
by matched uncertainties with only the output measurement available for
each player. We suggest a state estimation based on the so-called algebraic
hierarchical observer for each player in order to design the Nash equilibrium
strategies based on such estimation. At the same time, the use of an output
integral sliding mode term for the Nash strategies robustification for both
players ensures the compensation of the matched uncertainties. A simulation
example shows the feasibility of this approach in a magnetic levitator problem.

In Chap. 10 the OISM controllers, based only on output information, are
applied to a Stewart platform. This platform has three degrees of freedom,
and it is used as a remote surveillance device. We consider the hierarchical
sliding mode observer, allowing the reconstruction of the system states from
the initial moment. This allows the implementation of an OISM controller
ensuring the insensitivity of the state trajectory with respect to the matched
uncertainties from the initial moment.

In Appendixes we present the most important material needed to read
the book. Appendix A presents basic information about equivalent control
method for definition of solution in sliding mode. There, a lemma, by [11],
about online calculation of the equivalent control is presented. Appendix B
presents a numerical method for the optimal weight adjustment for the min—
max LQ problem, where “max” is taken over a finite set of indices (models)
and “min” is taken over the set of admissible controls. The solution is obtained
by the robust optimal control application. The control turns out to be a linear
combination of the controls optimal for each individual model.

We hope that such structure makes the book complete and self-content.

1.7 How to Read This Book?

In writing the book we supposed that it can be useful for readers interested in:

e robustification of optimal control problems;
e new methods of sliding mode control.
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So

So

1 Introduction

we supposed that we will have four different categories of readers:

beginners;

readers skilled in optimal control;

readers skilled in sliding mode control;

readers skilled in both optimal and sliding mode control.

we would like to suggest four strategies in reading this book:

It is desirable that beginners have the basic knowledge about

- LQ control (e.g., [35]);

— sliding mode control (see Appendix A containing the minimal necessary
information or for more deep knowledge [11, 12, 14]).

After these two steps this category of readers can start with Chap. 1.

Readers skilled in optimal control should read firstly Appendix A con-

taining the minimal necessary information or for more deep knowledge

[11, 12, 14] and then start to read the book.

Readers skilled in sliding mode control should revise the basic books of LQ

control (e.g., [35]).

Readers skilled in both optimal and sliding mode control can start to read

the book from Part I.

For the readers which would like to use the book results for implementation
we have included Appendix B discussing numerical realization for min—-max
multimodel control.

Enjoy reading!



Part I

OPTIMAL CONTROL AND SLIDING MODE
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Integral Sliding Mode Control

Abstract In this chapter the concept of integral sliding mode (ISM) is
revisited. The efficiency of ISM is illustrated on the example of LQ control.
Then the projection to the unmatched variable subspace is designed ensuring
that the application of ISM is not amplifying, but minimizing the unmatched
perturbations. An illustrative example of application of ISM to LQ problem
is presented.

2.1 Motivation

Sliding mode control techniques are very useful for the controller design in
systems with disturbances and model/parametric uncertainties. The system’s
compensated dynamics become insensitive to matched disturbances and unc-
ertainties under sliding mode control. The price for this insensitivity is control
chattering and a reaching phase, during which the system’s dynamics are
vulnerable to disturbances/uncertainties. For linear systems, whose dynamics
are completely known, a traditional controller, including proportional-plus-
derivative (PD), proportional-plus-integral-plus-derivative (PID), and optimal
linear quadratic regulator (LQR), can be successfully designed to compensate
the dynamics. A nonlinear system which is completely known can be com-
pensated, for instance, by a feedback linearization controller, backstepping
controller, or any other Lyapunov-based nonlinear controller [36]. Systems
compensated by these types of controllers will be of the full order equal to the
order of the uncompensated system. Once the system is subjected to external
bounded disturbances, it is natural to try to compensate such disturbances
by means of an auxiliary control retaining the effect of the main controller
designed for the unperturbed system. The sliding mode based auxiliary
controller that compensates the disturbance from the very beginning of the
control action, while retaining the order of uncompensated system, is named
integral sliding mode (ISM) controller. This chapter is dedicated to the study
of the ISM controller design. ISM has been studied in [13, 26-28, 33, 37-40].

L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 11
Systems & Control: Foundations & Applications, DOI 10.1007/978-0-8176-4962-3_2,
© Springer Science+Business Media New York 2014



12 2 Integral Sliding Mode Control

2.2 Problem Formulation

Consider the following controlled uncertain system represented by the state-
space equation:

& (t) = f(z(t)+ Bz (t)ul)+ o (1) (2.1)

where x (t) € R™ is the state vector and u (t) € R™ is the control input vector.
The function ¢ (x,t) represents the uncertainties affecting the system due to
parameter variations, unmodelled dynamics, and/or exogenous disturbances.

Let u = ugp be a nominal control designed for (2.1) assuming ¢ = 0, where
u is designed to achieve a desired task, whether it be stabilization, tracking, or
an optimal control problem. Thus, the trajectories of the ideal system (¢ = 0)
will be given by the solutions of the following ODE equations:

o () = [ (o () + B (2o (t)) uo (1) (2.2)

Thus, for z(0) = z(0) and ¢ being not equal to zero, the trajectories of
(2.1) and (2.2) are different. The trajectories of (2.2) satisfy some specified
requirements, whereas the trajectories of (2.2) might have a quite different
performance (depending on ¢) to the one expected by the control designer.
For the control design given below it is necessary to assume that:

A3.1. rank B () = m for all z € R™;
A3.2. the disturbance ¢ (z,t) is assumed to be matched, i.e., it satisfies the
so-called matching condition:

¢(x,t) € Im B ()

i.e., there exists a vector v(z,t) € R™ such that ¢(x,t) = B (z) y(z,t).

e From a control point of view, the matching condition means that the effects
produced by ¢(z,t) in the system can be produced by u, and vice versa.

A3.3. An upper bound for y(z,t) can be found, i.e.,

[y(z, )] <vF (1) (2.3)

Obviously, the second restriction is needed to compensate ¢; if it is known, it
would be enough to choose u = —v. However, since v is uncertain, some other
restrictions are needed in order to eliminate the influence of ¢. In this way,
the sliding mode approach replaces the lack of knowledge of ¢ by the first and
third assumptions.
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2.3 Control Design Objective

Now the control design problem is to design a control law that, provided
that x (0) = z( (0), guarantees the identity = (t) = zq (¢t) for all ¢ > 0. By
comparing (2.1) and (2.2), it is clear that the control design is achieved only if
the equivalent control is equal to the negative of the uncertainty (uy,, = —7).
Thus, the control objective can be reformulated in the following terms: design
the control uw = u (t) in the following form:

u(t) = uo () +u1 (t) (2.4)

where wg (t) is the nominal control part designed for (2.2) and wus (t) is the
integral sliding mode (ISM) control part guarantying the compensation of the
unmeasured matched uncertainty ¢(x,t), starting from the beginning (¢t = 0).

2.4 ISM Control Design
Since ¢(z,t) = B (x)y(z,t), substitution of (2.4) into (2.1) yields
& = f(z) + B (z) (uo +u1 +7)

The sliding manifold is given by means of the equation s (z) = 0 with s defined
by the formula

t

s (x) = s0 () = 50 (2 (0)) = [G (x (7)) [f (x (7)) + B (z (7)) uo (7)] dr (2.5)

0

where sg () € R™ is a vector that could be designed as a linear combination

of the state and G (z) = %. Then, in contrast with conventional sliding
modes, here an integral term is included. Furthermore, in this case we have
s(x(0)) = 0.

Thus, the time derivative of s is obtained by the formula
$ =G (z) B () (u1 +7)
In order to achieve the sliding mode, the term sg should be designed such that
det [G (z) B (z)] # 0, for all z € R"
The sliding mode control should be designed as

DTs
DT s||
M (z,t) > v (z,t), D(z) =G (z)B ()

up = —M (z,t)
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Taking V = 3s”s, and in view of (2.3), the time derivative of V is bounded
as follows:

V =(s,5) = (s,D (u1 +7)) = (DTs,u1 + )
< - HDTSH (M—7+) <0

Hence V' decreases, which implies
1 2
V) sV(0)=glls@O)[”=0

That is, the sliding mode is achieved from the beginning. Now, the
equivalent control uy,, is taken from § =0

A review of the equivalent control method is discussed in Appendix A. As it
is explained there, u;,, is taken as the solution for the control obtained from
the equation of § when this is equal to zero. Thus, in this case,

uleq = _/y
Hence, the sliding motion is given by
& (t) = f(x (1) + B (x (£)) uo (t)

and our aim is achieved since now z (t) = o (t).
Notice that the order of the dynamic equation in the sliding mode is not
reduced. This property defines an integral sliding mode [13].

2.5 Linear Case

Let us consider the linear time invariant system:
t=Ax+ B(uo+u1) + ¢ (2.7)

In this case the vector function s can be defined by means of the formula

¢
s(z) =G (a(t) — 2 (0)) + (GB) ' G (Az () + Buo (1)) dr (2.8)
0
where G € R™*" is a projection matrix satisfying the condition
det [GB] #0

Thus, the time derivative of s takes the form

$(x) =GB (u1+7)
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The control u; is designed as

(GB)" s

up = —M (z,t) W

(2.9)

M (z,t) > ~T(x,t)

T

Therefore, taking V = %s s, and in view of (2.3), the following inequality is

obtained:
V= ((GB)T s, s) = (s,u1 +7)

< - H(GB)T s

(M—”y+)<0

Hence, the integral sliding mode is guaranteed.

2.6 Example: LQ Optimal Control and ISM

Consider the following system:
z=Ax+ B(ug+u)+ ¢

representing a linearized model of an inverted cart—pendulum of Fig. 2.1,
where x; and z2 are the car position and pendulum angle and z3 and x4 are
their respective velocities. The matrices A and B take the following values:

00 10 0
0 0 01 0
A= 012500 » B= 0.19
075500 0.14
[¢]
Y
u———>m

Q) 0]

Fig. 2.1. Inverted cart—pendulum.
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The control ug = u* is designed for the nominal system, where u* solves the
following optimal problem subject to an LQ performance index:

o0

J (ug) = / zd () Qo (t) 4+ uo (t)" Rug (t) dt
0
ug = argmin J (ug)

It is known (see, e.g., [35]) that the solution of the previous optimal control
is given in its state feedback representation by means of

ul (r) = —R'BT Pz

where P is a symmetric positive definite matrix that is the solution of the
algebraic Riccati equation

ATP+PA—PBR'BTP=-Q

For the considered matrices A and B, and taking Q = I and R = 1, we have
that P and K := R~'BT P have the following values:

43 —-485 89 —-189

p_ —48.5 3149 —-191.41174.4
8.9 —-1914 33.1 745

—189 11744 —74.5 438.6

K = [—1131.36 —4.337 48.47

We considered that ¢ = By with v = 2sin (0.5¢) + 0.1 cos (10¢) and the ISM
control is
up = —5Hsign(s)

where s is designed according to (2.8). Now, the only restriction over G is
that det GB # 0 and therefore we have a big range of election. One simple
selection is G = [0 01 O}, and thus we obtain GB = 0.19, which obviously is
different from zero.

Figure 2.2 shows the position of the car and the pendulum. We can see
that there is no influence of the disturbance -~ thanks to the compensation
effect caused by the ISM control part ;.

2.6.1 Unmatched Disturbances

One may think why not use G = B* = (BTB)f1 BT. In such a way § =
(u1 + ) and control u; is still as in (2.9). A criterion for selecting G in an
appropriate way can be given if we do not assume ¢ (x,t) to be matched (it
may or may not be).

Let BY € R™™ be a full rank matrix whose image is orthogonal to
the image of B, i.e., BTB+ = 0 and [B BJ-] is nonsingular. Notice that
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Fig. 2.2. States 1 (dashed) and z2 (solid) using ISM for matched uncertainties.

rank[[ — BBY] = n — m and [[ — BBY| B = 0; therefore, the columns of
B~ can be formed by taking the linearly independent columns of [I — BB*].

Thus, let v (x,t) € R™ and u(z,t) € R"™ be the vector defined by the
formula

[Zii:ii] = [BBY] o)

Thus, (2.7) takes the following form:
i = Az + B (u1 +uo) + By+ B*p (2.10)
Then selecting s as in (2.8), we have
=GB (u1 +v)+GB'pu

The control part u; should be designed as in (2.9) if GB is positive definite;
otherwise, it should be designed as in (2.6). In both cases the condition M >
7t + (GB)" GB* . Following the equivalent control method, we have that
the equivalent control taken from § = 0 is given by the equation

us,, = — - (GB) GBSy
Substituting uy,, in (2.10) yields the sliding motion equation:

i=Az+ Buo+ |1 - B(GB)™' G| B*p

Let us define d := [I ~B(GB)™! G] By Taking G = BT or G = B, we

get d = By, that is, the sliding mode control does not affect the unmatched
disturbance part.
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Now the question is if by selecting G properly, then the norm of d can be
made less than the norm of B+ p.
Proposition 2.1. Let G be the set of matrices
G={GeR™":detGB # 0}
The optimization problem

G* = argréleiré H [I ~ B(GB)™! G} BJ‘NH

for u # 0 has as solutions the set of matrices {G:QBT:QERWX’”
and det @ # 0}.

Proof. Since B+ and B (GB)_1 GB* 1 are orthogonal vectors, the norm of
H [I - B (GB)_1 G} BJ‘MH is always greater than HBJ—MH. Indeed,

|[1-B@B " d BWH2 = B4l +||B(GB) ! GBLNH2
That is,
|[r-B@B) " G| By = B4 (2.11)
Evidently, if identity (2.11) is achieved, then the norm of
[-penrc]

is minimized with respect to G. The identity is obtained if and only if
B(GB)_1 GB*p = 0. Or equivalently, since rank B = m, GB+u = 0, i.e.,
G = QBT where Q is nonsingular. O

O

Notice that the control law is not modified in order to optimize the effect of
the unmatched uncertainties, and moreover, an optimal solution G* is quite

simple. The simplest choice is G* = BT, but BT = (BTB)f1 BT is also
another possibility, which moreover facilitates the sliding surface design.

Proposition 2.2. For an optimal matriz G*, the Euclidean norm of the
disturbance is not amplified, that is,

lo Il = ||[1 - BB ¢ Bu )| (2.12)
Proof. From Proposition 2.1, we have that
\[-BeB e | Buw| =1 - BB B u®)] = [B-u )

(2.13)
Now, since ¢ (t) = By + Bty and BT B+ = 0, we obtain the equation

2
6 @)11* = [|By (1) +Bp @) = 1By @) + Bu @)* > |Bu ()]* (2.14)
Hence, comparing (2.13) and (2.14), we can obtain (2.12). O
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Fig. 2.3. States =1 (dashed) z2 and (solid) using G = B”.

2.6.2 Example: ISM and Unmatched Disturbances

Let us consider the same system as in Sect. 2.6, except that here we con-
sider the unmatched disturbance ¢ = [0 0 v 0.1sin (1.4t)} and v is the same
function used in Sect.2.6. The control law is exactly as in Sect. 2.6, except
for the choice of matrix G, which according to Proposition 2.1, G is opti-
mal if G = BT = [0 00.19 0.14]. In Sect.2.6 the goal was simplicity. The
argument given in this example revolves around optimality. States x1 and x5
are depicted in Fig. 2.3; there we can see that the uncertainties do not affect
the trajectories of the system. Figure 2.4 shows the state trajectories for a
not optimal G. There we can see that an optimal G does not diminish the
effect of the unmatched uncertainties. To compare the effect of the ISM, even
in the presence of unmatched disturbances, Fig. 2.5 shows the trajectories of
x1 and zo when the ISM control part is omitted (u = ug). It is clear that in
this case, the disturbances considerably affect the system; compared with the
trajectories of Fig. 2.3 we can see that a well-designed ISM control (with an
optimal G) considerably reduces the effect of the disturbances.

2.7 Conclusions

In this section we have seen that the ISM allows to compensate the matched
uncertainties. Thus, the performance of the control is equivalent to that of
the nominal control which is designed for the nominal system. Furthermore,
we have seen that by choosing correctly the matrix projection in the sliding
surface the unmatched uncertainties are not increasing in the sliding mode.
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Fig. 2.4. Trajectories of the position for G = BT (solid) and G = [0 010 0]
(dashed).
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Fig. 2.5. States 1 (dashed) and z2 (solid), without using ISM control.
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Observer Based on ISM

Abstract In this chapter the concept of output ISM observer for systems
with matched unknown inputs is developed. It is shown that using the output
as a sliding mode surface one can compensate the unknown inputs. Then if
the number of the inputs is more than the number of unknown outputs it is
still possible to observe the system. Moreover, the main advantage of such
observers is that they can provide, theoretically, an exact value of the state
variables right after the initial time moment.

3.1 Motivation

When only the output of a system is available, there are two possibilities for
sliding mode control design. One is to use an output feedback control, i.e.,
design a sliding surface using the output of the system in such a way that
the dynamics of the system, during the corresponding sliding motion, have
a property required by the designer. This kind of controls can be seen in
[41, 42]. Another possibility is to design an observer. To construct an esti-
mator, providing convergence of the generated estimates to the real states,
the corresponding sliding surface should be specially designed. There are two
main methods for designing sliding mode observers:

e one is aimed to get a zero tracking error between the outputs of the plant
and the observer to be constructed (see, e.g., [12, 13, 43, 44));

e the other one is to design several sliding surfaces to estimate the state
step-by-step (see [45, 46)).

Here we design a hierarchical observer which differs from the observers studied
in [45-47]. We obtained a vector which is the result of multiplying an observ-
ability matrix by the state. Thus, at each k-level of the hierarchy, we estimate
a subblock of such vector and so on until we obtain all the vector previ-
ously mentioned. The aim is to design an observer whose convergence error

L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 21
Systems & Control: Foundations & Applications, DOI 10.1007/978-0-8176-4962-3_3,
© Springer Science+Business Media New York 2014
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can be modified by modifying the accuracy of the sensors and computational
resources without modifying the output injection gains. We will show that the
observation error can be made arbitrarily small after an arbitrary small time
just by adjusting the parameters of the filter required during the realization.

3.2 System Description

Let us consider a linear time invariant system

@ (t) = Az (t) + Bu(t), =(0)= 0 (3.1)

where z(t) € R™ is the state vector, u(t) € R™ is the control law, and
y(t) € R (1 < p < n) is the output of the system. The pair {u(t),y (¢)}
is assumed to be measurable (available) for all time ¢ > 0. The current state
x (t) and the initial state xy are supposed to be non-available. A, B,C are
known matrices of appropriate dimension with rank B = m and rank C' = p.
All the solutions of the dynamic systems are defined in Filippov’s sense [15].
It is assumed that the pair (A, C') is observable.

We will assume that the following conditions are satisfied:

A4.1. the vector x is supposed to be unknown but belonging to a given ball,
that is,

l[@oll < n (3.2)
A4.2. rank (CB) =m

3.3 Observer Design

The hierarchical observer will be based on the reconstruction of vectors Cz (¢),
CAz (t), and so on until obtaining C A"~z (t). After arranging the vectors
C Az (t), we will have obtained the vector f (t) := Oz (t), where

C

CA
0= .|, 0 eRrpixn (3.3)

CA:l_l

By definition ! (the observability index) is the least positive integer such that
rank (O) = n. Since (A, C) is observable, such an index [ always exists (see,
e.g., [48]). Hence, to reconstruct x (t), we only need to reconstruct f (t) and
then to solve the set of algebraic equations f (t) = Oz (¢).

Let Z(t) be defined by the following dynamic equation:

Z(t) = AZ(t) + Bu(t) + L (y (t) — C& (t)) (3.4)
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where L must be designed such that the eigenvalues of A := (A — LC) have
negative real part.
Define r(t) = z(t) — & (¢t). From (3.1) and (3.4), the dynamic equations
governing r (t) are

i (t) = [A— LC]r (t) = Ar (t) (3.5)

Since the eigenvalues of A have negative real part, (3.5) is exponentially stable,
i.e., there exist constants v, > 0 such that

I (O < ve™™ [l ()] < ve™™ (+ 1|2 (0)])) (3.6)

3.3.1 Auxiliary Dynamic Systems and Output Injections

The main goal in the design of the observer is to recover the vectors

CA'z(t), i=1,1—-1

where [ is defined as the observability index (see, e.g., [48]). Firstly, to recover
(1)

CAx (t), let us introduce an auziliary state vector xs”’ (t) governed by

#0) () = A% (1) + Bu+ L (CF) ) (3.7)

where L satisfies det CL # 0 and xgl)(O) satisfies

For the variable s() € R? defined by

O (51,20 (1)) = Ca () - Ca) (1 (3.8)
we have
sV @) =CA(z(t) — 7 () —oW (t) (3.9)
with the output injection v(!) (t) given by
JeH)
BT INC)
’U(l) _ M1 (t) ||S(1)|| if s #0
0 if s(H) =0

Here the gain scalar function M; (¢) should satisfy the condition
My () > |CA] [l — 2| (3.10)

to obtain the sliding mode regime. From (3.6), the scalar function M; () may
be chosen, for example, in the following manner:

M,y (t) = [CA|| [yexp (=nt) (u+ |2 (0)[D] + A, A >0
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Then, using the Lyapunov function V' = (s, s), we obtain
sOt)y=0,sP @) =0vt>0 (3.11)
Thus, in view of (3.11) and (3.8), we have
Cz (t) = CzV (t) (3.12)
and from (3.11) and (3.9), the equivalent output injection is
vld) (t) = CAz (t) — CAZ (t), Yt > 0
Thus, C'Az (t) is reconstructed by means of the following representation:
CAz (t) = CAz (t) + oY) (¢), ¥t >0 (3.13)

The reconstruction of C Az (t) in the form it is expressed in (3.13) is not
realizable since Uéé) (t) is not directly available. Thereby, below in Sect. 3.4

we explain a method to carry out the estimation of véfll) (t) by means of a
first-order low-pass filter applied to vV (¢).

The next step is to reconstruct the vector C' A%z (t). To do that, let us design
(2)

the second auziliary state vector xz’ (t) generated by
s o1
#?)(t) = A%E(t) + ABu(t) + L (CL) v® (1)

where z{?) (0) satisfies

vid) (0) + CAZ(0) — Cz{P(0) = 0
Again, for s2) € RP defined by
s (o) (1), 22 (1) = CATW) + o8 () = C2P (1)
in view of (3.13), it follows that

5@ (vggg (t),z? (t)) = CAz (t) — Oz (1) (3.14)

and hence, the time derivative of s() is
s (1) = A% (z (t) — &(t)) — v (t) (3.15)
Take the output injection v(® (t) as

s@
’[)(2) _ M2 (t) —HS(Q)H lf S( ) 7é 0
0 if (2 =0

My (t) > ||CA2|| |z — Z|

(3.16)
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where, by (3.6), M (t) given by means of the following formula:
M, (t) = [|[CA®| [yexp (—nt) (1 + |12 (0)ID] + A, A >0

satisfies (3.16). Thus, following a standard method for proving the existence
of the integral sliding mode (Chap. 2), we obtain that

s () =52 )=0 (3.17)

From (3.17) and (3.15) the equivalent output injection vgi) (t) may be repre-
sented as

v (t) = CA? (x (t) — &(t))

eq

and the vector C' A%z (t) can be recovered by means of the equality:
CA%z (t) = CA%z(t) +vP (1), t>0 (3.18)

Thus, iterating the same procedure, all the vectors C A¥z can be reconstructed.
The abovementioned procedure could be summarized as follows:

(a) The dynamics of the auziliary state 2 (t) at the kth level are governed by

@B () = A& (t) + AF " Bu (t) + L (Ci) T (3.19)

where L € R™*P is a matrix such that det (C]i) # 0 for all k. Further-

more, the output injection v\¥) at the kth level is

5(k) £ o(h)
ok — Mk(t)ml st # 0
0 if s8) =0
My, (t) > |CA]| ||z (t) — z (2)]
M; (t) is selected as My, (t) = ||CAF|| [yexp (—nt) (u+ [|Z°]])] +A, A > 0.
(3.20)
(b) Define the sliding surface s(8) at the k-level of the hierarchy as

(1)
(k) _ y—Cxy’ for k=1 391
3 {véﬂj‘” + CAF 1z — ngk) for k>1 (3:21)

where vé’;‘” is the equivalent output injection whose general expression

will be obtained in the lemma below and véfj‘l) (0) and s (0) should

satisfy

Cy (0) — Cz$"(0) =0 for k=1
s (0) = (k—1) v (0) b1~ ©) (k) roy (3.22)
Veq  (0)+CA12(0) —Czsy’(0)=0for k> 1

Here, v%) (t) is treated as a sliding mode output injection. The equivalent

output injection of vég) (t) is given in the next lemma.
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(k)

Lemma 3.1. If the auziliary state vector xs’ and the variable s are
designed as in (3.19) and (3.21), respectively, then, for allt >0,

o) (t) = CA*x (t) — CAF&(t) (3.23)
and each k=1,1—1.
Proof. As it was shown before, the following identity holds:

olY) (t) = CAx (t) — CAZ(t), Vt>0

Now, suppose that the equivalent output injection véfj‘l) is as in (3.23). Thus,

substitution of vé’;‘” in (3.21) gives

s (vgg-w (t),z (t)) = oAz (t) — C2P (1) (3.24)
Differentiating (3.24) yields
0 (0= (@),0) (1) = CA* (@ (1) — 7 (1) — o ® (1) (3.25)

2
I

1
Thus, selecting the Lyapunov function V' = 3 ||s(k) and v®) () as in (3.20),

for any t > 0, one gets
s®(t)y=0, M 1) =0 (3.26)
Therefore, from (3.26) and (3.25), it follows that
olh) (t) = CAYx (t) — CAFE (1)

The lemma is proven.

O
3.4 Observer in the Algebraic Form
From (3.12) and (3.23), we have the following set of equations:
Cx(t) = Cz (t) + Ca) — Ci (1)
CAz (t) = CAz (t —I—vgl)
(t) | (t) + veq (3.27)

CA= g (t) = CA 5 (1) + vgfl)
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or, in a matrix representation

Oz (t) = OF (£) + veq (£), V£ >0 (3.28)
where
C ca) — Ci (1)
CA vld)
O = . P} Ueq == . (3'29)
-1 -
CA W)

Thus, the left multiplication of (3.28) by O := [0T O] 1 OT implies
2 (t) =7 (1) + OFveq (t), V>0 (3.30)

That is why an observer based on the hierarchical ISM can be suggested as
follows:

>

(t) =2 (t) + OFveq (t) (3.31)
Remark 3.1. Notice that, in general,

x* = arg m%@n |f—0z|>=0%f, feR"
zeR™

where the limit OF = lim (6°1 + OTO)_I OT always exists (see [49]) and,
moreover, 00

If = 0a*|” = ||(1 - 00%) f||”

This norm is not necessarily equal to zero. In the particular case when f = Oz,
one has

min | f — Oz|* = ||f — Ox*|)* = || (T — 0O*) f|” =

z€ER"™
(1 = 00%) Oa||" = [|(0 - 00 O) a||" = 0

Now we are ready to formulate the main result of this chapter.

Theorem 3.1. Under the assumptions A4.1-A4.2 and supposing the ideal
output integral sliding mode exists, the following identity holds:

Ft)=a(t) V>0 (3.32)

Proof. 1t follows directly from (3.30) and (3.31).
a

Remark 3.2. The realization of the observer (3.31) requires filters whose
parameters affect the convergence time of the observer.
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3.5 Observer Realization

To carry out the observer in the form (3.31), the surface s*) must be
realizable. Thus, to guarantee the realization of s(*), the equivalent output
injection véij’ must be available. However, the nonidealities in the implemen-
tation of v*) cause the so-called chattering phenomenon. Thus, we will have

a high-frequency signal and therefore Uéﬁ) cannot be directly obtained from

v(®), Nevertheless, Uéﬁ) could be computed via filtration. Namely, the first-

order low-pass filter
7o) (1) + oY (1) =™ (1); oY (0)=0 (3.33)
gives an approach of uéﬁ’ (see Appendix A and [11]). Or, in other words,

lim o) (t) =v® ()¢ >0
7—0
A/T—0

where A is proportional to the sampling time (the time that v®* takes to
pass from one state (M) to another (—M)). So, selecting 7 = A7 (0 < n < 1),
we have the following conditions to realize the OISM observer:

1. use a very small sampling interval A;

2. substitute ve(f’l) () in (3.21) by o8&~ (#);
3. substitute v(*~1 (0) in (3.22) by v{y"" (0) = 0, i.e., the initial conditions

z (0) should satisfy the equations

CAk_lxgkfl)(O) —CaP (0)=0for k>1
Cy (0) — ngl)(o) =0fork=1

So, the realization of the observer in (3.31) takes the form
2(t):=2(t) + OFwvay (t)
T T " 3.34
Vay = [(ng1> _CF (t)) (v§£>) o (vgl(”) ] (3.54)

An example of the proposed observer design is given in Chap. 4.

3.6 Example

To illustrate the procedure given above, let us take again the linearized
model of an inverted pendulum over an inverted cart-pendulum (Fig.3.1).
The motion equations are as follows:

z (t) = Az (t) + B (uo + u1) + By (z,t)

y(t) = Ca (1) (8:35)
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Fig. 3.1. Inverted cart-pendulum.

0 0 10 0
0 0 01 0 1000
A= 101258600 2= [0.1005 ’O_{oom]
07551400 0.1429
—04n—-5<t<n-—25 _
7(“_{0.4n—2.5§t<n =510,

The state vector x consists of four state variables: xq is the distance between
a reference point and the center of inertia of the cart; xo represents the angle
between the vertical and the pendulum; z3 represents the linear velocity of the
cart; finally, we have that x4 is equal to the angular velocity of the pendulum.
As can be verified, the pair (A, C) has no invariant zeros.

The initial conditions are considered as  (0) = [0.3 0.2 0.1 — O.l]T and
]T

as a consequence we have y (0) = [0.3 —0.1] . As can be verified, the pair

(A, C) is observable.

Matrix L chosen so that (A — LC) be Hurwitz. We chose an LQ optimal

control with finite horizon, where the estimated state vector is used in place of
the original state vector. The simulations were carried out with two sampling
steps: A =2-107% and A = 2-107%. In both cases, as the filter constant, the
value 7 was chosen as 7 = 150A%/5.
To realize the suggested observer, the filters suggested in (3.33) must be used.
The simulations show that those filters do not affect considerably the observa-
tion process (see the observation error e () = z (t) — Z (¢) in Figs. 3.2 and 3.3).
As we can see in those figures, the convergence to zero is better when A is
smaller, i.e., the convergence depends only on A.
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Fig. 3.2. Observation error e = ¢ — & using A =2 x 107°.
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Fig. 3.3. Observation error ¢ = z — & using A = 2 x 10™%.
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Output Integral Sliding Mode Based Control

Abstract Here, the problem of the realization of integral sliding mode
controllers based only on output information is discussed. The OISM con-
troller ensures insensitivity of the state trajectory with respect to the matched
uncertainties from the initial time moment. In the case when the number of
inputs is more than or equal to the number of outputs, the closed-loop sys-
tem, describing the output integral sliding mode dynamics, is shown to lose
observability. For the case when the number of inputs is less than the number
of outputs, a hierarchical sliding mode observer is proposed. The realization
of the proposed observer requires a filtration to obtain the equivalent output
injections. Assigning the first-order low-pass filter parameter small enough
(during this filter realization), the convergence time and the observation er-
ror can be made arbitrarily small. The results obtained are illustrated by
simulations.

4.1 Motivation

The main problem related to the implementation of the ISM consists in
the requirement of the complete knowledge of the state vector, including the
initial one. Obviously, when dealing with ISM and only output (no states)
information available, it turns out to be useless when being applied directly.
Here, we present a possible approach to the solution of this problem. We design
an ISM controller, using only output information, which compensates the
matched uncertainties from the initial time of the control process. It is shown
that in the case when the number of inputs is more than (or equal to) the num-
ber of outputs, the corresponding ISM dynamics always lose observability and
therefore the application of ISM, based only on output information, is useless
when the state estimation is required. Then, we use the hierarchical sliding
mode observer proposed in Chap. 3.

L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 31
Systems & Control: Foundations & Applications, DOI 10.1007/978-0-8176-4962-3_4,
© Springer Science+Business Media New York 2014



32 4 Output Integral Sliding Mode Based Control

4.2 System Description

Consider a linear time invariant system with matched disturbances

@ (t) = Az (t) + Bu(t) + By (t); = (0) =2 (41)
y(t) = Cr (1) |
where x (t) € R™ is the state vector, u(t) € R™ is the control law, and
y(t) € RP (1 < p < n) is the output of the system. The pair {u(t),y (¢)}
is assumed to be measurable (available) for all time ¢ > 0. The current state
x (t) and the initial state xo are supposed to be non-available. A, B,C are
known matrices of appropriate dimension with rank B = m and rank C' = p.
All the solutions of the dynamic system are defined in Filippov’s sense ([15]).
We will assume that:

A5.1. the pair (4, B) is controllable and the pair (4, C) is observable;
A5.2. function v (¢) is bounded, that is,

Iy @&l <~ (y,t) (4.2)

A5.3. the vector xy is supposed to be unknown but belonging to a given ball,
that is,

lzoll < p (4.3)
A5.4. rank (CB) = m.
Let the nominal state be as follows:
Lil'o (t) = ALL‘Q (t) + B’U,() (t) , X (O) = X0 (44)

Now, for system (4.1), we design the control law u to be
U= Uy + Uy (45)

where the control ug € R™ is the ideal control designed for system (4.4) and
u; € R™ is designed to compensate the matched uncertainty ¢ (t) from the
initial time.

4.3 OISM Control

This section, firstly, deals with the design of control u;. Then, a hierarchical
integral sliding mode (HISM) observer is applied.
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4.4 Output Integral Sliding Modes

Define the auxiliary affine sliding function s : R? — R™ as follows:
t
=Gy — / [GCAZ (1) + GCBug (1)) dr — Gy (0) (4.6)
0

Here, matrix G € R™*P must satisfy the condition
det (GCB) #0
Thus, for the time derivative §, we have
$=GCA(x—2%)+GCB(u1+7v),s(0)=0 (4.7)

Vector & represents an observer that will be designed below. We propose the
control u; in the following form:

_ —1 s(t) o
w =)D~ o D= GOB (4.8)

with M (t) being a scalar gain which satisfies the condition

B ) = (IDI* (.t) + IGCA| [l (t) =2 (O)]]) = A >0

1
where X is a constant. Selecting the Lyapunov function as V' = B s]|? and in
view of (4.8) and (4.2), differentiating V' yields

V= (s,3) = (s,GCA(x—i)—ﬁﬁ—i—Dv

< —lsll (8 = IGCA|l [l = 2] = D7) < = lls| A <0
((s, ) := sT'5). This means that V does not increase in time and since s(0) = 0,
this implies

SIs @I =V (s(0) <V (5(0)) = 5 s 0)] =0

Thus, the identities
s(t)=5()=0 (4.9)

hold for all ¢ > 0, i.e., there is no reaching phase.
From (4.7) and in view of the equality in (4.9), the equivalent control is

Ureq = — (GCB) " GCA (x (t) — 2 (1)) — (4.10)
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The substitution of u1eq in (4.1) yields the sliding mode equations

i(t) = Az (t) — B(GCB) ™' GCAZ (t) + Bug

y () = Cz (1) (4.11)

~+

where A is defined as

A= [I — B(GCB)™! GO} A (4.12)

Lemma 4.1. When the number of outputs is less than or equal to the number
of inputs, the matriz A in (4.12) always belongs to the null space of the matriz

C, and, consequently, the pair (/L C') is not observable.

The proof of Lemma 4.1 is given at the end of this chapter in Appendix 4.A.

Remark 4.1. Lemma 4.1 means that in the case when p < m, the ISM control
using only output information cannot be realized.

The following lemma establishes the condition, in terms of A, B, and C,
providing the observability of the pair ([1, C).

Lemma 4.2. The pair ([1, C) is observable if and only if the triple (A, B, C)

has no zeros, i.e.,
{seC:rank(P(s)) <n+m} =10 (4.13)

where P (s) is the system matriz defined as

sI—AB] (4.14)

P(S):[ —C 0

A proof of Lemma 4.2 is given in Appendix 4.B of this chapter.

Remark 4.2. Notice that A defined in (4.12) depends on a matrix G, which
can be designed in a nonunique form. However, due to Lemma 4.2, the obs-

ervability of the pair ([1, C) depends only on the matrices A, B, and C. In
other words, the design of G does not affect the observability of ([1, C).

4.5 Design of the Observer

T -1 T
Define G as G = (CB)" := {(OB) (CB)} (CB)” which is the pseudo-
inverse of C'B. Substituting G in (4.11) leads to the following expression:

((t) - Az (t) + Bug + B(CB)" CAz (t) (4.15)

y(t)=Cz(t)
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where matrix A in (4.12) becomes
A= [I-B(CB)*C} A
It is assumed that:
A5.5. The triple (A, B,C) has no zeros ((A, C) is observable).

We can follow the design of the observer proposed in Chap. 3 with no essential
modifications. Next we will summarize the observer design.
Design the following dynamic system:

Z(t) = AZ(t) + Buo(t) + B(CB) Y CAz (t) + L (y (t) — CZ (t))  (4.16)

where L must be designed so that A= ([1 — LC) only has eigenvalues with
negative real part.

Let r(t) = x(t) — Z(¢), and then, from (4.15) and (4.16), the dynamic
equations governing r (t) are

P (t) = [A - LC] r(t) = Ar (¢) (4.17)
Then, we should find positive constant numbers v and 7 so that

lr (O < ve™ (u+ 12 (0)]]) (4.18)

Design the dynamics of the auziliary state x&k)(t) at the kth level as follows:

- - |
z,(t)=A"x(t)+A" uo(t)+ z(t)| + v .
b (0)=A%5(6)+ A5 B [ug(t)+ (CB)* CAZ (0] +L (CL) v (4.19)
where L € R™ ? is a matrix such that det (Ci) # 0. The initial conditions
should satisfy the identities

CA 10 (0) = 0 (0) = 0 for k> 1
Cy (0) — C2zV(0) = 0 for k =1

The output injection v*) at the kth level is

()
if s(F)
’U(k): MkHS(k)H if s 750
0 ifs® =0 (4.20)

My = ||CAF|| (e (u+ [[2°]))) + A, A > 0
Define the sliding surface s**) at the kth level of the hierarchy as

M)
®) (4) — y (t) - Cxy’ (t) for k=1 491
) {vg';-w (t) + CAF=1z (t) — CalP (t) for k> 1 (4.21)
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(k)

where vay is the output of the low-pass filter

Tl (1) + ol (1) = o™ (1); oy (0) =0 (4.22)
Thus, the hierarchical ISM observer takes the following form:
&(t) =T (t) + OFvay (t)
oT = |7 (cA)" - (cAa)]

[ (1) AT anT -\ -
wem oo () (]

T

4.6 LQ Control Law

Here, as a case of study, we design the nominal control uy as an optimal
control based on the standard LQ index for a finite horizon. The control wug
is designed for the nominal dynamics, i.e.,

@ (t) = Az (t) + Buo, x (0) = xo (4.24)

Control ug is an admissible control (belonging to a set Uugm of piecewise
continuous functions) which minimizes the following standard LQ index:

Ly

Ji, (ug (1)) == (ty) Fa (ty) + / (z" (t) Qz (t) +ug (t) Ruo (1)) dt
t=0

where F = FT >0,Q=Q" >0,and R = R" > 0. Thus, the aim of the
control ug is to minimize the index J (u (+)), i.e.,

ug (+) = arg min Jy, (uo (-)) (4.25)

w0 EUadm

Thus, the control law solving (4.25) for (4.24) (e.g., see [35]) is of the form
ug (z(t) = ~R™'BTP (t) (1)
with P (t) € R™*" satisfying the differential Riccati equation

Pt)+P(t)A+ATP(t)—P(#)BR'BTP(t)+Q =0

Plty) = F (4.26)

Since the state x can be estimated with any required accuracy, the esti-
mated state Z is used to realize the control ug, i.e., the control ug should
be designed as

uo (t) = —R™'BT P (t) & () (4.27)

with & (¢) being designed as in (4.23). That is, since we have compensated the
matched uncertainties and we can ensure the estimation error being arbitrarily
small after an arbitrarily small time, we can design the control uy for the
nominal system, but being applied to system (4.1).
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The proposed OISM algorithm can be summarized as follows:

design matrix L such that the eigenvalues of A := (A — LC) have negative
real part;

compute the scalar gain /3 (t) as in (4.8);

design the auxiliary systems xék) as in (4.19) with the sliding surfaces s(k)
as in (4.21) and compute the constants My, k=1,..,1 — 1;

run simultaneously the observer & according to (4.23) and the controllers
uo, w1 according to (4.27) and (4.8), respectively.

4.7 Example

To illustrate the procedure given above, let us take again the linearized model
of an inverted pendulum over an inverted cart—pendulum (see Fig. 4.1).The con-
trol problem is to maintain the inverted pendulum in a vertical line. The
control law is the force applied to the trolley. The motion equations are as
follows:

z(t) = Az (t) + B (ug + u1) + By (z,t) (4.28)
y(t)=Cz(t) '
0 0 10 0
0 0 01 0 1000

A= 01.258600 » B = 0.1905 ’C_[OOOI]
07.551400 0.1429

—04n—-5<t<n-—25 _
7(’5)_{ 04 n—25<t<n =210

The state vector x consists of four state variables: x; is the distance between a
reference point and the center of inertia of the trolley; xo represents the angle

Jo

u———>m

Q) 0]

Fig. 4.1. Inverted cart-pendulum.
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between the vertical and the pendulum; 3 represents the linear velocity of
the trolley; finally, we have that z4 is equal to the angular velocity of the
pendulum. As can be verified, the pair (A, C) has no invariant zeros. By

Lemma 4.2, it implies that (A, C) is observable (A = [I -B(CB)* C} A).
The initial conditions are considered as z (0) = [0.3 0.2 0.1 — O.l}T,

and as a consequence we have y (0) = [0.3 — 0.1} " The matrix A takes the

form
10

0 O

0 0 01
0-8.8100
0 0 060

A:

As can be verified, the pair (4, C) is observable.
Matrix L was calculated as follows:

4.6234 —0.3148
—1.3423 0.5548
10.2373 —1.7542
—0.3148 0.9492

L =

The weighing matrices @, R, and F were chosen as Q = 20I, R = 0.5, and
F =201.

The simulations were carried out with two sampling steps: A = 2107 and
A =2-107% In both cases, as the filter constant, the value 7 of (4.22) was
chosen as 7 = 150A%/°. The trajectories of the state vector, when & (called
xe in the graph) is used in the control u and when z is used in the control w,
are depicted in Figs. 4.2 and 4.3.

4.A Proof of Lemma 4.1

Proof. Consider system (4.1) with p < m and rank (CB) = p. Suppose that
the control law w is designed in the following way:

U = ug + Uy

where ug is the nominal control used after the compensation of the matched
disturbance and w; is designed to compensate the matched disturbance.
At first we will consider the case when p = m and next the case when p < m.

1. Consider the case when p = m.

Define the auxiliary function s as follows:

s =Gy — /GC’A&E (1) + GCBug (1) dr — Gy (0) (4.29)
0
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Fig. 4.2. Trajectories of = using A = 2 x 107°. Trolley position (T.P.), pendulum
position (P.P.), trolley velocity (T.V.), and pendulum angular velocity (P.A.V.).

Matrix G € R™*™ must satisfy rank (GCB) = m, but this is only satisfied
when det (G) # 0. Following the same process as in 4.4, one has

Uteq = — (GCB) " GCA(z — &) — v
Substitution of wjeq in system (4.1) yields

i (t) = Az (t) + B(GCB) ™' GC Az (t) + Bug

Recall that A = [I - B (GCB)_1 GC} A. Then by pre-multiplying A by GC
one gets

GCA=GC [I ~B(GCB) ‘Gl A=0
This means A belongs to the null space of GC' and since G is a nonsingular

matrix, then A belongs to the null space of C' and it implies that (A,C) is
not observable.
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Fig. 4.3. Trajectories of 2 using A = 2 x 10™*. Trolley position (T.P.), pendulum
position (P.P.), trolley velocity (T.V.), and pendulum angular velocity (P.A.V.).

2. Now suppose that p < m.

Let the auxiliary function s as in (4.29). Since rank (CB) = p and p < m,
then there is no matrix G € R™*? satisfying rank (GC'B) = m. That is why
the sliding surface s cannot be designed in a space of dimension greater than
p. Let us define s in the space RP, that is,

s=Gy— Gy (0)— / [GCAZ (1) + GCBug (1)) dr
0

where the matrix G € RP*P, Thus, the time derivative § is as follows:
§=GC[A(x—2)+ B (u1 +7)]

Since in this case p < m, there is no matrix G satisfying det (GCB) # 0.
Hence, to produce the sliding mode, the control u; should be designed as
uy := Fu, where the matrix F' € R™*? should satisfy rank (GCBF') = p.
Thus BF can be considered as the new matrix of input distribution and u as
the new control. In this form, we can consider that the number of inputs is p,
i.e., we have the same number of inputs as the number of outputs. Hence, we
can follow the same proof used for the case 1.

O
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4.B Proof of Lemma 4.2

Proof. Lemma (4.2) asserts that for every complex scalar s, the equivalence

rank {s[ - A B

_C 0] =n+m <= rank {Sng} =n

is fulfilled. Let BL be a matrix so that BXB = 0 and rank B+ = n — m.
Define the matrices V' and U in the following form:

1
V= B_1
(GCB)"" GC

U= {(Cg)L] ot =|[[1-cBGeny ael Byt ¢B(GoB) ]

] LVl = HI — B(GCB)™! GC] B+ B]

Before proving the required equivalence, we need to express the following
matrices into an expanded form, i.e.,

A A Ci 0
~1_ A Are -1_ |G
VAV = {Am AQJ Nifella {o GCB] (4.30)
where A1 € RPmX7=™ gnd C7 € RP~™X"~™ We obtain
PO A Arg 0 A Aro
=[] B ] o

Then, from (4.30) and (4.31), and since det (GCB) # 0, we have the following
equivalences:

sI—A B
-C 0

s -VAV-! VB

rank [ —Ucv o

}—n+m<:>rank[ }—n+m<:>

sl — All —A12 0

—A21 sl — AQQ I . sl — All _
rank —C 0 0 —n—i—m(:)rank[ —c ]—n—m@
0 —-GCB 0
sl — A —An }
< rank 0 sl =n < rank sl - VAV =n<<
—C1 0 o -vcv—t | &
0 —-GCB
L, 0] [V o] [sT—A] 1) _ sI—A]
rank{{o U] [0 IJ{—C]V }—n@rank[_c}—n

and so this lemma is proven.
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The Robust Maximum Principle

Abstract The purpose of this chapter is to explore the possibilities of the
maximum principle (MP) approach for the class of min—-max control problems
dealing with construction of the optimal control strategies for a class of uncer-
tain models given by a system of ordinary differential equations with unknown
parameters from a given finite set. The problem under consideration belongs
to the class of optimization problems of the min—max type and consists in the
design of a control providing a “good” behavior if applied to all models from
a given class. Here a version of the robust mazimum principle applied to the
min—-max Bolza problem with a terminal set is presented. The cost function
contains a terminal term as well as an integral one. A fixed horizon is consid-
ered. The main result deals with finite parametric uncertain sets involved in a
model description. The min—-maz LQ control problem is considered in detail.

5.1 Min—Max Control Problem in the Bolza Form

The min—max control problem, dealing with different classes of partially
known nonlinear systems, can be formulated in such a way that

e the operation of the maximization is taken over a set of uncertainty or
possible scenarios;

e the operation of the minimization is taken over control strategies within a
given set.

5.1.1 System Description

Consider a system of multimodel controlled plants
= f () (5.1)
L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 45
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where
1 n T n : .
T = (:C R ) € R” is its state vector,
U

= (ul, e ,u’“)T € R" is the control that may run over a given control
region U C R",

« is a parameter belonging to a given parametric set .4 which is assumed to
be finite that corresponds to a multimodel situation and ¢ € [0, T].

The usual restrictions are imposed on the right-hand side

[e% a,l a,n T
I @ty = (7 @) S @) e R
that is,

— the continuity with respect to the collection of the arguments z, u, t;
— the differentiability (or Lipschitz condition) with respect to x

One more restriction is formulated below.

5.1.2 Feasible and Admissible Control

Remember that a function u(t), 0 <t < T is said to be a feasible control if it
is piecewise continuous and u(t) € U for all ¢ € [0, T]. For convenience, every
feasible control is assumed to be right-continuous, that is,

u(t) =u(t+0)for 0<t<T (5.2)
and, moreover, u(t) is continuous at the terminal moment:
u(T) =u(T —0) (5.3)

For a given feasible control u(t), t¢ < t < T, consider the corresponding
solution

2 (1) = (3; ).,z (t))T

of (5.1) with the initial condition

a

x (0) =z

Any feasible control u(t), 0 < t < T as well as all solutions z” (t),a € A
are assumed to be defined on the whole segment [0, 7] (this is the additional
restriction to the right-hand side of (5.1)).

In the space R™ the terminal set M given by the inequalities

g(z)<0(l=1,...,0L) (5.4)

is defined, where g;(z) is a smooth real function of z € R™.
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For a given feasible control u(t), 0 < ¢ < T we are interested in the
corresponding trajectory starting from the initial point 2" . However, the pos-
sible realized value of a € A is a priory unknown. That’s why the family of
trajectories x" (t) with insufficient information about the realized trajectory
is considered.

The control u(t), 0 <t < T is said to be admissible or that it realizes the
terminal condition (5.4), if it is feasible and for every o € A the corresponding
trajectory 2" (t) satisfies the inclusion

" (T) e M (5.5)

The set of all admissible control strategies will be denoted by Upygyy, -

5.1.3 The Cost Function and the Min—Max Control Problem

Let the cost function in the Bolza form contain an integral term as well as a
terminal one, that is,

t=T

R = ho(z” (T)) + / frrt (:ca (t),u(t) ,t) dt (5.6)

t=0

The end time-point 7T is assumed to be fixed and =" (t) € R™. Analogously,
since the realized value of the parameter « is unknown, the worst (highest)
cost can be defined as follows:

F =max h" (5.7)

acA

The function F depends only on the considered admissible control wu(¢),
0 <t <T.In other words, we wish to construct the admissible control action
which provides a “good” behavior for a given collection of models that may
be associated with the multimodel robust optimal design.

Definition 5.1. A control u (-) is said to be robust optimal if

(i) it realizes the terminal condition, that is, it is admissible;
(i) it realizes the minimal worst (highest) cost F (among all admissible
controls).

Thus the Robust Optimization Problem consists in finding a control action
u(t), 0 <t < T, which realizes

min F= min max h (5.8)
u(-)EUqdm u(-)EUgam EA

where the minimum is taken over the set Uy, of all admissible control
strategies. This is the min-max Bolza problem.
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5.1.4 The Mayer Form Representation

Below we follow the standard transformation scheme. For each fixed a €
A introduce the (n+ 1)-dimensional space R™*! of the variables =z =
(Z1,...,Tn,Tny1) where the first n coordinates satisfy (5.1) and the com-
ponent x,1 is given by

t
a,n+1

x (t) := / frt (xa (1),u(T) ,7') dr

=0
or, in the differential form,

a,n+1

& (1) = (x (t),u(t) ,t) (5.9)

with the initial condition for the last component given by

a,n+1

0)=0

As a result, the initial Robust Optimization Problem in Bolza form can be
reformulated in the space R™*! as the Mayer Problem (without the integral
term) with the cost function

a a a,n+1

K = ho(z" (1)) + 2™ (T) (5.10)

where the function ho(z") does not depend on the last coordinate z”""

that is,
a «@
Who(x )=0

So, the Mayer Problem with the cost function (5.10) is equivalent to the initial
optimization problem (5.8) in the Bolza form.

5.1.5 The Hamiltonian Form

Let

o

z (t)= (:Ta,l t),... ,xa’n (t) ,xa’nﬂ (t)) c R+

be a solution of systems (5.1) and (5.9). We also introduce for any o € A the
following conjugate (or adjoint) variables:

G, )= (¥, (), v, (0.9, (1) ER™!

satisfying the ODE-system of the adjoint variables:
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. T (27 (), u(t)
1/)0“- = - Z (6:E0¢1 )

b, (5.11)

k=1

with the terminal condition

(5.12)
a€eA j=1,...,.n+1
Let now ¢, = (¢ ) € R, be a covariant vector and
FE- (1), == (o)
Introduce the Hamiltonian function
7—[0(17107 z°,u, t) = <1Z}<>a f_o(j<>7 U, t)> =
o o (5.13)
RO A CARTIDESD DD DR AN CARR)
acA acA i=1 ’

and remark that H°(¢,,z°, u) is the sum of “usual” Hamiltonian functions:

Ho(ora® ut) = > (D, " u,))

acA

The function (5.13) allows us to rewrite the conjugate equations (5.11) for the
plant (5.1) in the following vector form:
4 OH (D7 (1), ult), 1)

Let now b, = (b, ,) € Ry be a covariant vector. Denote by t,(¢) the solution
of equation (5.14) with the terminal condition

¥o(T) =0,

We say that the control u(t), to < t < T, satisfies the mazimum condition
with respect to the pair 2°(t), ¥, (t) if

u(t) = arg I?ea[}( HO (o (8), 2°(t), u, t) Vit € [to, T) (5.15)

that is, Yu € U, t € [to, T| we have

HE (o (1), 2° (1), ult), 1) = H (1 (1), 2° (1), u, )
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5.2 Robust Maximum Principle
5.2.1 Main Result

Following [9], we may formulate the main result dealing with the necessary
conditions for the robust optimality of an admissible control.

Theorem 5.1 (The Maximum Principle for the Bolza Problem with
a Terminal Set). Let u(t) (t € [to,T]) be an admissible control and x" (1)
be the corresponding solution of (5.1) with the initial condition z° (0) = x§
(a € A). The parametric uncertainty set A is assumed to be finite. For robust
optimality of a control u(t), to < t < T, it is necessary that there exists
a vector b, € R, and nonnegative real values () and vi(a) (I=1,...,L)
defined on A such that the following conditions are satisfied:

(i) the mazximality condition: denote by ¥ (t), to <t < T the solution of
equation (5.11) with the terminal condition (5.12); then the robust optimal
control u(t), to <t <T satisfies the mazimality condition (5.15);

(ii) the complementary slackness conditions: for every o € A, either
the equality h™ = F© holds, or p(a) =0, that is,

() (hﬂ - FO) =0

moreover, for every a € A, either the equality gi(z” (T)) = 0 holds, or
vi(a) = 0, that is,
v(a)g(a™ (T)) =0

(iii) the transversality condition: for every o € A, the equalities

Y (T) + () grad ho(z” (T)) + Z vi() grad gi(z" (T) =0
=1

and
Yo () +p(a) =0

hold;
(iv) the nontriviality condition: there exists « € A such that either

Y (T) # 0, or at least one of the numbers (), vi(a) is different from
zero, that is,

¢, (T)] + n(@) +D_wifa) >0
=1

The proof of this theorem is based on the so-called Tent Method and can be
found in [50, 51] and [9].
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5.3 Min—Max Linear Quadratic Multimodel Control

5.3.1 The Problem Formulation

Consider the following class of nonstationary linear systems given by

{ & (t) = A* (t) 2™ (t) + B> (t)u () +d* (¢)

2 (0) = 28 (5.16)

where 2% (¢), d* (t) € R™, u (t) € R" and the functions A% (t), B*(t), d* (t)
are continuous on ¢ € [0, T]. The following performance index is defined as

he = 22 (T)T Gz (T) +

% f [z (#)T Qz* (t) + u (t)" Ru (t)] dt (5.17)
t=0
where
G=G">0,Q=Q7>0
and

R=R7T>0

Any terminal set is not assumed to be given as well as any control region,
that is,

and

U=R"
The min—max linear quadratic control problem can be formulated now in the
form (5.8):

h%) — i 5.18
hex (0= GEL. 19

5.3.2 The Hamiltonian Form and the Parameterization of Robust

Optimal Controllers
Following the suggested technique, introduce the Hamiltonian
H=3 [1/;1 (A2 + Bou+d*) +3v_ (2°TQa"+uTRu)|  (5.19)
acA ,
and the adjoint variables ¢ (¢) satisfying

B, ()=~ = AT ()06 ()Qe" () (5.20)

b, =0
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as well as the transversality condition

% (T) = (o) grad h* =
—p(a)grad [z%(T)" Gz (T) +atyy (T)] = —p(a) Gz (T) (5.21)
v (1) =—pla)

n+1

Here vector ¢ (t) is defined as

v 0= (v, v, )

o4

The robust optimal control u (t) satisfies (5.15) and leads to

> BTy - (Z m (a)> R 'u(t)=0 (5.22)

acA acA

Since at least one active index exists it follows that

Zu(a)>0

acA

Taking into account that if x(a) = 0, then {/JQ (t) = 0and ¢ (t) =0, the

following normalized adjoint variable 1])@ (t) can be introduced

(0 (@)t p(a) > 0
Y. (t) = { 0 if p(a)=0 (5.23)
i=1,...,n+1
satisfying
- o - -
= HO— _ AQT _ o
b, ()= 5. H 08,00, 0O
I (t)=0
with the transversality conditions given by
$_(T)=—Ga*(T)
{zz’a,nﬂ (T) = —1 (5.25)

The robust optimal control (5.22) becomes

= (Tu@) B @B,
acA acA (5.26)
CRTY ABTE
acA
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where the vector A := (Aa.1,...,Aa,n)" belongs to the simplex SN defined as

N
SN.— ¢\ e RN=IAl ;)\QZM >0, Z Aa=1 (5.27)
a=1

1u(a)

M=z

(e

5.3.3 The Extended Form for the Closed-Loop System

For simplicity, the time argument in the expressions below will be omitted.
Introduce the block-diagonal R™*M*"N valued matrices A,Q,G,A and the
extended matrix B as follows:

ALO-- 0 QO--0
A= ' Q=
0 --0AN 0--0Q
(5.28)
GO-- 0 MInyn 0-+ 0
G=|0 0|, A= 0 0
0--0G 0 0AnTnxn

and
BT := [B!T .. BNT] e RN

In view of these definitions, the dynamic equations (5.16) and (5.24) can be
rewritten as

x=Ax+Bu-+d
xT(0) = (2'7(0),...,2N7(0))

P =—ATY + Qx (5.29)
Y(T) = =Gx(T)
u=RIBTAvy
where
xT = (a:lT, e ,:ENT) € RxnN

PT = (fb{, . ,{szv) € RN
dT = (d'7,...,dNT) e RI* N
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5.3.4 The Robust LQ Optimal Control

Theorem 5.2. The robust LQ optimal control (5.22) realizing (5.18) is
equal to

u=—R'BT [P\x + p,] (5.30)
where the matriz Py= PF;F € R"NXnN s the solution of the parameterized
differential matrix Riccati equation

P \+PyA + ATP,—P,BR 'BTP,+AQ =0 (5.31)
P, (T)=AG=GA '
and the shifting vector p) satisfies
PA+ATpA-P,BR'BTp, + P,d =0
(5.32)
P (T) =0

The matric A = A (N\*) is defined by (5.28) with the weight vector A = \*
solving the following finite-dimensional optimization problem:

A* = arg Argisrfl\fj (N (5.33)
with
JO) = maxhe = % [T (0) Py (0) % (0) — xT(T)AGx(T)]
—%?XT(t)AQx(t)dt—i-
1 T 0 ) ) ) (534)
5 max [tr{ [f:vz(t)x” (t)dt| Q + xZ(T)ZCZT(T)G}
i=1,N 0

1 7
+ x7(0)pa (0) + 3 [ [2d"p, — pIBR"!'BTp,] dt
t=0

Proof. Since the robust optimal control (5.29) turns out to be proportional
to A1, let us try to find the solution for v as follows:
AYp =—-P,x—p, (5.35)
The commutation property of the operators
AAT = ATA, A*Q = QA* (k> 0)
implies

AYp = —P,x — P\ [Ax+ Bu+d] —p, =
—Pyx— P, (Ax — BRIBT [Pyx + py] +d) —p), =
~Py~P)A + PABR'BTP,| x+ (PABR 'BTp) - Pd - ;)
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=[-AATY + AQx] = [-ATAY + AQx]
=AT[Px+p,|+AQx = ATP\x+ ATp,+AQx

or, in the equivalent form,

[PAJFPXA + ATP,\—P,\BR‘lBTP,\—i—AQ} x
+[ATpA-P\BR™'BTp, + PAxd + p,] = 0

These equations are fulfilled identically under the conditions (5.31) and (5.32)
of this theorem. This implies

J(A) := maxh® = max Zuz =

aed veSN
lmax v; ?[UTRu—i-:z:iTQxi} dt + 2 T(T)Ga'(T) | =
2vesN (2 0
1 T
7 max { (uTRu + x7Q,x) dt + xT(T)G,x(T)
where
r1Q0- 0 riGO- 0
Qv = O() , Gu = 00
0 -0vNnQ@ 0 -0vnyG
and, hence,

TN = max F ([WTBT +xTA +d7] Ap — x7 [Adp — Q,x] — dTAw) dt
Ve 0

+xT(T)G,x(T)] =

—rngx F‘ (kT/hp FxTAY +x Quorx — dT/h/;) dt + x7(T)Gyx(T)
1/6 0

= —ma,X
2veSN

xT(T)Gx(T )] ( (T) A (T') = x7 (0) A4 (0)) —

—f xTQxx — dT (Pyxx + p,)) dt+

T
J(d(xTAY) +xTQ,_\x — dTAep) dt+
0

T
%mgx lfxT Quxdt +x7(T)G,x(T)
veSN |7
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Thus we obtain

T () =5 (<7 (0) P2 (0)x (0) ~T (T) Gxx (T) +x7 (0) p (0)

)
1 T
1 T
—max | [xTQ,xdt + xT(T)G,x(T)
2veSN 0

In view of the identity
T
=xT(0)pa (0) =xT (1) pa (T) —xT (0) pA (0) = [ d(xTpy)
t=0

T
= [ [p] [Ax = BR'BT [Px + p,| + d] +xTp,] dt
t=0
T
= [ [x" (ATpa+p,—PBR'BTp,) — p{BR'BTp, +dTp,] dt
t=0

T
= [ [-x"Pd - pIBR"'BTp, + dTp,] dt

it follows that
J(N) = % [xT (0) Px (0)x (0) —xT (T') Gax (T)] + x7 (0) pa (0)

17 1 T
— = [xTQaxdt + ~max | [xTQ,xdt + xT(T)G,x(T)
2 0 2vesSN 0

1 T
+§t_f0 [2dTp, — plBR'BTp,] di

and the relation (5.36) becomes (5.33).

5.3.5 Robust Optimal Control for Linear Stationary Systems
with Infinite Horizon

Let us consider the class of linear stationary controllable systems (5.16) with-
out exogenous inputs, that is,

A% (t) =A% B*(t) =B, d(t)=0
Then, from (5.32) and (5.34), it follows that py (t) = 0 and

J(\) = maxh® :%[ T(0) Py (0)x (0) — xT(T)AGx(T)]

aeA
——IXT YJAQx(t)dt+ (5.37)
%_mal [tr { [}xl )z (t)dt | Q + =° (T)a:iT(T)G}
i=1,N 0
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Hence, if the algebraic Riccati equation
P,A+ATP,—-P,BR 'BTP,+AQ =0 (5.38)

has a positive definite solution Py (the pair (A,R‘l/ 2BT) should be control-
lable; the pair (AY/2Q!/2, A) should be observable; see, e.g., [52]) for any A
from some subset S{ C SV then the corresponding closed-loop systems turn
out to be stable (x® () o 0) and the integrals in the right-hand side of

(5.37) converge, i.e.,

J(\) = maxh® = = [xT (0) Py (0)x (0) — xT(T)AGx(T)]

aed _2%?)(1- OAQx(D)dt+ (5.39)
s [Formalon o)

Corollary 5.1. The min—max control problem, formulated for the class of
multilinear stationary models without exogenous inputs and with the quadratic
performance index (5.6) within the infinite horizon, in the case when the alg-
ebraic Riccati equation has a positive solution Py for any A € S C SN, is
solved by the following robust optimal control:

u=—-R'BTP)x (5.40)

where A (\*) is defined by (5.28)) with \* € S C SN minimizing (5.39).

5.4 Conclusions

— In this chapter the robust maximum principle is applied to the min-max
Bolza multimodel problem given in the general form where the cost func-
tion contains a terminal term as well as an integral one and furthermore
a fixed horizon and a terminal set are considered.

— For the class of stationary models without any external inputs the robust
optimal controller is also designed for the infinite horizon problem.

— The necessary conditions for robust optimality are derived for the class of
uncertain systems given by an ordinary differential equation with param-
eters from a given finite set.

— As an illustration of the suggested approach, the min—max linear quadratic
multimodel control problem is considered in the details.

— It is shown that the design of the min—max optimal controller is reduced
to a finite-dimensional optimization problem given at the corresponding
simplex set containing the weight parameters to be found.
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Multimodel and ISM Control

Abstract Here, an original linear time-varying system with matched and
unmatched disturbances and uncertainties is replaced by a finite set of dy-
namic models such that each one describes a particular uncertain case in-
cluding exact realizations of possible dynamic equations also as external un-
matched bounded disturbances. Such a trade-off between an original uncertain
linear time-varying dynamic system and a corresponding higher-order multi-
model system containing only matched uncertainties leads to a linear mul-
timodel system with known unmatched bounded disturbances and unknown
matched disturbances as well. Each model from a given finite set is charac-
terized by a quadratic performance index. The developed min—max integral
sliding mode control strategy gives an optimal min—max linear quadratic (LQ)
control with additional integral sliding mode term. The design of this con-
troller is reduced to a solution of an equivalent min—max LQ problem that
corresponds to the weighted performance indices with weights from a finite-
dimensional simplex. The additional integral sliding mode controller part com-
pletely dismisses the influence of matched uncertainties from the initial time
instant. Two numerical examples illustrate this study.

6.1 Motivation

The purpose of this chapter is to take advantage of both techniques used in
previous chapters: the min—max robust optimal control and the ISM control.
As we have seen, optimal control requires the knowledge of the dynamic
equations, here is where the ISM control plays an important role since using
it allows to implement the optimal control without affecting the nominal
performance of the system. Here we will consider an uncertain system in two
senses: we only know that the parameters of the system belong to a finite set
and that matched disturbances affect the system.

L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 59
Systems & Control: Foundations & Applications, DOI 10.1007/978-0-8176-4962-3_6,
© Springer Science+Business Media New York 2014
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6.2 Problem Formulation

Let us consider a controlled linear uncertain system
z(t)=A)x )+ B{#)u(t)+ (1), x(0) =xo (6.1)

where x (t) € R™ is the state vector at time ¢ € [0,T], u (t) € R™ is a control
action, and ( is an external disturbance (or uncertainty). We will assume that

A6.1 Matrix B (t) is known, it has full rank for all ¢ > 0 and its pseudoinverse
matrix B is bounded:

rank B (t) = m, H[B (t)]+H <b*, [BO)T =[BT () B(t)] " BT (t)

Matrix A (t) may take on the value of a matrix function in a finite number
of fixed and a priory known matrix functions, i.e.,

At)e {A' (1), A%(1),.... AN (1)}

where N is a finite number of possible dynamic scenarios, here A* (t)
(a =1, N) is supposed to be bounded, that is,

sup sup [|[A% ()| <a™ (6.2)
20021, N

A6.2 The external disturbances ¢ are represented in the following manner:

C(t) =ot,z) +£(t), t€0,T] (6.3)

where ¢(-) is an unmeasured smooth uncertainty, representing the pertur-
bations, which satisfies the matching condition, i.e., there exists v (x,t)
such that

¢(x,t) = By(z, 1)
and «y (z,t) is assumed to be bounded as
(@, Ol <gllzl[ +p, ¢ p>0 (6.4)

and £ (t) is an uncertainty taking the finite number of alternative functions,
that is, £(t) € & =: {51 t),...,eN (t)} where £% (t) (a=1,N) are
known (smooth enough) bounded functions such that [|€ ()| < ¢F for
all t €[0,T].

Thus, for each concrete realization of possible scenarios, we obtain the
following dynamics:

&% (t) = A% () 2 (t) + B (H) u (t) + ¢(z*, 1) + £ (1), 2% (0) = 0~ (6.5)
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which resembles (5.16), except for the disturbance ¢. That is why instead of
directly applying the min—max optimal control first we will compensate the
matched uncertainties.

The control design problem can be formulated as follows: design the control
u (t) in the form

u(t) = uo (t) + uy (t) } (6.6)

Ui (t) = Ulcorr + Ulcomp

Control us (z,t) is a term named the ISM control part. wicomp is responsible
for the exact compensation of the unmeasured matched part of ¢(x,t) and
£ (t) from the very beginning of the process. u1corr is & correction term for
the linear part of the ISM equations. Control ug (z,t) is intended to minimize
the worst possible scenario in the sense of an L@ index over a finite horizon
ty > 0, that is,

up = u?é%nﬁ% R~ (6.7)
ty
1 1
he = 3 (@ (8) " La® (1) + 5/ [z (1) Qu= (1) +
0 (6.8)

+ (uo (1) + wrcorr (t))T R (uo (t) + urcorr (t))} dt
Q=QT>0,L=LT>0,R=RT >0

Since u1comyp is particularly designed for the compensation of matched part of
¢(z,t) and & (¢), then it is not included in the performance (6.8).

6.3 Design Principles

Substitution of the control laws (6.6) and (6.3) into system (6.1) yields
(t)=A@)x(t)+ B (t)uo (t)+ B (t) us (t) + P(x,t) + £ (t), (0) = xo (6.9)
Define the auxiliary sliding function s (x,t) € R™ as
s(z,t) = [B )] x(t)—o(t) (6.10)

where o (t) represents the integral term which will be defined bellow. Then,
it follows that

() = BT [A) 2+ @]+ (@, t) +ur () +uo (t) =& () (6.11)
Select the auxiliary variable o as the solution to the differential equation

& (x,t) = [B ()] [B () uo(t)] + (% (B <t)]+> z (6.12)

o((x(0),0)) = [B(0)]" = (0)
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Since A (t) € {A' (t),A%(t),..., AN (t)}, but we do not know which of these
rnatrlces is the matrlx of our realization, at difference with the design given
in Chap. 2, we cannot include matrix A(¢) in the integral term of s (in this
case in ). Then the equation for s (x,t) becomes

§(x,t) = [ BOIT[AW®) z +€@0)] +7(x,t) +ur(t), s(z,00=0  (6.13)

In order to achieve sliding mode dynamics, let us design the relay control with
the form

wi(t) = u(z,t) = —M(x)H—Z’”,

with p>p, § > q+bTa’ (a™ is a positive constant), which implies

daw—wBuﬂ+&nw<vw¢> <>”|)+s<ﬂ CBOIT AW

M(z)=ql|z||+p+p, p>bTET  (6.14)

For the Lyapunov function V (s) = 3 ||s||2, in view of (6.4) and (6.2), it follows
that

GV =6 = (s (26 - <”H) B O (400 + () <
< — sl (M(@) = I 0l - 1B ¢ Hﬁ B @) WM ) l2l) <
<= lIsl [(@—q—0b"a®) 2|l + (P - p)+p bHET] < sl [p—bTET] <0

Thus, in view of (6.12), we derive
1
V(s(z,1) <V (s(x,0) =3 Is (2, 0)]* = 0
which implies, for all ¢ > 0, the identities
s(x,t) =0, $(x,t) =0 (6.15)

It means that the integral sliding mode control (6.14) completely compensates
the effect of the matched uncertainty ¢ from the beginning of the process.
The relations (6.15) and (6.13) lead to the following representations:

Uleq = Ulcorr T Ulcomp
Urcomp = —(@,t) = [B(O]TE(t) and wieory = = [B ()] A(t)
Therefore,
i=[1-BOBOI|A®+BOut)+ |1~ BOBEOI] W) (6.16)
Remark 6.1. Define £, as
g = [I - BBT|¢

It is clear that
§eq € ker Bt

which means that vector £, is a projection of vector  onto the space ker BT.
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6.4 Optimal Control Design

Returning to the multimodel case when A (¢) may take one of the possible
scenarios A% (t) (o =1,N), one can conclude that the multimodel system
dynamics into the ISM take the form

() = [T= BB )] A% () a(t) + B (1) uo(t)
+I=BOBOI] ¢ @

and LQ index (6.8) becomes

(6.17)

he = %< (t5) La® (t7)) + 5 [ 1@ (1), Qe (1) +

[wo (1) = ([B@]" 4= ()2 (1)) , R (wo ()~ (B 0] A (1) ®))]1at
(6.18)

The next and last step is to apply the min—max LQ control (see Appendix 5)
to the plant (6.17) and obtain the control ug(t) which together with uy (6.14)
solves the min-max problem for (6.18).

With the extended system

x(t) = Aeq (1) x(t) + B (t) uo(x,t) +d
and according to Chap. 5, this control is as follows:
up(x,t) = —R'BT [Pyx + p,] + BT AAx (6.19)

Matrix Py= P1 € R*V*"N is the solution of the parameterized differential
matrix Riccati equation:

{ Py +P) (A +BBTAA) + (Aeq +BBTAA)" P, ~P\BR'BTP,+

+A (Qeq — (B+A)T RB*AA) = 0; P, (t;) = AL
(6.20)
and the shifting vector p) satisfies
{m+ (Aeq+BBTAA) p,—P,BR'BTp, + Prd =0 (6.21)
P (tf) =0.

Here

A :=diag (4',...,AY), A, = diag (Aéq, .. .,Aé\g) , Ag, = [l — BBT] A®
Q., = diag (Q%,...,QN)
L:=diag(L,...,L), A :=diag (M Lixn,-- s ANInxn)
T
Q" =Q+ (BT a* ()] RIB O] A% (1)
(6.22)
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and

BT — [B(t)lT B(t)NT} eR™N Bt = [[B)]T - [B@)]Y]
47— [(ﬁiq )" - (ggz (t))T] e RN | g0 [[—B(t) B (t)]ﬂ &

Matrix A = A (\*) is defined by (6.22) with the weight vector A = \* solving
the following finite-dimensional optimization problem:

A* = arg min J (X) (6.23)
AesN
()= maxh® = %XT (0) P (0)x (0) + xT (0) p (0) +
a=1,
tf
+% max_ / [xiT(t)Qixi(t)JrzxiT(t) (B+A)" (BT [Prx + p,] —RB+AAX)} dt
i=1,N
+(EiT(tf)L.’Ei(tf)] —
L&Y
PR / [xiT(t)Qimi(t)mmiT(t) (BUV’)T (BT [Pax+p,]—
=1 0
ty
RBTAAx)]dt + ' (tg)La'(ts)] + % p) [2d —-BR'B'p,] dt
t=0

N
SN:{/\eRN;Aazo, Z)\azl}
a=1

A numerical algorithm to find A* can be found in Appendix B.2.
This means that wg is a linear combination of a feedback part (proportional
to z) and a shifting vector p, which is indeed an open-loop control part.
We can summarize the designed control algorithm as follows:

Step 1. for a fixed control ug, we construct the nominal systems (6.17) and
the corresponding L@ index (6.18);

Step 2. construct the control uy using the extended system (6.22);

Step 3. design the ISM law u; in the form (6.14), compensating the matched
part of the uncertainties from the beginning of the process completely;

Step 4. apply the control u = ug + u; to the closed-loop system (6.1).

6.5 Examples

Ezample 6.1. Let us consider two possible scenarios (N = 2) with

—0.2t 2t —0.25¢ 2.3t

1 2 __

A= ose—1se | AT [—0.27t—1.7t]

BT =[21t], g7 =]12sin(4nt) 0.6t (sindri) ] (6.24)

()" = [02sin(rt) 0.25],  (€2)" = [0.5 0.3sin(wt)]
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. 1
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L 1
a2 —— X2 Xg -
L 1 1 1 L
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J() 39 TR A
3sl T i ® 4 ]
—_
3_? 1 1 1 1
) 02 04 058 08 1

Fig. 6.1. Trajectory of the state variables for system (6.24) and performance in-
dex J.

Selecting R=1, Q =1, L =1, ty = 6, we obtain (see Fig.6.1) \] = 0.58,
A5 = 0.42 and J(A*) = 3.744. The corresponding state variable dynamics are
depicted in Fig. 6.1 and the control law is in Fig. 6.2.

Ezample 6.2. Consider the case of three possible scenarios (N = 3) where

L [-1 2 s [—05 2.2 ~1.3 1.5
o A PO ot P B R

BT =[22], g7 = [0.821 0.821 ], (¢")" = [0.62sin(27t) 0.13]
)" =[0207], ()" =[0550.15]

Selecting R = 1, Q = I, L = I, ty = 6 we obtain the optimal weights
Al =0, A\ =0, A} =1 and the functional J(A*) = 4.365. The corresponding
state variable dynamics are shown in Fig. 6.3 and the control law is shown
in Fig. 6.4.
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Fig. 6.2. Control up and u; for « =1 and a = 2.

6.6 Linear Time Invariant Case

The direct usage of ISM in the previous sections requires designing the
min—max control law in the space of extended variable with the dimension
equal to the product of the state vector’s dimension (n) multiplied by the
number of scenarios (N), that is, the multimodel optimal problem was solved
in the space of ni/N-order. In this section we design the sliding surface in order
to reduce the dimension of the min—max multimodel control design problem
(originally equal to n - N) up to the space of unmatched uncertainties by
[Nn — (N — 1) m] dimension (m is the dimension of the control vector).

Let us suppose that system (6.1) is time invariant and that all assumptions
are maintained, i.e.,

& (t) = Az (t) + Bug (t) + Buy (z,t) + ¢(x,t) +£(t), ©(0) =29 (6.26)

Control uy is designed following the scheme presented in Sect. 6.3. Thus,
system (6.16), in its time invariant version, takes the following form:

&= Acq + B () uo(t) + &y (1) (6.27)
where Acq = [I — BBt A and &, (t) = [ — BBY]£ ().
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Fig. 6.3. Trajectory of the state variables for system (6.25).
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Fig. 6.4. Controls up and u; for « =1, a = 2, and o = 3.
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Therefore, the multimodel system dynamics into the ISM is

%(t) = Ag,x(t) + Buo(t) + &g, (1) (6.28)

6.6.1 Transformation of the State

Now, let us transform system (6.27) into two subsystems using the coordinates
corresponding to the matched and unmatched parts of uncertainties. Define
the following nonsingular transformation:

-l

where B+ € R("=™)%" ig 4 matrix which is composed by the transposition of
a basis of the orthogonal space of B. Since rank (B) = m, then rank (B*) =
n—m.

Applying the transformation T' to system (6.27) one obtains

- [28] - reo- 25

and

o= [0 [320]

Thus, in the new coordinates, the sliding mode dynamics are governed by the
following equations:

i(t) = [TAegT 'z (t) + TBuo (t) + TE,, (t)] =

- [0

0 )| T 50 Fluo(t)
5 ) [0 + Lt

which may be called the transformed nominal system.

(6.30)

6.6.2 The Corrected LQ Index

Let us apply the min—max approach (see the Appendix) to system (6.27),
allowing to obtain the control ug(x) as a control function minimizing the
worst LQ index over a finite horizon ty, that is,

min max h® (6.31)
uo 6Rmac:l,iN
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where
ty
B i () Latt) + 5 [ [2(0, Qo 1)
Ffuo (8) — (B A2 (1)), R (u (1) — B¥ A% (t))]Jdt
L=L">0,Q=QT">0,R=R" >0

Since z (t) = Tw (t) and x (t) = T~ 12 (t), the LQ index h® can be repre-
sented as
ty
1 —1 1.« 1 o -1 1.«
S (TT) LT ) + 5 [, (1T) T QT o)+
t=0

+ [uo (t) — (B+A°‘T_1z°‘ (t)), R (uo (t) — BTA*T 1z (t))}]dt

he =

6.6.3 Min—Max Multimodel Control Design

Thus, according to [50, 53] (see Appendix at the end of the book), the solution
of the optimal problem is as follows. Consider the extended system

X=A.x+Buy+d (6.32)

where

xT=[2'7 - aNT] | A= diag (AL,

BT.-— [BT BT}, dT = [flT"' é-NT]

€q €q

.,Aé\g), x € RN
(6.33)

Using the previous extended system, the control ug, denoted below by ug, to
emphasize that it is designed before any state-space transformation applica-
tion, is as follows:

ug, = —R'BT [P\x + p,] + BTAAx (6.34)

where the matrix Py= PI € R"VxnN g the solution to the parameterized
differential matrix Riccati equation:

{ P)+P) (A +BBTAA) + (Aeq+BBTAA)" Py—P,BR'BTP,+

+A (Qeq — (B*A)" RB*AA) =0 P, (t;) = AL
(6.35)
and the shifting vector py satisfies
{pw (Aeq+BB*AA) p,—P,BR'BTp, + Pyd =0 (6.36)
pa(ty) =0
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with the matrices defined as

A :=diag (A',...,AY), Qg = diag (Q',..., Q)
L:=diag(L,...,L), A :=diag (M Lnxn, -, ANInxn)

Q~ = Q+ [B+4°]" RB*+ A~
Now consider the extend system using z(t)
z=TA.,T 'z+ TBug+ Td (6.37)
where
2 =1[2T . 2NT] | T = diag (T,...,T)

By (6.37), the control ug (denoted by wug. to emphasize that it is designed
after the T-transformation application) is as follows:

up, = =R~ (TB)" [Sxz +s)] + BFTAT Az (6.38)

z

where the matrix Sy=S1 € R*™™*"N is the solution to the parameterized
differential matrix Riccati equation:

$)+Sx (TA,,T'+TBB*AT 'A) + (TAq T '+TBBTAT 'A)" S,
—S\TBR! (TB)” S,+A (TT) " (Qeq —(B+A)T RB*AA) T-1=0
Sy (t5) = A (TT) "' LT

(6.39)
and

{ $\+ (TA,, T-'+TBBTAT1A)" s,~S,TBR~! (TB)” s, + S,Td = 0
sx(ty) =0
(6.40)

Lemma 6.1. The controls ug, in (6.34), designed for system (6.32), and ug,
in (6.58), designed for system (6.37), are identical, that is,

up, = up, = up (6.41)
Proof. (6.41) is true if
—R'BT [PAx+p,]+ BtAAx = — R (TB)" [Saz +s)] + BTAT Az
Since TA = AT by the triangularity of both multipliers, it implies
P, = T?S,T and p) = TTs, (6.42)

and, of course, if (6.42) is true, then the equality (6.41) is satisfied. That is
why in order to prove (6.41), it is necessary and sufficient to prove (6.42).
Premultiplying (6.39) by T7 and postmultiplying by T we obtain
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TTS\T + TTS\T (Aq+ BB AA) + (Aeq+BBTAA)" TTS, T
~T"S\TBR'BTT7S,\T + A (Q., — (B*A)" RBYAA) =0
TTS, (tf) T = AL

The previous differential Riccati equation is equal to (6.35), taking Py =
TTS,T. Now, premultiplying (6.40) by T7, we obtain

T8+ (A +BBTAA)" T7s,~TTS, TBR'BTT s, + TTS,Td = 0
TT sy (tf) =0
The previous equation is equal to (6.36) when py = T7's) and Py = TTS,T.
Therefore, (6.41) is proven.
O

Since z*(0) = zp and 2§ = zg, system (6.37), by rearranging the component
order, can be represented as follows:

z, = Az, + Bug +d, (6.43)
) AL o... 0 AL
! o : :
zo=| |, A= 0 0...4N AY
N
21
- (6.44)

00..0 0
BI'=[0--- 0], z €RNm-m+m

af = [&f --- ¢ 0]
We note that in (6.44) we reduce the original (nN)dimension of the state
vector up to Nn— (N — 1) m. Hence we can design the control ug using system
(6.32) or using system (6.37). It seems to be simpler to deal with the latter

from a computational point of view.
According to [50, 53] this control is as follows:

uy = —R'B] [Pyz,+D,] + FAz, (6.45)

where the matrix Py= P} € RIN(=m)+m|x[N(n=m)+m] i the solution to the
following parameterized differential matrix Riccati equation

Py+Py (A, +B,FA) + (A, +B,FA)" P,—P,B,R'B/P,+

(6.46)
+(AQ,~AF"RFA) = 0; P, (t;) = AL
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and the shifting vector py € RN(™=m)+m satisfies

{ I_))\+ (Ar+BrFA)T I_))\_l_))\BrRilBZWI_))\ + p)\d’l": 0 (6 47)

Pa(tf) =0
with
F=[F- FN MF}+- + A AFV]
F* . = [F{ Fg] =BYA*T™!, Fy e R™™
and using the following partitions
Q= [Ql Qz] 0" = l QY le
QF Qs (@)" Q8
Ly Lo

L=:
LY L

Qlu Ll S R(n—m)x(n—m), Q37 L3 S Rmxm
¢ = Qi+ (By'A3)" R(By'43)
Q5 = Q2+ (By ' A3))

Q5 = Qs+ (By'A3,)" R (By ' A3,)

"R (B;43,)

the following matrices are defined:

A= dlag (Aljnfm; AQIn,m, ey )\NInfm; Im)
MQL 0.0 Q2
U z
Q 0  0... M@V ANQY
M@ AN (@) MQE -+ ANQY (6.48)
ML O0... 0 Mo
AL:=
0 0... \nLi AnLo
MIT ANLE Ly

Matrix A = A (\*) is defined by (6.48) with the weight vector A = \* solving
the following finite-dimensional optimization problem:

A" =arg min J (X) (6.49)
AesN
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1
J(A) = maxh® = 527? (0) P (0) 2, (0) + 2} (0)pa (0) +
a=1,N
ty
1 . o _ _ _
wpmax | [aff (0Q'ah(t) + 207 () x (F)" (BT [Paz+p,] -
i=1,N
b 0
1 y
RFAzT)] dt + ng(tf)Lxg(tf)] ~5 SN / [%T(t)Qixg(t) + 2257 (1) x
1=1
0
x (F)" (BT [Prz,+B5] — RFAz,)| dt + aif (t,)Lai(t)]
ty
/r)ff [2d, — B,R™'BIp,] dt
t=0

N
SNZ{AemN;Aazo, ZAa=1}
a=1

where \* may be calculated by using the numerical algorithm described in
Appendix B.2.

+

DO =

6.7 Example

Let us consider the following system:
& (t) = A% (t) + Bu (t) + ¢(z,t) + £ (1)

with three possible scenarios (N = 3), where

-1 2 1 -2 0.5 2.5
1 _ 2 _ 3
A _[1.2—1.5]’ A _[1.5 1]’ A _{—1.5 1}

BT =[11], ¢7 = [0.821 0.8z:], (¢))" =[0.250.15] (6.50)

()" =1012057], (€)= [0.450.25]

Step 1. The nominal system has the following parameters and unmatched
uncertainties:

i(t) = [TAegT™ 2 (t) + TBug (t) + TE,, (t)]

where

T B+|  [-0.70710.7071
T Bt | 05 05
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~y_ [-2.85-0.9192 T
TALT 1:[ P ] [T (¢,)] = [-0.0707 0]
1.25 2.4749
raz = [0 20| @) = [oas20]
__ [0.25 —2.4749 T
TA3 T = [0.0 0.0 ] (T (&,)] =[-0.14140]

Step 2. Then, now the objective is to design the control ug such that

min maxh®
wg€R™ o =73

selecting R=1,Q =1, L =1, ty = 10. The LQ index becomes

10
Ro = % (z (10),z* (10)) + %/ [(z* (), 2% () +
t=0

(K%, K*z%) + (ug (t) ,uo (t)) — 2 (K%z*, ug (t))] dt
K= [0.1061 0.3500] 2!, K2 := [~1.2374 0.7500] 22

K3 = [1.5910 1.2500} 3
Step 8. The control ug is designed using the following extended system:

ir - A’I"ZT + B’I"U’O(ZT) t) + dr

2} =[21 2% 2} 2], BI=[0001]
-285 0 0 -0.9192

0 125 0 2.4749

0 0 0.25 —2.4749

0 0 O 0

A, =

d;} = [-0.0707 0.3182 —0.1414 0 |

The optimal weights are approximately found as A\] = 0, A5 = 0.1, and
A5 = 0.9, and the optimal performance index is J(A*) = 594.6517.

The control up was calculated as in (6.34) and also as in (6.38). In
both cases it turned out to be the same. This confirms that the proposed
decomposition scheme does not affect the value of J(A*). In this example
the dimension of the extended state vector z, of the previous extended
system is 4, while the dimension of the state vector z of system (6.37) is
equal to 6.

Step 4. Design the ISM law of control with M = (2||z| + 0.5) (this is only
an option; the choice of M depends on the knowledge of the bound of the

matched uncertainty), that implies u; = — (2 ||z|| + 0.5) T
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Step 5. Applying the control u = up + u; to each one within the set of
the different given scenarios we obtain the corresponding state variable
dynamics and the control law which are depicted in Figs. 6.5 and 6.6.

15

4 6 8 10
Time (sec)

Fig. 6.5. Trajectories of the state variables for the system (6.50).

60 40
40 - 20
I
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-20 -40
0 5 10 0 5 10
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50 40
o o 20
1}
; 0 3 0
> > 20
-50 -40
0 5 10 0 5 10
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Fig. 6.6. Controls ug and ;.
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Multiplant and ISM Output Control

Abstract Here, we consider the application of a min—max optimal control
based on the LQ index for a set of systems where only the output information
is available. Here every system is affected by matched uncertainties, and we
propose to use an output integral sliding mode to compensate the matched
uncertainties right after the beginning of the process. For the case when the
extended system is free of invariant zeros, a hierarchical sliding mode observer
is applied. The error of realization of the proposed control algorithm is esti-
mated in terms of the sampling step and actuator time constant. An example
illustrates the suggested method of design.

7.1 Motivation

For the multiplant case there are two main approaches to control such systems.
One is to decentralize the controls of each plant [54, 55]. The other method is
to design the same optimal control law for all the plants and make this control
robust with respect to perturbations. As it is explained in the Appendix, in [50,
53], a robust optimal control based on a min—max LQ index for a multimodel
system was proposed. Basically, a set of possible models was considered for
the same plant, each model is characterized by an LQ index and the objective
of the robust optimal control is to minimize the worst of the L(Q indexes.
However, the exact solution to this optimal control problem requires two basic
assumptions:

e the system is free from any uncertainty;
e the state vector is completely available.

Thus, for the case when we have output information only, we should ensure
the compensation of the matched uncertainties. Furthermore, we need to
reconstruct the original states to take advantage of the state feedback robust
optimal control.

L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 77
Systems & Control: Foundations & Applications, DOI 10.1007/978-0-8176-4962-3_7,
© Springer Science+Business Media New York 2014
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The integral sliding mode (ISM) is used to compensate the matched
uncertainties from the beginning of the process. However, again, the main
problem related to the implementation of this ISM concept consists in
the requirement of the knowledge of the state wvector, including the initial
conditions. Thus, the ISM turns out to be useless if being applied directly in
the case when only output information is available.

To realize the robust optimal output control for the multiplant case three
approaches must be synthesized:

e the min—max optimal LQ control;
e the integral sliding mode control;
e the hierarchical sliding mode observation.

In Chap.6 an approach to deal with the problem of matched uncertainty
compensation was proposed for the case of a control based on the min-max
LQ index in the context of a multimodel system. The difference between
multiplant and multimodel systems is the following: in the multimodel case
it is considered that for the same plant different models may be realized.
However, in the multiplant systems (the case considered in this chapter), we
will consider a set of plants working simultaneously and the min—max control
law is applied to all plants simultaneously. Moreover in this chapter we will
consider that we have no information over the entire state, but only the output
of each system can be measured online.

7.2 Problem Formulation

Consider a set of linear time invariant uncertain systems

£ (t) = A% (t) + B (u (t) + 7 (1)) + d*(t), +*(0) =z (7.1)
y (t) = Coz () '
where o = 1, N (N is a positive integer), z® € R™ represents the state vector
for the plant «, u(t) € R™ is the vector of control inputs, applied to all
the plants, and y* (t) € RP (1 < p < n) represents the output vector of
each system. Each excitation vector d(t) is assumed to be known for all
t € [0,ty]. The current state z® (¢) and the initial state z§ are supposed to be
non-available. A%, B% and C'™ are known matrices of appropriate dimensions
with rank B® = m and rank C® = p. All the plants are running in parallel.
Throughout this chapter we will assume that:

A7.1. the vector v (¢) is upper bounded by a known scalar function g, (¢),
that is,

7 (O < ga () (7.2)
A7.2. every vector zf is bounded by a known constant p, i.e.,

l2g [l < p (7.3)
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Before designing an optimal control we have to make the system free from
the effects of matched uncertainties. Therefore, the control design problem
can be formulated as follows: design the control u in the form

u=ug+uy (7.4)

where the control w; will compensate the uncertainty v (t) just after the
beginning of the process t = 0 and wug () is the robust optimal control law
ug (+) minimizing the min-max LQ index:

Jip, max h* (75)
h = 5 @ (), GO (1)) +
+ / [(z% (t), Q% (1)) + (uo (£) , Rug ()] dt (7.6)
2 ’ 3
t=0

QRQY>0,G*>0,R>0
along the nominal system trajectories
% (t) = A% (t) + BYug + d° (7.7)

As an optimal control problem, the exact solution of (7.5) requires the avail-
ability of all the vector states z® (t) at any t € [0,ty], and the system must be
free of any uncertainty. Therefore, to carry out this optimal control, we firstly
should

1. ensure the compensation of the matched uncertainties -y (t);
2. design state estimators for each system to reconstruct each state vector
x® (t) practically from the beginning of the process.

7.3 Output Integral Sliding Mode
For each «, substitution of the control law (7.4) into (7.1) yields

() = A% (t) + B (up + u1 + v (t)) + d“(t) (7.8)
Let us define the following extended system:

x(t) = Ax(t) + B (up +u1 +7v) +d

7.9
v (1) = Cx(1) (7.9)
where
xT.= [xlT INT] , A =diag(A1,...,Ayx), BT := [B? B}H
C = diag (C),...,Cn), dT:=[dl --- d¥ ]
(7.10)

To carry out the OISM, we will also assume that
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A7.3. rank (CB) =m
Thus, define the auxiliary sliding function s as follows:
s(t) == (CB)"y (t) = (CB) "y (0) -

[(CB>+ C[A% (1) +d (1) —ug (r)| dr (7.11)

o &

—1
where (CB)" = {(CB)T (CB)} (CB)”. Thus, for the time derivative §, we
have

$=(CB)TCA(x—%)4ug+u +v, s(0)=0 (7.12)

The vector X represents the state of the observer that will be designed in
Sect. 7.4. It is suggested that the control u; be designed in the following form:

(7.13)

with 3 (t) being a scalar gain satisfying the condition
B(t) — g~ [ (CB)" CA|Jx— % = 2 >0
where A is a constant.

Remark 7.1. By A7.2, an upper bound of ||x — X|| can always be estimated.
Indeed, since ||x — X|| < [x]| + ||X||, using the Gronwall-Bellman inequality,
an upper-bound (2 (¢,x (0)) for ||x|| can be calculated. Therefore, through the
knowledge of ||%|, [|[x — %[ < 2 (¢t,x(0)) + ||X||. Nevertheless, this could be a
big overestimation, which is why a better way to estimate ||x — X|| is as follows.
The vector X will be given by X = X + w where X represents a Luenberger
observer and w is known and its norm tends to a small constant (see

Sects. 7.4.3 and 7.6). Then ||x — X|| < ¢ () = C exp (—#t) (\/Nu + % (O)H)—I—p
for positive known constants ¢ and «, and p is any arbitrarily small positive

constant. Therefore, ||x — X|| < ¢ (¢) + ||w||. Thus, even in the case when x is
unstable, ||x — %X|| has an upper bound which tends to p + | w||.

1
As we have done previously, the Lyapunov function V = 5 ||s||2 is selected

to prove the sliding mode existence. Since V = (s,$) and in view of (7.13)
and (7.2), one gets

v

7 ((CB) oA 405 ) <

—lsll (8- || (cB)" CA| Ix %I - au) <
—[Isl A0 <0

INIA
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1
Therefrom, due to s(0) = 0, one obtains 3 s (O)|I* =V (s(t) <V (s(0) =

1
3 ||s (0)||* = 0. Thus, the identities

st)=5(t)=0 (7.14)

hold for all ¢ > 0, i.e., there is no reaching phase to the sliding mode.
From (7.12) and in view of the equality (7.14) the equivalent control is

Ureq = — (CB)T CA (x — %) — v (7.15)
Substitution of wjeq into (7.9) yields

% (t) = Ax (t) + B(CB)" CA% (t) + Bug + d (t)

y () = Cx (1) (7.16)

~+

where
A= [I ~B(CB)" c} A (7.17)

Thus, our first objective has been achieved, i.e., we have compensated the
uncertainty . The next section is devoted to the design of the hierarchical
sliding mode observer to generate X.

7.4 Design of the Observer

Now, having the system without uncertainties, we can reconstruct the state
vector. To design the observer, the pair (A, C) must be observable. The
necessary and sufficient condition that guarantees the observability of (A, C)
was given in Lemma 4.2. Therefore, from now on, we will assume that:

A7.4. the triple (A, B, C) has no zeros.

It is well known that both conditions together, rank (CB) = m and
pN = m, imply that the triple (A, B, C) has zeros. Therefore, A7.3 and A7.4
imply pN > m.

As we saw in Chap. 4, the suggested observer is based on the reconstruction
of vectors Cx (t), CAx (t), and so on, until cA''x (t). Afterwards, the aim
is to recover the vector Ox (t) where

. T _-\T
o' = [CT (CA) (CA ) } (7.18)
The positive integer [ is defined as the observability index, that is, the least

positive integer such that rank (O) = n (see, e.g., [48]). Thus, after pre-
multiplying Ox () by O™, the state vector x(¢) can be reconstructed by
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x (t) = OTOx (t) (vector Ox (t) is reconstructed online) (O* = (OTO)f1 oT
is the pseudoinverse of O).
Design the following dynamic system:

%(t) = A%(t) + Bug(t) + B(CB)" CA% (t) + (7.19)
FL(y (t) - Cx () +d (1)

where L must be designed such that A := (A — LC) has eigenvalues with

negative real part. Let r (¢) = x (t) —X (¢), from (7.16) and (7.19); the dynamic
equations governing r (t) are

P (1) = [A - Lc} r(t) = Ar (1) (7.20)

Since the eigenvalues of A have negative real part, (7.20) is exponentially
stable, i.e., there exist constants v,n > 0 such that

e @) < v (VEu+ % (0)]) (7.21)

The Luenberger observer used here ensures the boundedness of the new vector
state r = x — X. The next step is to reconstruct the error r.

7.4.1 Auxiliary Dynamic Systems and Output Injections

To recover CAx (t), let us introduce an auziliary state vector x1 (t) governed
by the following dynamic equations:

%l (t)= Ax(t)+ B [uo(t) + (CB)" CAx% (t)} +

Co U (7.22)
+L(CL) "' (t)+d()

where x!(0) satisfies Cx.(0) = y(0) and L is any matrix such that

Ma
det (CL) # 0. The vector % (t) represents the observer we will design below.
For the variable s! (t) € R™? defined by

st (y (t), x5 (t) = Cx(t) — Cx} (1) (7.23)

we have
' (y (1), %, (1)) = CA(x(1) =% (t) — v (¢) (7.24)
1
with v! () defined as v = Mlh. Here the scalar gain M; must satisfy the
s

condition M; > HCAH [lr|| to obtain the sliding mode regime. A bound of ||r||

can be estimated using (7.21). Hence, with such a scalar gain M, we get the
identities s* (t) = 0, ! (¢) = 0, Vt > 0. Thus, from (7.23) we obtain that

Cx(t) = Cx(t), ¥t >0 (7.25)
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and from (7.24), the equivalent output injection is

vl (t) = CAx (t) — CAX (), Vt > 0 (7.26)

eq
Thus, in principle, CAx (t) can be recovered from (7.26).

=2
Now, the next step is to recover the vector CA x (t). Let us design the
second auziliary state vector x2(t) generated by

X2(t) = A2%(t) + ABug(t) + L (CL) ™' 02 (1) +
+AB (CB)" CA% () +d (¢)
where x2(0) satisfies CAxi(p) + 034 (0) — Cx2(0) = 0. Again, for s> € RVP
defined by s? (vl,x2) = CAX(t) + vl (t) — Cx, and in view of (7.26), we
have that s? takes the form

5% (vag: X2) = CAx (t) — Cx2 (7.27)
Hence, the time derivative of s? is
2 (v}, x2) = CA x (1) — CA"%(t) — 0 (1) (7.28)

Now, take the output injection v? () as

V2 = M,y H;H’ My > HCA H ] (7.29)
which implies the identities
s2(t)=5()=0 (7.30)
In view of (7.30) and (7.28), v2, (t) is
v2 (t) = CA’x (t) - CA™%(t), >0 (7.31)

and the vector CA”x (t) can be recovered from (7.31).

By iterating the same procedure, all the vectors CA'x can be recovered.
In a summarized form, the procedure above goes as follows:

(a) the dynamics of the auxiliary state x¥(t) at the kth level are governed by

Xk (t) = AR%(t) + AP 1Bug(t) + L (CL) ' vF + (7.32)
+AF 1B (CB)" CA% (t) +d (1) '
with L being any constant matrix such that det (C_) # 0, and the output
injection v* at the kth level is

sk

ok = Mo Mi > HCAkH [ (7.33)

where M, is a scalar gain. A bound of ||r|| may be found using (7.21);
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(b) define s* at the k-level of the hierarchy as

1
" y — Cx,, k=1
t) = ke 7.34
5@ {qu—lJGCJc 't Cxf k> 1 (7.34)

k_ . . . . . . .
eq Lis the equivalent output injection whose general expression will

be obtained in the following lemma, but x¥ (0) should be chosen such that
sk (0) satisfies

where v

sF0)=0,k=1,.,1—1 (7.35)

Lemma 7.1. If the auxiliary state vector x& and the variable s* are designed
as in (7.32) and (7.34), respectively, then

ok (1) = CA" [x (t) — %(t)] for all t >0 (7.36)

eq
at each k=1,1—1.

Proof. Tt was shown that the following identity holds vl (t) = CA [x (1)

—%(t)], ¥t > 0. Now, suppose that the equivalent output injection v®-1 is

a
as (7.36), then the substitution of v into (7.34) gives

1

s* (kL (), %k (1) = CA™x (1) — Cxt (1) (7.37)
The derivative of (7.37) yields
& (1) = CA" [x (t) — % ()] — o* (1) (7.38)
Thus, selecting v¥ () as in (7.33), one gets
sP(t)=0, s"(t)=0forallt>0 (7.39)
Therefore, (7.39) and (7.38) imply (7.36).
O

7.4.2 Observer in Its Algebraic Form

Now, we can design an observer with the properties required in the problem
statement. From (7.25) and (7.36), we obtain the following algebraic equation
arrangement:
Cx (1) = CX(t) + [y (t) — Cx(1)]
CAx (t) = CAR(t) + v, (t)
. (7.40)

CA' 'x(t) = CA" k(1) + ol

eq

Thus, (7.40) yields the matrix equation

Ox (t) = O (t) + veq (), V£ >0 (7.41)
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where O was defined in (7.18) and
o= [ ) - cxO) (k)" -+ (5] (1.42)
Since the pair (A, C) is observable, matrix O has rank Nn. Thus, after
premultiplying OF by (7.41), we obtain
x(t) =% (t) + Ot v (t), V>0 (7.43)
Thus, the observer can be designed as
(1) =% (t) + OTveq (1) (7.44)
Now, we can formulate the following theorem.
Theorem 7.1. Under the assumptions A7.1-A7.4
x(t)=x(t) Vt>0 (7.45)
Proof. Tt follows directly from (7.43) and (7.44).

7.4.3 Observer Realization

As was explained in Chap. 4, to implement the observer described in (7.44),
we need to estimate veq, which can be indirectly measured by means of the
following first-order low-pass filter:

TOR, (8) + v (1) = 0" (£); 05, (0) =0 (7.46)

thereby obtaining an approximation of vgq. That is, lim ¥ (t) = qu (t),
T—0
6/T7—0

t > 0, where § is the sampling time used in the computations during the
realization of the observer. So, we can select 7 =7 (0 < n < 1).
Hence, to realize the HSM observer, we should

1) use a very small sampling interval ¢;
(1) y pling ;
(2) substitute v* (t) into (7.34) and (7.42) by vf, ();
(3) choose x* (0) so that
y (0) = Cx1(0) =0, for k=1
CAkfli(o) Cxb(0) =0, for k > 1

Therefore the identity s* (0) =0, k =1,...,1 — 1 is achieved.
Thus, with the extended vector formed by the filter outputs, i.e.,

vho= |y (1) —cx)” (oh)" - (015)7]
the observer X () must be redefined as

() =%xt)+H vy () (7.47)
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7.5 Min—Max Optimal Control Design

In this section we return back to the problem of the optimal control uy which
solves the problem (7.5). Substitution of (7.45) into (7.16) yields the sliding
motion equations and the state x takes the form

x(t) = Ax(t) + Buo(x) + d
The control solving (7.5) for (7.7) is of the form
up (x,t) = —R7'BT (Pyx + py+) (7.48)

where the matrix Py € R™V*"N is the solution of the parameterized differ-
ential matrix Riccati equation:

P,\+P,A + A”P,~P,BR'B"P,+AQ =0

Py (t7) = AG (7.49)
and the shifting vector p) satisfies
Pr+ATpr—P,BR'BTp, + P,d = 0; p,(ty) =0 (7.50)
where the weighting vector A belongs to the simplex SV
N
SN = {/\GRN:/\QZO, ZAQ_1}
a=1
and the matrices Q, G, and A denote the extended matrices
Q :=diag (Q1,...,Qn), G :=diag (G1,...,GnN) (7.51)

A= diag ()\1]7“ ey )\NIn)

The matrix A = A (\¥) is defined by (7.51) with the weighting vector A = \*
solving the following finite-dimensional optimization problem:
A= in J (A
arg min J (A)

J(A) := max h®
a=1,N

(7.52)

From Theorem B.1, the weighting vector A* can be generated by means of the
sequence {/\k} defined by

k

AR — g A’%LWF (Ak) A\ esN -
E=0,1,2,... '

F (W) = [k -+ b ]T, T () i= max g
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where € is an arbitrary strictly positive (small enough) constant and = {-} is
the projector to the simplex SV, i.e., for each z € RV,

|7 {z} — z|| < ||A = z]|, for every A € SV, X\ # 7 {2}
From Theorem B.1 we have that

lim AF =" (7.54)

k—o0
provided that the following conditions are satisfied:

(1) for any X' # X" € SV the following inequality holds:
(X —X‘,F(X) —F(X‘)) <0 (7.55)

and the identity in (7.55) is possible if and only if ' = A";
(2) there exists a constant L such that for all « € 1, N and for any u, A € SV,

|h () = b (M) < T (A) L i = Al

(3) the gain sequence {~"} satisfies

o0 o0
k k k2
>0, ) =00, Y (4%) <0
k=0 k=0

Since the observation error can be made arbitrarily small after any arbitrarily

small time, the estimated state X can be used instead of x. Therefore, the
control ug should be designed as

ug (%,1) = ul (%,t) = —R7'BT [Py+X + py-] (7.56)

with X being designed according to (7.47).

7.5.1 Control Algorithm

The proposed control algorithm can be summarized as follows:

1. design the control uy according to (7.13);

2. design the matrix L such that the eigenvalues of A := (A — LC) have
negative real part;

3. design the auxiliary systems x* as in (7.32) with the sliding function s* as
in (7.34) and compute the constants My, k=1,..,1 — 1;

4. design the state estimator % according to (7.47);

5. calculate the matrix Py~ and the vector py- according to (7.49) and (7.50),
respectively;

6. use the sequence (7.53) for finding \*, using % instead of x;

7. design ug according to (7.56).



88 7 Multiplant and ISM Output Control

7.6 Error Estimation During Implementation
of the Closed-Loop Control

We have seen that filters cause some errors in the state estimation. Evidently
those errors directly affect the controller since we have used the estimated
states instead of the original ones. Hence, here we will calculate the estimation
of the error appearing during the realization of the closed-loop control, that is,
the errors due to the actuators plus the error due to the observation process.
The control error due to the devices used in the implementation of the control,
including the OISM control, is of the order O (u), where p is a constant
characterizing the control execution depending generally from the actuator
time constants. Let us estimate the order of the error due to the observation
process. As we saw, the observer design is based on the recursive use of filters
of the form (7.46). Firstly, let us recall the following lemma regarding the
error induced for such sort of filters.

Lemma 7.2 ([11]). If in the differential equation
TZ4+z="h(t)+ H(t)s$ (7.57)
where T is a constant and z, h, and s are m-dimensional vector functions

(1) the functions h(t) and H(t) and their first-order derivatives are bounded
i magnitude by a certain number M and
(2) sl < & (€ is a constant positive value)

then for any pair of positive numbers At and v there exists a number
d(v, At, z(0)) such that
[2(t) = h(@)|| < v
with 0 <7 <d, {/7 <d and t > At.

Indeed, ||z (t) — h (t)|| satisfies the following inequality:

12 () = h (O < [12(0) = h (0)[lexp (—t/7) +
+WUT+Q+3M<€>

;
In our case, the expression (7.57) can be related with the expression
Tli)jw + ’Uiv = ’Uéq - S.l
obtained from (7.46) and (7.24). Thus, in our case h (t) refers to the equivalent
output injection. Furthermore, the error due to sliding mode control directly
affects the performance of the first sliding mode in the observation process,
and it is known that the sampling step § induces an error of the order O (¢)
in the variable $' during the sliding motion. Hence, it is reasonable to accept
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that the error in the sliding variable §! is of the order O (u) + O (), that
is, by defining A := p 4+ 0, we have that the constant £ in Lemma 7.2 is
€ =0(4A) =0(n) + O (8). Therefore, choosing 7 = O (AY/?), we have that
the error in the first step of the observation scheme is of the order O (Al/Q),
that is, v}, — vclq =0 (Al/Q). As it was mentioned in Sect.7.4.3, we must
substitute Uéq by v}, into the variable s in (7.27). Thus, we can consider that

during the sliding motion, s will be bounded for a constant of order O (Al/ 2),
and consequently, by using a constant of the filter 79 = O (Al/ 4), the error
induced for the second filter will be v3, —v2, = O (Al/ *). Following a likewise
analysis, we obtain an error of the order O (A1/2k) in the kth step for the
reconstruction of the observer. Thus, it turns out to be that the observation
error is of the order O (Al/ 21), recalling that [ is the least integer such that

matrix O in (7.18) has rank nN. Thus, we can say that, during the realization
of the control process, the total error €. of the closed-loop control is

e=0(u)+0 (AW)

7.7 Example

Consider the case N = 3 where the parameters are given by

-205 1 —-0.3 1.5 -0.15
A;=10512 -2 |, A, =] -1 0.12 2
1 2 —15 1 2 =3
04 -1 0.3 0.5 1.5
A3 =105-0403|,B1=|1],By=|-2
0.5 0.6 —1 1 1
0.5 0.05
By = 102{,C%= {é?g},do‘: 0.02
1 0.01

In the simulations we used v () = sin(#) and a sampling time § = 107%.
Table 7.1 shows the components of the vector )\k, k=1,...,35, calculated
using the sequence (7.53); it also shows the performance indexes of each plant

h$y and the index! J ()\k) The trajectories for the three plants are shown

Tt is known that Py and px must be precomputed backward using a numerical
method. However, the difference here with the classical optimal control is that these
equations are parameterized by a weighting vector A. The calculation of the optimal
weighting vector A* is not standard. That is why in the example we present a table
with the values obtained using the numerical algorithm described above for the
calculation of \*.
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Table 7.1. Values of \* and h® ()\k)

k| AF Y Y Ak R R J(\F)
1] 05 0.4 0.1 [119.361] 114.875 |1,093.288]1,093.288
2 ]0.204426{0.100323]0.695249[251.698|1, 283.885| 333.333 |1, 283.885
3]0.058934[0.357712]0.582453|562.026| 388.354 | 558.513 | 562.026
410.094863[0.289738]0.615398|374.660| 419.256 | 511.321 | 511.321
5 ]0.049725[0.314217]0.636057|667.014| 476.239 | 500.736 | 667.014
6 |0.085411(0.292701]0.621886[409.412] 516.387 | 507.633 | 516.387
7]0.063335[0.305152[0.631512[534.273| 494.481 | 503.540 | 534.273
8 ]0.069621(0.300798]0.629580[490.292] 502.854 | 504.118 | 504.118
9 ]0.067440(0.601731]0.630827[504.600| 501.292 | 503.313 | 504.600
10[0.067777]0.301340(0.630881[502.326| 502.108 | 503.166 | 503.166

30]0.067709|0.301065|0.631225|502.791| 502.799 | 502.802 | 502.802
31]0.0677080.301065|0.631225|502.793| 502.799 | 502.802 | 502.802
32|0.067708|0.301065|0.631225|502.794| 502.764 | 502.802 | 502.802
33|0.0677080.301064|0.631226|502.793| 502.802 | 502.800 | 502.802
34|0.0677080.301064|0.631226|502.795| 502.802 | 502.800 | 502.802
35|0.0677080.301064|0.631226|502.796| 502.801 | 502.800 | 502.801

in Figs.7.1-7.3. They represent a comparison between the trajectories of the
original state vector and the trajectories of the estimated states. The esti-
mation error (e§ = =3 — &, a = 1,2,3) for two different sampling times is
graphed in Figs. 7.4 and 7.5. Since the first two components of the state vector
are available, then only the third component of the error vector is presented.
Figure 7.6 shows a comparison between the control law uy when the state
vector is completely available and when only the output information is avail-
able. This was done for three different sampling times and we can see how by
reducing the sampling time the error decreases between the control designed
for the nominal system (the state vector is known and there is no uncertain-
ties) and the control using OISM and the hierarchical sliding mode observer.
Clearly, this is a consequence of the fact that by reducing the sampling time
we reduce the state estimation error.
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Fig. 7.1. Trajectories of the original state and the estimated one for the first plant.
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Fig. 7.2. Trajectories of the original state and the estimated one for the second
plant.
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Fig. 7.3. Trajectories of the original state and the estimated one for the third plant.
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Fig. 7.4. Observation error e§ = 2§ — &5 for § = 1073,
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Fault Detection

Abstract Here, we will use the OISM to design a fault estimator. We will
continue using the cart—pendulum system as in Chap.4. Here the matched
uncertainties are assumed to represent a signal indicating the level of the
control performance, that is, in the absence of actuator failures, the matched
disturbances do not exist, and when the actuator has a fail, the disturbances
appeared in the system. Thus, after the observer is designed and the control
law is given, a third step is followed to estimate the fault signal by using the
equivalent control method and a low-pass filter.

8.1 Model Description

Let us take again the linearized model of an inverted pendulum over an
inverted cart—pendulum given in Fig.8.1. The aim here is to do a fault
estimation allowing to indicate the level of the actuator failure, if it exists.
The equations governing the dynamics of the system are as follows:

& (t) = Az (t) + Bu+ By (t)
y(t) = Cz(t)

The state vector x consists of four state variables: x; is the distance between a
reference point and the center of inertia of the trolley; x5 represents the angle
between the vertical and the pendulum; x3 represents the linear velocity of
the trolley; finally, we have that z4 is equal to the angular velocity of the
pendulum. Matrices A, B, and C' are

(8.1)

0 0 10 0
0 0 01 0 1000
A=1o1258600] 2= |0.1905) ¢ = {0100]
07.551400 0.1429
L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 97

Systems & Control: Foundations & Applications, DOI 10.1007/978-0-8176-4962-3_8,
© Springer Science+Business Media New York 2014
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/o

u——>m

Q) 0]

Fig. 8.1. Inverted cart-pendulum.

For this example, we consider that the system output is given by the cart and
pendulum positions. We consider that + (¢) is given by

V() =—a(®)u(t), a(t) € [0,1]

Hence, a (t) gives an indication of how the actuator is functioning. Thus, if
a (t) is equal to zero, the control is in perfect conditions; in the other extreme,
if « (t) is equal to one, then the control is totally failing. Then system (8.1)
may be rewritten in the following form:

& (t) = Az (t) + Bu — Ba (t) u (t)
y(t)=Cz(t)

The control law is designed as a infinite horizon LQ optimal control:

(8.2)

u* (t) = min /000 ' (1) Qx (t) +u' (t) Ru(t)dt

UEUadm
For this example Q = 101, R = 1. Thus, u* (t) = —Kx (t), where
K = [~3.16 158.56 —9.26 59.12]

Since x (t) is not directly available, we will use an estimate of it Z (¢), i.e.,
u(t) = —KZ (t), where Z (t) will be designed following the procedure given in
Chap. 3.

8.2 Observer Design

Let Z(t) be defined by the following dynamic equation,

Z(t) = AZ(t) + Bu(t) + L (y (t) — C& (t)) (8.3)
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where L is designed so that A := (A — LC) be Hurwitz. For this example L
was chosen as
06 O
0 04
0.08 1.25
0 7.58

We will assume that the initial condition for z (¢) is a bounded region, that
is, ||z (0)|] < 10. Thus, we recall that the norm of r (t) = = (¢) — Z (¢) stays
bounded [see (3.6)].

In this case it is enough to reconstruct the vector C'Ax (t). Hence, to recover

C Az (t), let us introduce an auziliary state vector 2V (t) governed by

L =

-1

&M (t) = Az (t) + Bu+ L (ci) v (¢) (8.4)

where L satisfies det C'L # 0; in this case L is designed as C'T and so CCT = I.

Furthermore, we chose x&l)(O) so that

The variable s(1) € R? is defined as

O (@), 2 () =y (1) - 2 (1 (8.5)
Then, since CB = 0, the derivative of s along the time is
s () =CA(z(t) — 2 (t) — v (t) (8.6)
with the output injection v (t) given by:
L0 — ) M® ﬁ if s £0
0 if s =0

Here the gain scalar function M; (t) should satisfy the condition

My (t) > [CA] [ @) (8.7)
to obtain the sliding mode regime. Thus from (8.6), the equivalent output
injection is

vld) (t) = CAz (t) — CAZ (t)
z3 (t I3 (t)]
= — , Vi >0
{M (t)} [ a (t)

Thus, C'Az (t) is reconstructed by means of the following representation:

w3 (t) | _ |23 (t + ol (1), .
[ 3()] [N ()} W (), vt >0 (8.8)

Tq (t) f4 (t)
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8.3 Fault Estimation

Let us designed a second auxiliary system with xe(f)(t) generated by

@2 (t) = A%%(t) + ABu (t) + CTv@ (1)
where xE(LQ)(O) satisfies
vld) (0) + CAZ(0) — Cz{P(0) = 0
As for s?) € RP, it is defined by
5@ (ug}g (t),z? (t)) — CAZ(t) + o)) (1) — Cz?) (1)

The output injection v(® (¢) is

e
(2) M2 (t) — if 8(2) 7é 0
v = [s@]] (8.9)
0 if s =0
My (1) > [|CA2[| |lr @)l
Thus C A2z (t) can be recovered by means of the equality:
CA%z (t) — CABa (t)u(t) = CA%E(t) + 02 (t), t>0 (8.10)

Now, from (8.10), we have that
CABa (t)u (t) = CA%z (t) — CA%E(t) — v® (1)

eq
In our example
~ [0.1905 2 o [01.2586] [
CAB = [0.1429} , CA%() = [0 7.5514} [@]

For the case u (t) # 0, o (t) can be expressed as

0.1905] " /[0 1.2586 i
o (t)u= [0.1429] ([0 7.5514} (y () - L;D il (t)>
As explained in Chap. 3, v((xll) (t) and vgi)

filters, i.e.,

(t) are recovered by using low-pass

7ol (8) + ol (8) = o™ (1); & (0) =0, k =1,2

av

Thus the estimation of « (¢) u is carried out by means of

_ [0.1905]" [ [1.2586 3 @
o= [0.1429] <[7.5514] (y2 (8) = %2) = vy’ (1)

For the simulations we use a sample step of 2 x 1072, In Fig. 8.2, the function
a(t) used for the simulations is shown. The comparison of the values of
a (t)u (t) and its estimation @u is given in Fig. 8.3
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Fig. 8.2. Index of the failure (« (¢)).
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Fig. 8.3. Comparison of « (t) u (t) (solid) and its estimation au (dotted).
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Stewart Platform

Abstract We present an application associated with the so-called Stewart’s
platform, which is a robot of closed cinematic chain. This is one of the most
important examples of totally parallel manipulator, understanding as such
a robot that possess two bodies, one fixed and the other mobile, which are
connected between them by several arms. Typically each arm is controlled by
an actuator. Stewart’s platform has, therefore, a parallel configuration of six
degrees of freedom composed of two rigid bodies connected by six prismatic
actuators. The biggest rigid body is named the base, and the mobile body
is called the mobile platform. Here, the goal is to design a robust control to
stabilize Stewart’s platform with three degrees of freedom around a wished
position when we do not have complete information with regard to the initial
conditions and the permanent disturbance that affect this platform. The spe-
cific application consists in an aerostatic balloon easy to manipulate that is
mooring to earth by a cable of approximately 400 m of length. This balloon is
connected to the base platform and a video camera is fixed to the mobile plat-
form to keep under surveillance a specific area of 20 km? approximately. Since
the platform basis is over the mobile one, we will name this platform inverted
Stewart’s platform. Due to the type of application, the platform is perma-
nently under the action of the force of the wind. Therefore, we will work with
the wind’s acceleration as our permanent disturbance. Another characteristic
of our implementation is that we have only output (not state) information
available. In this situation the implementation of an OISM control seems to
be useful.

9.1 Model Description

Let us describe the inverted Stewart’s platform, which consists of a base
platform and a mobile one, both with shape of an equilateral triangle, of
sides a and b, a > b, respectively. The vertexes of the base are joined to

L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 103
Systems & Control: Foundations & Applications, DOI 10.1007/978-0-8176-4962-3_9,
© Springer Science+Business Media New York 2014
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Inverted Sewart's Platforn |

Video Camera

.

Fig. 9.1. Scheme of the remote surveillance device.

the correspondent vertexes of the mobile platform by actuators of lengths, I;
(i = 1,2,3), variable and enclosed. These actuators are fastened to the base
platform in the points A; (i = 1,2, 3) by cylindrical joints which axes of rota-
tion perpendiculars to the segment A; Ay (i = 1,2, 3). And they are connected
to the mobile platform in the respective points B; (i = 1,2,3) by spherical
joints (see Fig.9.2). The type of joints used to connect the platforms, base
and mobile, through the actuators allow to restrict the six original degrees
of freedom to three: two rotations (o and ) and one translation (h). Two
sensors measure the angular velocities, concerning to both rotations a and
of the mobile platform regarding to the horizontal plane and a GPS to mea-
sure the position that will allow us to recover the mentioned angles. We are
going to assume that the measurement error of the GPS is small enough not
to be taken in account in our application. The wished position to stabilize is
a=p=0and h = hyg.
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Fig. 9.2. Geometric scheme of the platform P.

This way we obtain the following linear time invariant model with uncer-
tainties of the platform P [58],

@ (t) = Az (t) + B (u(t) + v (x,t)); x(0)=2°
y(t)=Cz(t)

where z (t) € RS is the state vector, u (t) € R is the control law, y () € R® is
the output of the system, and w is the permanent perturbation, which repre-
sents the wind’s acceleration. The vector state x consists of six state variables:
x1 = a—ap, 3 = S — Py, 5 = (h — hg)/ho, and z2, x4, and x¢ represent
the velocity of x1, x3, and x5, respectively. There exist two kinds of influences
of the external disturbance on the platform P, which are known as general
(normal) resonance and parametric resonance. The most important analysis
is when the parametric resonance occurs, due to the fact that this one is more
dangerous because it grows exponentially, whereas the normal resonance grows
linearly. That’s why, according to the supposition that the coefficient of the
additional presence is small, we are going to study the parametric influence.
In Sect. 9.4 we will include an additional influence in the simulation and verify
how the system is affected.
The matrices A, B, and C are described below.

(9.1)

0 1 0 0 0 0
2. 0.2
b” cos 'gQT;b(afb) 0 0 0 0 0
y
0 0 0 1 0 0
A = 0 0 _ b2 C082 'Yo+b(a*b) 0 0 0 (92)
6(h5+r3)
0 0 0 0 0 1
0 0 0 0 —cos?v, 0
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0 0 0
_ bho _ bho bhO
6\/57“5 6\/57“5 3\/§r§
0 0 0
b= bho _ _ _ bho 0 (9.3)
6(hZ+r2)  6(h3+r2)
0 0 0
_1 _1 _1
3 3 3
and
100000
010000
C=1001000 (9.4)
000100
000010

As in Chap. 4, now, for the system (9.1), we design the control law u to be
U= Uy + Uy (95)

where the control ug € R™ is the ideal control designed for the nominal system
(i.e,, v =0) and u; € R™ is designed to compensate the uncertainty ~ (z, t)
from the initial time.

9.2 Output Integral Sliding Mode

According to (4.8) and (4.6) control u; is designed in the following form:
s(t)
up = —p(t)
' s (9.6)
8t - (v w0 +|eBytcalzt) - s wl) = x>0

with
t

() = (B y (0 [ (CB)* 042 (7) ~uo (7)) dr=(CB) 5 (0) (97)

The observer in this case is designed as follows:
& (t) =2 (t) + H vay ()
T T 9.8
= | (0 -z ) " (o)) o
with

i(t) = AZ(t) + Buo(t) + B(CB)T CAz () + L (y (t) — CZ (t))  (9.9)
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where L must be designed such that the eigenvalues of A := (A — LC) have

negative real part. H = [ ] and v, is calculated as follows

CA
oY) (1) + oY) (t) = oM (t); o)) (0) =0

with v designed as

W
SO L [sof " ° 70
0 if s =0
with s() € R® defined by
SO (51,2 (1)) = Ca () - Ca) (1 (9.10)

and 28" (t) takes the form
#0 (1) = Az (1) + B [uo(t) +(CB)* CA# (t)} +L(CL) W (@) (9.11)

where L € R6%5 is a matrix so that det(C'L) # 0 and :Cgl)(O) satisfies

Cz{M(0) =y (0)

9.3 Min—Max Stabilization of Platform P

Let us consider for our application the nominal control ug as a control with
linear output feedback:

ug = Ky (9.12)

where K € F = {F C R™*P|Re(\;) < —ko,ko >0} and \; (i =1,---,n) are
the eigenvalues of the matrix 4;(K):= A+ BKC.

In the ideal sliding motion, the dynamic equations for the state x have the
form

@(t) = A (K)x (t), 2 (0) = 2° (9.13)

Thus, the min-maz problem consists in finding the values of k;; which satisfy
the following evaluation criterium

_ - T i
J(K) = \wr(%illélt/o z' (1) Qz (t)dt — Ir{neu} (9.14)

where Q = QT > 0; we chose Q as the identity matrix of dimension n.
Physically this means that given the worst initial conditions the control
minimizes the deviations in time of the system parameters and also in this



108 9 Stewart Platform

way an asymptotically stable behavior is achieved. For our application, as a
remote surveillance device, it is of great importance to decrease not only the
angle deviations but also their velocities since we need the movement of the
camera to be slow enough to capture better images.

Thus, the control law solving (9.14) for (9.13) is of the form

uo (t) = ug (t) = K*y(t)

Let us change the optimal control problem (9.14) to a nonlinear programming
problem (see [59]). For that let us consider the differential matrix equation:

Z=ATZ+ZA,, Z(0)=Q (9.15)
The general solution of (9.15) has the form
Z(t) = e 1QeM! (9.16)

Since, for any K € F, A; matrix is stable, then the integral fooo Z(t)dt con-
verges. Thus we have

T o0 oo B oo . B
AT /0 Z(t)dt + /O Z(t)dtA;, = /O Z(t)dt =
= Z(c0) — Z(0) = —F

Then it is possible to affirm that the matrix

P= / Z(t)dt (9.17)

0

is the solution of the matrix equation
ATP+ PA, =-F (9.18)

As we mentioned before FF' = I, (I, denotes the identity matrix with
dimension n). (9.18) is the well-known Lyapunov equation, and its solution is
a symmetrical positive-defined matrix. Since A; depends on the choice of K
matrix, P matrix also depends on K.

Then, the functional J(K) can be rewritten as:

max OOJ:T:Z:dt: max /OOxTOZta:()dt: max zT(0)P (K)z(0
Iw(O)\Su/o 12(0)[<u Jo (0)Z(t)=(0) R (0)P (K)z(0)
(9.19)

On the other hand, for any symmetrical definite positive matrix, it fulfills the
following inequality:

2"(0)P (K) z(0) < Apaa (P (K)) p? (920)
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Between all the initial conditions, |z(0)] < u, there exists one for which the
equality is reached in (9.20). Consequently the functional can be expressed in
the following way:

< or _ 2
lxr(%ﬁéu/o ' (t) z(t)dt = p*Amax (P (K))

This way we can reduce the min—max problem (9.14) to the following extrema
problem of finite dimension:

2 .
H )\max (P (K)) — II(HGH}__ (921)

Let K* be the matrix solving the optimization problem (9.21).

uo (t) = K7y (t) (9.22)

9.4 Numerical Simulations

Let us consider the following structural dimensions for our platform P: a =
0.5m; b =0.3m; g = 9.81m/s2; ho = 0.2m; v, = 60°, and m = 3kg (see
Fig.9.2). Then, the matrices A and B for the motion equations (9.1) are

0 1 0 0 0 O
—1.8750 0 0 0 0
Al 0o 0 0 1 0 0
B 0 0-034330 0 O
0 0 0 0 0 1
0 0 0 0-0.250
and
0 0 0
—1.732 —1.732 3.464
s_| O 0 0
| 0.2105 —0.2105 0
0 0 0
_1 1 1
3 3 3
The vector y(w, z,t) is
wzs + 1.3686wxs
Y(w, z,t) = | wrs — 1.3686wxs (9.23)

wrs

We assume that w (t) represents the wind acceleration, and it takes the
following expression w(t) = 0.1 4+ 0.5sint.
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Notice that in (9.23) the perturbation only affects the deviation of param-
eters 8 and h. This occurs because we assume that the wind only acts on the
direction of axis y (see Fig.9.2). The wished point that we want to stabilize
is (0,0,0,0, hg,0).

Nevertheless, for our application, the changes in the height of the cen-
ter of mass of the mobile platform with regard to the plane of the platform
base are not of vital importance, since the platform P is set at a height of
approximately 400m of the level of the ground and we wish to maintain the
horizontal position of the mobile platform in order to keep certain area under
surveillance. That’s why we are going to focus on the behavior of the states z,
Z2, T3, and x4, corresponding to the deviation of @ and 8 and their velocities.

The matrix A = [I — B(CB)*C]A takes the form

0 1 0 0 0 O
—0.2512 0 0 0 0 O
i 0 0 0 1 0 0
o 0 0-0.00230 0 O
0 0 0 0 0 1
—0.1563 0 0 0-0.250
Control ug is taken as
3.93z1 + 5x2
uy = 4.982z3 + 9.982z4

7.05921 4+ 9.99922 + 5.236923 + 7.4865x4 + 3.3675

Matrix L is selected as C'T.

Different simulations were carried out, each one with a sampling step of
A=2-10"2and A =2-1074, respectively. The filter constant, 7, was chosen
as T = A2, The trajectories of the state vector corresponding to the behavior
of the deviation of z; (i = 1,---,4) under the perturbation w when we use
only nominal control ug and when we also use control w; are compared in
Figs. 9.3-9.4 and 9.5-9.6.

We also see the observation error e(t) = x(¢) —Z(¢) in Fig. 9.7. As expected,
we can see in those figures that the convergence to zero is better when A is
smaller.

Now, we include in (9.1) the additional influence of the perturbation w
given by the following expression

h2
waz + 1.3686wzs + 5155 (7zisz ) w
_ h3
7(w7xvt) = | wxg — 1.3686wxs — ﬁ hZ+r2 w

wrs

1= [0~ () woo]”
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Fig. 9.4. Comparison of behavior of z3 and z4 using A =2 x 1073,

In Fig. 9.8 we compare the behavior of state x3 using ug+u; (for A =2-107%)
when we have only the parametric influence and when we have both influences
of the external perturbation w. We see that in the second case there is a slightly
bigger oscillation. This is a deviation of 1.22 x 1075 degrees from the wished
position of angle 8 and it represents a deviation of the video camera of 5 mm

in the ground.
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Fig. 9.8. Comparison of behavior of x3 when the general resonance of w is added.
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Magnetic Bearing

Abstract Here, we present an example of an application of the output in-
tegral sliding mode. We will apply that method to a magnetic levitator. We
will consider a magnetic bearing system, which is composed of a planar ro-
tor disk and two sets of stator electromagnets: one acting in the y-direction
and the other acting in the x-direction. This system may be decoupled into
two subsystems, one for each direction, with similar equations. Here, only the
linearized subsystem in the y-direction is considered.

10.1 Preliminaries

The optimal control used for this example is based on an LQ differential
game (LQDG) where the players’ dynamic is represented by linear ordinary

differential equations
2

i(t) = Az(t) + Z B (u'(t) ++' () (10.1)
y'(t) = Cla(t), y*(t) = Ca(t)
,T(O) =1x9, t € [O,tl]

A€ R and B* € R™™: (i = 1,2) and ¢'(t) € R is an unknown input.
In addition, x(t) € R™ is the game state vector, with u‘(t) € R™ being the
control strategies of each i-player, and y*(t) € RPi is the output of the game
for each player which can be measured at each time. Finally, C* € RPiX" is
the output matrix for player 3.

As for the optimal control, let us consider the nominal system, i.e., that -
is identical to zero, then we consider the following quadratic cost functional:

o0
2
Tuhuy) = [ QO+ > Ro)a G (102)
0 i=1
L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 115
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Fig. 10.1. Top view of a planar rotor disk magnetic bearing system [60].

The performance index J¢(uf, u}) (10.2) of each i-player for infinite time hori-
zon nominal game is given in the standard form, where v} is the strategy for
i-player and u} are the strategies for the rest of the players (i is the player
counteracting to the player with index ). Matrices Q' (t) and R7*(¢) should
satisfy the following conditions:

Q) =QT(t) 20,  RI'(t)=R"T(t)>0
RI(t) = RYT(t) 20 (j #1)
Thus, from the limiting solution of the finite-time problem [62], the next
coupled algebraic equations appear [63]:

(10.3)

—(A-82P)T P - P (A-S?P?) +
PSP - Q' — P2S*'P2 =0 (10.4)
—(A-8'PY)T P2 - P?(A-S'PY)+
P25?pP% — Q% — P'S12P' =0 (10.5)
with
i — Bi (Rji)_l BT
§% = B (RP) R (RP) BT for j#i
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The following result is well established (see [64]): for a 2-player LQDG
described by (10.1) with (10.2), let P® (i = 1,2) be a symmetric stabilizing
solution of (10.4) and (10.5).
Note that it is known that (10.4) and (10.5) in general may not be
unique [65]; therefore, we consider only a couple of stabilizing strategies.
Taking
Fi* . (Rji)_l BiTpi

for i = 1,2, then (F 1*,F2*) is a feedback Nash equilibrium. The limiting
stationary (Nash) strategies are

ui (t) = —RIT BT Pig(t) (10.6)

10.2 Disturbances Compensator

Define for each player the next output based sliding function
¢
s (y') =Gy — / (G'C* A& (1) + G'C'B'uf (7)) dT — G'y" (0) (10.7)
0
where vector £ € R™ is the observer state vector which is designed following
the procedure given in Chap.4. We define G* = D? (CiBi)L. Let us remark

that, with this assignation of the matrix G?, the term (CiBi)J' will cancel all

terms related to the opposite player. The matrix D? € R™:*(Pi=m3) i assumed
so that the following condition det (GiCiBi) # 0 is satisfied.
The time derivative of s* takes the form

§'(y') =G'C'A(z — &) + G'C'B'ul (t) + G'C'B'~'(t) (10.8)
We propose the control ui(t) as follows:

i) — i) —1 5'(t)
ui(t) =B (t) (W) (0] (10.9)

Wt .= GIC'B?

The function § (¢) should satisfy the inequality
B(t) > [|G'CHA| ||z — & + T ||[W|

An estimation for ||z — Z|| may be done following the procedure given in
Chap. 4. Thus, an ideal sliding mode is achieved for all ¢ > 0. This means
that from the beginning of the game, the ISM strategy for each player com-
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pletely compensates the matched uncertainty. The equivalent control which
maintains the trajectories on the sliding surface is

Uieg(t) = — (G'C'B)) ' G'CT A (w — &) — 7' (t)
Substitution of the equivalent control in (10.1) yields the sliding mode
dynamic

i(t) = Ax(t) + 3 B' ((Wi)’1 GG AR () + ug(t)) (10.10)

y'(t) = Cla(t), () = C2a(t)

where A:= A— Y2 (W)~ GiCiA.

10.3 Observer Design

Now, for the design of the observer, we follow the method explained in Sects. 3.3
and 4.5. For the design of the observer, anyoneof the outputs can be used.
According to the system we are considering, the vector Z(t) should be defined
in the following way:

2 2
(1) = Ai(t)+ Y B’ ((Wi)‘1 GiCi Az + ug(t)) +3 L (y - CiF) (10.11)
i=1 i=1

Thus, with 7(t) = 2 — &, from (10.10) and (10.11) we have
i(t) = (A~ L'C) r(t) = Ar(t)

The vectors x,(lk) are adapted according to the system under consideration

2
i) = Az + Y B ((Wi)’1 G'C'Ai + ug(t)) + L (C' L) T oM (1)
i1
where L is a matrix of the corresponding dimensions such that det (C*L?) # 0

and 2" (0) satisfies Ciz5" (0) = y? (0). Besides these two slight modifications,
the observer is designed following the procedure given in Sect. 4.5.
Thus, the control u® (#,t) takes the following form:

—1 s'(t)

Is*@I°

u' (&,t) = —R7" BTPE — f (1) (W) i=1,2  (10.12)
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10.4 Numerical Simulations

The magnetic bearing system has the following dynamic equations [60]:

0 1 0 0 0 0
8Lol2 o 2Lol, _2Lol, 0 1,1 0 2, .2
mk? 2 mk?
P 66 _%L _'"}CkTRL Ok T+ Lk (u +'7)+ 0 (U +’7)
o % o gm| |0 2
A B B
(10.13)

where k = 2g, + a, g, is the air gap when the rotor is in the position y = 0;
a is a positive constant introduced to model the fact that the permeability of
electromagnets is finite; L, > 0 is a constant which depends on the system con-
struction; I, is the premagnetization constant; m is the mass of the rotor; and
Ry, Ry are the resistances in the first set of stator electromagnets. The state
variables x = [y yi1— Iy i — IO}T and the control inputs w' =e; — LRy
and u? = eq — I, Ro.

.....

k = 0.002m. With

1000
ct=10010 c2— |1000
0001l 0001

and the controller parameters R' = diag ([11]); R*?? =diag ([11]);Q' =
Q? = 50I;and R'?> = R?' = 1. It can be verified that for this system the
triplet (A, B*,C") does not have invariant zeros.

The initial condition is taken as z(0) = [0.0005 0 0.06 0.06
(Z, Cl) is observable. Matrices A and L take the following values:

} " The pair

010 O 25 0 0
e 53000.2 -0.2 I 686 0.2 —0.2

000 O ’ 0 102 -04

000 O 0 —0.4 108

The gain L guarantees that the A = A — LC* matrix is Hurwitz. Applying
the Lyapunov iteration algorithm [66] we find F' = (20949 901 10 3) and
F?2 = (-20949 —901 —3 10). The uncertainties are (' (t) = 2sin(4t) +
2cos(2t) + 1 and ¢* (t) = 3 cos(5¢t). The output ISM gains are G* = [-11 0],
G? = [-101], M/ = =10, and M} = —10. The simulation integra-
tion time was 10us, i.e., A = 10us, and the filter constant was chosen as
T = AY2. Figure 10.2 shows the feasibility of the Robust Nash methodology;
the effects of the perturbations are clearly compensated. The players’ perfor-
mance indexes are shown in Fig. 10.3 and listed in Table 10.1.
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Fig. 10.2. Position of rotor for the perturbed system without compensation (dotted

line) and using Robust Nash strategy (solid line).
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Fig. 10.3. Individual performance index for each player. Perturbed system without
compensation (solid line) and with compensation (dash line).



Table 10.1. Players’ performance with and without compensation

10.4 Numerical Simulations

t (s)|Nash strategy |Robust Nash strategy|
I (ug, ud) | J? (ug, uo)| I (uo, ug) | J* (ug, uo)

0 0 0 0 0

0.5 22.2 22.7 8.1662 7.7529
1 32.5 31.7 8.1698 7.7565
1.5 48.4 56.4 8.1734 7.7601
2 60.4 65.3 8.177 7.7638
2.5 74.1 81.0 8.1806 7.7673
3 85.8 98.3 8.1842 7.7709
3.5 96.5 107.3 8.1878 7.7745
4 115.4 132.7 8.1914 7.7781
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Appendix A

Sliding Modes and Equivalent Control Concept

Abstract This chapter presents basic information about equivalent control
method for definition of the conventional sliding mode controllers: Some useful
results about online calculation of equivalent control are presented. When
using SM control, one of the most interesting and even practical problems
appearing is that of finding the trajectory of the state variables, the so-called
sliding equations. A formal approach is through the solution of differential
inclusions in the Filippov sense. However, a simpler way to study the effect
of a discontinuous control acting on a system is the equivalent control method
(ECM), which, for affine systems, in fact turns out to give the same results
as studying differential inclusions in the Filippov sense. Thus, the aim of this
chapter is to introduce a short description of the ECM.

A.1 Introduction

In general, the motion of a control system with discontinuous right-hand side
may be described by the differential equation:

&= f(x,t,u), z€R" weR™ (A1)
uf (z,t) if 8; > 0 .
i = {u;(ac,t) it 5; <0 fori=1,...,m
where the vector function s = s(z) defines the sliding manifold S =

{x:s(x) =0}. It is assumed that f (z,t,u), u) (z,t), u; (z,t), and s (x) are
continuous functions of the system state. The motion on the discontinuity
surfaces s; (z) = 0 is the so-called sliding mode motion (see Fig. A.1). This
motion is characterized by high-frequency (theoretically infinite) switching of
the control inputs and the fact that, due to changes in the control input, the
function f (z,t,u) on the different side of the discontinuity surface (z* # 2?)
satisfies the relation f (z',t,uf) # f (#2,¢,u; ) and consequently conditions
for the uniqueness of the solution of the ordinary differential equation do not
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Fig. A.1l. Sliding motion.

hold in this case. It has been shown that, if a regularization method yields
an unambiguous result, the motion equations on the discontinuity surfaces
exist. A regularization method consists in replacing the ideal motion equa-
tions (A.1) by more accurate ones f (x,¢,4). These new equations take into
account nonidealities (like hysteresis, delay, etc.) in the implementation of the
control input @. The new equations have solutions in the conventional sense,
but nevertheless motion is no longer restricted to the manifold S but instead
evolves in some vicinity A (boundary layer) of the manifold. If A tends to
zero the motion in the boundary layer tends to the motion of system with the
ideal control. Equations of motion obtained as results of such a limit process
will be regarded as ideal sliding modes. For systems linear with respect to the
control input, regularization allows for substantiation of the so-called equiva-
lent control method which is used as a simple procedure for finding the sliding
mode motion equations.

A.2 Equivalent Control Method

Consider the system described by the following affine system:
z(t)=f(z,t)+ B(a,t)u(t), t >ty (A.2)

where x € R™ and u € R™ represent the state vector and the control vector,
respectively. Moreover, f (z,t) and B (z,t) are continuous vector and matrix
functions, respectively, with respect to all the arguments. Here, u is to be
designed as a discontinuous control so as to drive the trajectories of (A.2) into
the sliding manifold S and to maintain them there for all future time. The
function s (z) € R™, which we will call the sliding variable, is to be designed
according to some specific requirements. Once the trajectories of (A.2) are in
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the manifold S, i.e., s (z) = 0, we say that (A.2) is on a sliding mode (SM).
A wu achieving the SM will be referred to as a sliding mode control.

Let us assume that if s (2 (t)) = 0, then its derivative will also be identical
to zero. Thus, we have that

é(m)z%[f(x,t)—i—B(:v,t)u(t)]:O (A.3)

Assuming that G (z) := 22 fulfills the condition det G (z) B (z) # 0, and u (t)
taken from (A.3) is the so-called equivalent control, then we have that

Ueq (t) = =[G (2) B (2,1)] 1[G (x) f (2,1)] (A.4)

What the EC method asserts is that the dynamics of (A.2) can be calculated
by substituting u.q in the place of u, i.e., on the sliding mode, the system is
governed by the following equations:

&= f(2,t) = B(2,1)[G () B (2,1)] " [G () f (,1)] (A.5)
Consider then the following simple scalar example:
& (t) = ax (t) +bu(t) + v (t) (A.6)

where a and b # 0 are real scalars and v (¢) is a disturbance. Let’s say that
we wish to constrain z (t) to the origin in a finite time and in spite of the lack
of knowledge of v (). This can be achieved by selecting u = —b~1M (¢) sign
and M (t) > |ax| + |7y (t)| + ¢, for some arbitrarily small e. By differentiating
V=1 z|” we get

V = |a| (az +bu+7) < — |z (M () — |az| = |7])
< —|xle= V26V

By using the comparison principle, we obtain that

Ix\gl V< m_\%(t—to) for all ¢t > tg (A7)

Since V' (t) is by definition a positive function, from (A.7) we can calculate
an upper estimate of the time ¢, when V (¢) vanishes and consequently x (t)
does as well. Consequently, we obtain that

Y

2
te < —V (to) + o
€

Thus in this example the EC is obtained from (A.6) when & and x are identical
to zero, i.e., ueq = —b~ 1y (t). We immediately notice that the disturbance v (t)
might be estimated by means of the equivalent control; a way to do it will be
given below.
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Notice that with the control u being a signum function the right-hand side
of (A.6) is not Lipschitz; therefore, we cannot resort to the standard theory of
differential equations. To overcome such a complexity, we can use the theory
of differential inclusions treated extensively in [15]. Thus, we can obtain a
solution of (A.6) in the Filippov sense.

Nevertheless, the effects of real devices, let’s say small delays, uncertainties,
hysteresis, digital computations, etc., always make it impossible to achieve
the identity s (z) = 0, and so the trajectories are constrained to some region
around the origin, i.e., ||s(z)|| < A. This is why we can ask for the limit
solution of (A.2) when A tends to zero. That solution is in fact the solution
of (A.2) on the sliding mode and it will be found using the equivalent control
method, which will be justified by means of Theorem A.1, given below.

Let @ be a control for which we obtain the boundary layer ||s (z)| < A.
We could say that @ is the real control which we obtain a real sliding mode
with. Thus, the dynamic equations are

@ (t) = f(z,t) + B (z,t) i (t) (A.8)

Let us denote by z* the state vector obtained using the EC method, i.e., the
trajectories whose dynamics is governed by (A.5). Let us assume that the
distance of any point in the set S, = {x: ||s ()| < A} to the manifold S is
estimated by the inequality

d(z,S) < PA, for P> 0

Such a number P always exists if all gradients of functions s; (z) are lin-
early independent and are lower bounded in the norm by some positive num-
ber. In fact the first condition follows from the assumption that det (GB) # 0.

Theorem A.1. Let us assume that the following four conditions are satisfied:

(1) There is a solution x (t) of system (A.8) which, on the interval [0,T],
fulfills the inequality ||s (x)] < A.
(2) For the right-hand part of (A.5), rewritten using x* as

& (t) = f(@*,1) = B (2", 1) [G («*) B (2", )] " [G(a") f (z".8)]  (A.9)

a Lipschitz constant exists.
(8) Partial derivatives of the function B (z,t) [G (z) B (x,t)] ™" with respect to
all arguments exist and are bounded in every bounded domain.
(4) For the right-hand part (A.8) there exist positive numbers M and N such
that
If (z,t) + B (z,t) uf| < M + N ||z (A.10)

Then for any pair of solutions to equations (A.9) and (A.8), with their
initial conditions satisfying

J (0) — 2" (0)]] < PA
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there exists a positive number H such that
|2 (t) —2* (t)|| < HA for all t € [0, T
Proof. For (A.8) we will obtain the following derivative on time of s (z):
() =G (x) f (z,t) + G(z) B (z,t) a(t) (A.11)
Since we have assumed that det (GB) # 0, from (A.11) we obtain that
(1) =[G @) B2, 5(@) — [G@) B G@) ft) (A1)
The substitution of % (t) into (A.8) yields
i=f—-BIGB 'Gf+B[GB] "3 (A.13)

Thus, we have that (A.9) and (A.13) differ from a term depending on $.
By integrating, z* and x can be written by the following integral equations:

o0 =g+ [ {£@" 1)~ B0 (6 @) B ) 66 f )} dr
0

(A.14)

+/ B(z,7)[G(z) B (x,7)] ' (z)dr (A.15)
0

Integrating the last term of (A.15) by parts, and taking into account the
hypothesis of the theorem, we can obtain the following estimation of the dif-
ference of the two solutions:

o (t) =2 ()| < PA+ [ Lz (r) — 2" (7)|| dr

S—_ .

t|penicm B @) |

t d -
+O/Hd—TB(;E,T) (G (z) B (x,7)] || lIs (z)ldT (A.16)

By the assumption (A.10), we have that the norm of z (¢) is bounded in an
interval [0, T'], indeed, since
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t
=@ < [|= (0)] +MT+/N||I(T)H dr
0

According to the Bellman—Gronwall lemma (see, e.g., [52]) the following
inequality is satisfied:

lz ()] < (J|lz (0)|| + MT)eNT, for all t € [0,T] (A.17)

Thus, by the continuity of f and B, and taking into account hypothesis 3 of
the theorem, the inequality (A.16) may be represented as follows:

[l (8) = =" ()] < QA+/O Lz (r) =" ()| dr

where @ is a positive number. Using the Bellman—Gronwall lemma once again,
we obtain the inequality

o (8) — =™ (1) < QAe™T

Taking H = Qe”T, the theorem is proven.
O

Thus, from the theorem we have that ima_,o 2 (t) — 2* (¢) in a finite
interval. This justifies the equivalent control method.

We have said that the equivalent control method might be used to estimate
matched disturbances, as in the example where ueq = —v. Next, we will see
how to estimate the function ucq by means of a first-order low-pass filter.
We will make use of the following lemma.

Lemma A.1. Let the differential equation be as follows:
TE)+z(@)=h(@)+ H(() s (A.18)

where T is a scalar constant and z, h, and s are m-dimensional function
vectors. If the following assumptions are satisfied:

(i) the functions h (t) and H (t) and their first-order derivatives are bounded
i magnitude by a certain number M and
(i) |Is (t)]]| < A, A being a constant positive value,

then, for any pair of positive numbers At and e, there exists a number

0 =46 (g, At, 2 (0)) such that the following inequality is fulfilled:
lz(t) =R (@) <e

provided that 0 <7 <6, A/7 < § and t > At.
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Proof. The solution of (A.18) is as follows:

Z(t)=e 72 (0) + % / e~/ 1 (o) + H (0) 5 (0)] do

0

Integrating by parts we obtain

z(t) = e V72(0) 4+ h(t) — h(0)e /T

t

—/e_(t_“)/Th (0)do + H (t) SoH (0) e_t/Tﬂ
J T T
_%/e*(tfa)/T |:H (0—) + %H (7')] S (O’) do

Then, by assumptions (i) and (ii), we deduce the following inequality:

12 () — h ()] < 1|2(0) — h ()| e/ + M7+ 212 4 ppa y M4
T T

Grouping similar terms together yields
A
|z (@) —h(@®)| <|z(0)—h(0)] e T4 M (t+A4)+ 3M? (A.19)

Therefore, it is easy to conclude from (A.19) that for any positive number At,
the following identity is achieved:

lim z(t) =h(t) for all t > At (A.20)
2%
Thus, the lemma is proven.
O

From (A.20), we see that A should be much smaller than 7 in order to
achieve a good estimation of h (t) by means of z (t). Furthermore, (A.19) gives
us a more qualitative expression to measure the effect of 7 on the estimation.
That is, there we can see that if 7 is too small, then the term depending on
the difference on the initial conditions could be considered negligible, i.e., z (¢)
reaches rapidly a neighborhood around h (t) of order O (7 + A) + O (£). In
this case, if A is not much smaller than 7, then the neighborhood around
h (t) will be big. On the other hand if A << 7, but 7 is not too small, then
z (t) would take some time before reaching a small neighborhood around A (¢).
That is why we can say that an ‘ideal’ case is when A << 7 << 1.

Thus, the filter designed as

TUay (£) + Uay (t) = @ () (A.21)
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can be used to estimate ueq. Indeed, from (A.4) and (A.12), (A.21) takes the
form

TUay (1) + Uay (t) = Ueq + [G (z) B (z, O] s (@) (A.22)
Hence, by comparing (A.18) with (A.22), lemma implies that

lm Uay = Ueq for ¢ € (0,7 (A.23)
—0

p
A/T—0

provided that ueq and (GB)™" are bounded and have bounded derivatives,
which is fulfilled if conditions of Theorem A.1 are fulfilled.

Remark A.1. Let us assume that A is known (which in general might not be
true). Then, we could select 7 = A7 (7 > 1), implying that A/7 = A .
Thus, as A tends to zero, A/7 tends to zero also. Therefore, in that case, (A.23)
is still satisfied. For the same qualitative arguments given above, a good
estimation of ueq using u,y is obtained when A << 7 << 1. When r is
close to 1 then 7 is close to A; therefore, r near 1 is not a good selection.
On the other hand, for r >> 1, 7 is close to 1; then in that case r is not a
good choice either. By selecting » = 2, we obtain, for A small enough, that
A << 7 << 1. Hence, selecting 7 = A2 and provided that A is much
smaller than 1, we obtain a good estimation of ueq.




Appendix B

Min—Max Multimodel LQ Control

Abstract This chapter develops a numerical method for the optimal weight
adjustment for the min—max LQ problem, where “max” is taken over a finite
set of indices (models) and “min” is taken over the set of admissible con-
trols. The control turns out to be a linear combination of the controls that
are each one an optimal control when each model is considered individually.
Dealing with the control design for some uncertain systems, there exist sit-
uations when the model of the system cannot be defined exactly since the
more adequate model can depend on several possible scenarios. In this case
the control can be designed as a multimodel control. To design such control,
the min—max approach has been suggested where “max” is taken over all pos-
sible models (scenarios) and “min” is taken over all admissible controls. Such
robust optimal control is shown to be a weighted combination of the controls
optimal for each individual model. Hence, the problem is reduced to a finite-
dimensional optimization problem since this robust optimal control depends
on a weighting vector belonging to the N-dimensional simplex which should
be selected providing a minimal value for the original worst LQ functional.
Finding an analytical expression for this function as a function of the weights
seems to be a very difficult task. In the simplest cases with two (N = 2) and
three (N = 3) models, such expression can be easily obtained in a graphic
form using a standard PC. However, for more complex situations (N > 4),
such cannot be realized. That is why here we give a numerical procedure for
the corresponding weight adjustment (optimization).

B.1 Multimodel System

Let us consider a set of linear state models given by

) =AM x(t)+ B @) u(t) +d{t), z%(0)==z§ (B.1)

L. Fridman et al., Robust Output LQ Optimal Control via Integral Sliding Modes, 131
Systems & Control: Foundations & Applications, DOI 10.1007/978-0-8176-4962-3,
© Springer Science+Business Media New York 2014



132 B Min—Max Multimodel LQ Control

where the index a belongs to a finite set, that is, o € 1, N (N is a positive
integer), z® (t),d* (t) € R™, u(t) € R™, and A* (t), B (¢), and d*(¢) are
known continuous functions on ¢ € [0,T]. Let us define the performance
index as

(% (ty), G2 (tf))"‘%/ [(z (), Q%™ () + (u (t) , Ru (t))] dt
t=0

h® =

| —

(B.2)
where Q% > 0, G* > 0, and R > 0. The min—max linear quadratic (LQ)
control problem is formulated as

*

u* = min max h®. (B.3)
u€ER™ o1, N

The solution of this problem is as follows.! Define the extended system

x(t) = Ax(t) + Bu(x,t) +d

where
2
x:=| : |,A:=diag (A (t),...,AN (1))
=N
B (t) d (t)
B .= ,d:= (B-4)
BY (t) ™ (t)
Q :=diag (Q1,...,Qn), G :=diag (G1,...,Gn)
A :=diag (M Lixn, -, ANInxn)
where A = (A1, ..., Ax) belongs to the simplex SV defined as follows:
N
SN_{AeRN:Aizo, Z)\i_l}
i=1
Then, the robust optimal control realizing (B.3) is of the form
u=—R BT (P\x+p,) (B.5)

where the matrix Py=P} € R*"™*"N is the solution of the parameterized
differential matrix Riccati equation:

P,+P A + ATP,—P,BR'BTP,+AQ=0; P,(T)=AG (B.6)

IFor details of how the solution of the problem can be found see Chap. 5.
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and the shifting vector py € R™V satisfies
PA+ATpy—PABR'BTp) + Pxd =0; p)(T)=0

Thus, the solution of (B.3) is reduced to finding the optimal weighting
vector A* which solves the following finite-dimensional optimization problem:

\* = arg Arrelérjle(/\) (B.7)
TO) = mas b = 27 (0) P (0)x(0) + X7 (0)pa (0) +
a=1
1 . y
+- max |z (t;)Gx(ty) + /xaT(t)ano‘( )dt| —
204:1
=0
- z ®3)
LS |eTapeeae ) + [ 2T wQeen wat| +
ot . t=0
+%/p§ [2d - BR'B”p,] dt
=0

B.2 Numerical Method for the Weight Adjustment

The next step is to develop a numerical method which allows to find the
optimal weighting vector A* for any finite number N of possible models (or
scenarios).

Lemma B.1. Let \* be a minimum point, that is, J(\")

< J(A) for all
X € SN, Then, for any active index o € 1,N such that 1 > X

w >0, the
functional h® (\*) satisfies the following equality:
R (X)) = J(\) (B.9)
and for all inactive indices o such that A}, =0
RO (N") < J(\) (B.10)

Proof. Suppose that for a j € 1, N we have h? (\*) > J (\*). Then

J(\*) = max h® (\*) > A7 (\*) > T (\F)
acl,N

which leads to a contradiction. Hence, for all indices «, it follows that
h*(X*) < J(X"). The result (B.9) for active indices follows directly from
the complementary slackness condition established in [53] (see also Chap. 5).

O
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Corollary B.1. The optimal performance index J (\*) can be represented as

J (") = %XT (0) P (0)x (0) +xT (0) pa- (0) +
“ (B.11)
+%/p§* (t) [2d (t) — B (t) R7'BT () pa- ()] dt
t=0

Proof. Adding and subtracting the integral of u” (¢) Ru (¢) in (B.8), we get

<
=
Il
|
»
~
e
)
>
e
»
e
4
»
~
e
T
>
e
4

+ {J () — % Aoh® (A)] + %/pf [2d - BR'B”p,] dt

N
Therefore, taking A = A", in view of (B.9), and since Y A\, = 1, we find that

a=1
N
J(A") = 37 ALh® (A¥). Hence the performance index J (A*) is exactly as it is
i=1

expressed in (B.11).
O

Corollary B.2. If the vector \* is a minimum point, then for any v > 0
N =71{\" +~7yh(\")} (B.12)
where 7 {-} is the projector to the simplex SV, that is,
I {a} — all < A —a| for any X € S, A £ 7 {a}

and h (\) € RY is the vector whose ith term is the performance functional h',
i.e.,

ht(A)

h()=|
hY (A)

Proof. Since SV is a closed convex set, the following property holds:
forany 2 € R", p=n{z} <= (x—p,A—p) <0forall xSV (B.13)

Let A}, j = 1,7 be the components of \* different from zero and A}, k =

r+1,N be the components of \* equal to zero. Thus, taking into account
Lemma B.1 and since A\;, — Aj, >0 (\; = 0), we obtain



B.2 Numerical Method for the Weight Adjustment 135
(A -l—’yh()\*)—)\* A=) =
|:I Z u_)‘)+ Z th(*)(/\ _A;c)‘|§

k=r+1
o) [§ (-00) 85, st =00 £ (1,000) =0

= k=r+4+1
(B.14)
for all A € SV. Thus, by (B.13), (B.14) implies \* = 7 {\* + yvh (A\*)}.
O

n [53] (see Chap.5) it was shown that the control w (x,t) designed as
n (B.3) is the combination (where the weights are the components \,) of
the controls optimal for each individual model. Hence, it seems to be clear
that a bigger weight A, of the control, optimizing the a-model, implies a
better (smaller) performance index h* (A). This fact may be expressed in the
following manner: if A, # A,

(X, = A) {h“ (A) e (A)} <0 (B.15)

for any \' # A" € SV. Adding (B.15) on o € 1, N leads to the following
condition which we will accept as an assumption.

A6.1 For any \' # A" € SV the following inequality holds
(/\' —X‘,h(X) —h(X‘)) <0 (B.16)
and the identity in (B.16) is possible only if ' = A\".

Proposition B.1. Under A6.1, the functional J ()\) has a unique minimum
point \*.
Proof. We will show that if A differs from \*, then A does not satisfy the

identity (B.12). }
Let us assume that A # A*. Then (B.14) implies

(A0 (3) =AA =%) =
> 5 [(h (/\) % _x) + (h(A*),X—A*)] =y (h (/\) “h(\), N _x)
On the other hand, A6.1 yields the following;
~ (h (/\) —h(\), N — X) = (X ~\*,h (/\) - h()\*)) >0 (B.18)
Both (B.17) and (B.18) imply

(X +7h (/\) SN - X) >0 (B.19)
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Nevertheless, (B.19) means that A # 7 {5\ +~h (5\) } [see (B.13)]. Therefore,
by Corollary B.2, we can deduce that ) is not a minimum point.
O

Now, we are ready to present a numerical method for the adjustment of
the weight vector A.

B.2.1 Numerical Method

Define the sequence of vectors {)\k} as

Aot — h(X) 3, XN esV k=0,1,2,...
T ) h(x)

( ) [hl ()\k) BN ()\k> }T (B.20)
J (W) = max he (X)
a€l,N
where ¢ is an arbitrary strictly positive (small enough) constant.

Theorem B.1. Let \* be the minimum point for J (X\). If

(1) the sequence {/\k} is generated by (B.20)
(2) A6.1 holds
(3) there exists a constant L such that for all « € 1, N and for any p, A € S¥

|h () = b (M) < T (A) L i = Al

(4) the gain sequence {7’“} satisfies

o0 o0
7 >0, Z”yk:oo, Z(yk 2

k=0 k=0
then
lim A* = A", (B.21)
k— o0

Proof. For v* := \¥ — X\*_ in view of (B.12) and the property of projection
|7 {z} — 7 {y}|| < ||z — vyl for all z,y € R, we obtain
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2

k
[+ |” =[x /\k+—J(/\Z)+€h(>\k) x| =

k|2 k)2 72 7 k k *
< [oH* (14 (97 22) +2——5— (o5, B (A) —h (A1) <
J (M) +e
< [lof " (1+ (%) £2).
(B.22)
In the last inequality of (B.22) we have used A6.1. Define the new variable
wk by
2 T s
wh = [of T |1+ )7 22
s=k
With the previous definition of w*, (B.22) implies

oo

whtl = HvkﬂHQ H [1+ (%) LQ} <
s:k-&}
< Jor* (1+ (97 22) TT [+ 60 2] = w
s=k+1

which means (by Weierstrass theorem) that the sequence {wk} converges and,

hence, implies the existence of the limit
. k . k112
w:= lim w"” = lim Hv H
k—o0 k—o0

Nevertheless, from (B.22), we also have the inequality

(0 (V) =0 o) | < b 1* (1 (4)7 22) = o+ )" =
wF — wkt!
II 1+ () 2]

s=k-+1

’Yk

2J()\k) +e

S wk _ wk+l
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Summation of it by k from 0 up to oo yields

o () )
k=0

<w’ —w< oo
J()\k)—i—a

o0
In view of the property Z ¥ = 00, it follows that there exists a subsequence

k=0
k: (t=1,2,...) such that

(vkt’h (Akt) _ h(m)’ 0 (B.23)
J (A’“f) +e t—voo

Since J ()\k) is bounded, then, by (B.16), the limit in (B.23) implies that

Mt 5 A%, or, equivalently,

t—o0

. . 2
lim w® = lim HkaH =0
t—o0 t—o0

Since {wk} converges to w, all its subsequences converge to the same limit,
which in turn implies that w = 0. Theorem is proven.
O

B.3 Example

The following example illustrates the proposed numerical method (B.20) in
the case N = 3 where the parameters of possible models are as follows:

-205 1 —-0.3 1.5 —0.15 04 —1 0.3
Ay =10512 -2 |, Ay=| -1 012 2 |,A3=[05-0403
1 2 -15 1 2 -3 0.5 0.6 —1
0.5 1.5 0.5
Bi=|1]|,B=|-2|,B3= {02
1 1 1
0.1 0.1sin (¢) 0.1
d'=10.05|,d*=|02sin(t/2) |, d* = | 0.05cos (t)
0.01 0.1 0.1

For simulation purposes, we select matrices Q¢ = G* = I, R = 1. Using the

1
gain-step sequence {7’“} given in (B.20) with v¥ = il (k=0,1,2,...), we
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obtained the results presented in Table B.1. There, the values of the vector
¥ and the performance index h® (/\k) are shown for each iteration k.

From Table B.1, one can see that the weights practically converge after 10
iterations. Since all indices are active (A, > 0), all performance functionals

h® ()\k) practically turn out to be equal after 40 iterations. Thus, we have

A" & (0.072035, 0.296663,0.631301). The control law u = u (A*) is depicted in
Fig. B.1. Figures B.2-B.4 show the trajectories of 2 for a = 1,2, 3.

Table B.1. Values of \* and h* (\¥)

A1 A2 A3 h' h? h3 J

0.5 0.4 0.1 |116.060(109.897|977.037{977.037
0.208365|0.102057|0.689576|236.303(1116.18|310.533|1116.18
0.0658990.353738]0.580362|489.798|349.164|503.783|503.783
0.0938320.288619|0.617548|360.415[462.742|460.030|462.742
0.057465|0.307535|0.634999|555.476 [432.953|451.644|555.476
0.0846320.290587|0.624780|393.174|461.878|455.737|461.878
0.0688430.299589|0.631567|471.404|447.301|453.104|471.404
0.073125|0.296569|0.630305|446.649(452.593|453.386 |453.386
0.071960(0.297042|0.630997|453.083451.886|452.979|453.083
0.072066|0.296855|0.631077|452.488(452.251|452.875|452.875

O| 0| || U | WD —| &

—_
o

31]0.0720360.296664|0.631299|452.660[452.656|452.665|452.665
32|0.0720360.296664|0.631299|452.661 [452.657|452.664|452.664
33|0.0720360.296663|0.631300|452.666 [452.658|452.664 |452.665
34/0.0720360.296663|0.631300|452.661 [452.658|452.664 |452.664
35|0.0720360.296663|0.631300|452.660(452.658 |452.664 |452.664
36|0.072035|0.296663|0.631300|452.660(452.660|452.663|452.663
3710.072035|0.296663|0.631300|452.661[452.659|452.663 |452.663
38|0.072035|0.296663|0.631300|452.660(452.660|452.663|452.663
39|0.072035|0.296663|0.631301|452.662[452.659|452.663 |452.663
40)0.072035|0.296663|0.631301|452.662[452.659|452.663 |452.663
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Control law u(A*)

Time [s]

Fig. B.1. Control law u for \*.

Trajectories for x'

N
)

L L

0 2 4 6 8 10
Time [s]

Fig. B.2. Trajectories of the state corresponding to o = 1.
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15
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Fig. B.3. Trajectories of the state corresponding to o = 2.
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[¢)]

Trajectories for x3
o
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0 2 4 6 8 10
Time [s]

Fig. B.4. Trajectories of the state corresponding to o = 3.



Notations

ODE
SM
ISM
OISM
R

R’ﬂ

C

-
(2, 9)
]|

¢ (t)

dlag (Xl,XQ, .

BT
BJ_

Bt
I,

0.

Ordinary differential equation

Sliding mode

Integral sliding mode

Output integral sliding mode

The field of real numbers

The vector space of dimension equal to n
The field of complex numbers

The set of complex numbers with negative real part
T

= Ty
= VzTz (the Euclidean norm)

Represents a matched uncertainty, i.e., ¢ (t) =B~y (t)
for some function -y (¢)

A block diagonal matrix with the matrices

X1, X9, to X, in the main diagonal blocks

and zeros elsewhere

The transpose of B matrix

A matrix whose transposed rows form a

basis of the orthogonal space of Im B (B+B = 0)
The Moore-Penrose pseudoinverse of B

Identity matrix of dimension m by m
Parameterized Riccati matrix

Sliding variable

Equivalent control.

The greatest eigenvalue of the square A matrix
The lowest eigenvalue of the square A matrix
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