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Preface

A fundamental problem in automatic control is the control of uncertain and/or time-
varying plants with input and state or output constraints. Most elegantly, and theo-
retically most satisfying, the problem is solved by optimal control which, however,
rarely gives a feedback solution, and oftentimes only a numerical solutions.

Therefore, in practice, the problem has seen many ad-hoc solutions, such as over-
ride control, anti-windup. Another solution, that has become popular during the last
decades is Model Predictive Control (MPC) where an optimal control problem is
solved at each sampling instant, and the element of the control vector meant for the
nearest sampling interval is applied. In spite of the increased computational power
of control computers, MPC is at present mainly suitable for low-order, nominally
linear systems. The robust version of MPC is conservative and computationally
complicated, while the explicit version of MPC that gives a piecewise affine state
feedback solution involves a very complicated division of the state space into poly-
hedral cells.

In this book a novel and computationally cheap solution is presented for un-
certain and/or time-varying linear discrete-time systems with polytopic bounded
control and state (or output) vectors, with bounded disturbances. The approach
is based on the interpolation between a stabilizing, outer low-gain controller that
respects the control and state constraints, and an inner, high-gain controller, de-
signed by any method that has its robustly positively invariant set satisfying the
constraints. A simple Lyapunov function is used for the proof of closed loop stabil-
ity.

In contrast to MPC, the new interpolating controller is not necessarily employ-
ing an optimization criterion inspired by performance. In its explicit form, the cell
partitioning is considerable simpler that the MPC counterpart. For the implicit ver-
sion, the on-line computational demand can be restricted to the solution of at most
two linear programming problems or one quadratic programming problem or one
semi-definite programming problem.

Several simulation examples are given, including uncertain linear systems with
output feedback and disturbances. Some examples are compared with MPC. It is

vii
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believed that the new controller might see wide-spread use in industry, including
the automotive industry, also for the control of fast, high-order systems with con-
straints.

Haifa, Israel Hoai-Nam Nguyen
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Notation!

Sets

R Set of real number

R4 Set of nonnegative real number

R” Set of real vectors with n elements

Rxm Set of real matrices with n rows and m columns

Algebraic Operators

AT Transpose of matrix A

A1 Inverse of matrix A

A > (>)0 Positive (semi)definite matrix
A < (X)0 Negative (semi)definite matrix

Set Operators

Py NP, Setintersection

P & P, Minkowski sum

P1 © P, Pontryagin difference

P, C P, P;isasubsetof P,

Py C P, Pjis a strict subset of P
P1 D> P, Pisasuperset of Py

Py D P, Pjisastrict superset of P,
P The boundary of P

Int(P) The interior of P

Proj, (P) The orthogonal projection of the set P onto the x space

Others

I Identity matrix of appropriate dimension
1 Matrix of ones of appropriate dimension
0 Matrix of zeros of appropriate dimension

IThe conventions and the notations used in the book are classical for the control literature. A short
description is provided in the following.

xiii



Xiv

Acronyms
LMI

LP

QP

LQR

LTI

LPV
PWA

Linear Matrix Inequality
Linear Programming
Quadratic Programming
Linear Quadratic Regulator
Linear Time Invariant
Linear Parameter Varying
PieceWise Affine

Notation



Chapter 1
Introduction

Constraints are encountered practically in all real-world control problems. The pres-
ence of constraints leads to theoretical and computational challenges. From the con-
ceptual point of view, constraints can have different nature. Basically, there are two
types of constraints imposed by physical limitation and/or performance desiderata.

Physical constraints are due to the physical limitations of the mechanical, elec-
trical, biological, etc controlled systems. The input and output constraints must be
fulfilled to avoid over-exploitation or damage. In addition, the constraint violation
may lead to degraded performance, oscillations or even instability.

Performance constraints are introduced by the designer for guaranteeing perfor-
mance requirements, e.g. transient time, transient overshoot, etc.

The constrained control problem becomes even more challenging in the presence
of model uncertainties which is unavoidable in practice [1, 117]. It is generally
accepted that a key reason of using feedback is to diminish the effects of uncertainty
which may appear in different forms as disturbances or as other inadequacies in the
models used to design the feedback law. Model uncertainty and robustness have
been a central theme in the development of the field of automatic control [8].

A straightforward way to stabilize a system with input constraints is to perform
the control design disregarding the constraints, then an adaptation of the control
law is considered with respect to input saturation. Such an approach is called anti-
windup [73, 123, 124, 132].

Over the last decades, the research on constrained control topics has developed
to the degree that constraints can be taken into account during the synthesis phase.
By its principle, model predictive control (MPC) approach shows its importance
on dealing with constraints [2, 30, 34, 47, 48, 88, 92, 107]. In MPC, a sequence
of predicted optimal control values over a finite prediction horizon is computed for
optimizing the performance of the controlled system, expressed in terms of a cost
function. Then only the first element of the optimal sequence is actually applied to
the system and the entire optimization is repeated at the next time instant with the
new state measurement [4, 88, 92].

In MPC, with a linear model, polyhedral constraints, and a quadratic cost, the re-
sulting optimization problem is a quadratic programming (QP) problem [37, 104].
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Solving the QP problem can be computationally costly, specially when the predic-
tion horizon is large, and this has traditionally limited MPC to applications with
relatively low complexity/sampling interval ratio [3].

In the last decade, attempts have been made to use predictive control in fast pro-
cesses. In [20, 100, 101, 127] it was shown that the constrained linear MPC is equiv-
alent to a multi-parametric optimization problem, where the state plays the role of
a vector of parameters. The solution is a piecewise affine function of the state over
a polyhedral partition of the state space, and the computational effort of MPC is
moved off-line. This control law is called explicit MPC. However, explicit MPC also
has disadvantages. Obtaining the explicit optimal MPC solution requires to solve an
off-line parametric optimization problem, which is NP-hard. Although the problem
is tractable and practically solvable for several interesting control applications, the
off-line computational effort grows exponentially fast as the problem size increases
[61, 62, 77-79].

In [131], it was shown that the on-line computation is preferable for high dimen-
sional systems where significant reduction of the computational complexity can be
achieved by exploiting the particular structure of the optimization problem as well
as by early stopping and warm-starting from a solution obtained at the previous
time-step. The same reference mentioned that for models of more than five dimen-
sions the explicit solution might be impractical. It is worth mentioning that approx-
imate explicit solutions have been investigated to go beyond this ad-hoc limitation
[18, 60, 114].

Note that as its name says, most traditional implicit and explicit MPC approaches
are based on mathematical models which invariably present a mismatch with respect
to the physical systems. The robust MPC is meant to address both model uncertainty
and disturbances. However, the robust MPC presents great conservativeness and/or
on-line computational burden [21, 35, 74, 81, 84].

The use of interpolation in constrained control in order to avoid very complex
control design procedures is well known in the literature. There is a long line of
developments on these topics generally closely related to MPC, see for example
[10, 102, 108-110], where interpolation between input sequences, state trajectories,
different feedback gains with associated invariant sets can be found.

The vertex control law can be considered also as an interpolation approach based
on the admissible control values, assumed to be available for the vertices of a poly-
hedral positively invariant set C in the state space [23, 53]. A weakness of vertex
control is that the full control range is exploited only on the border of Cy, and
hence the time to regulate the plant to the origin is much longer than e.g. by time-
optimal control. A way to overcome this shortcoming is to switch to another, more
aggressive, local controller near the origin in the state space, e.g. a state feedback
controller u = K x, when the state reaches the Maximal Admissible Set (MAS) of
the local controller. The disadvantage of such a switching-based solution is that the
control action becomes non-smooth [94].

The aim of this book is to propose an alternative to MPC. The book gives a
comprehensive development of the novel Interpolating Control (IC) of the regula-
tion problem for linear, time-invariant, discrete-time uncertain dynamical systems
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with polyhedral state space, and polyhedral control constraints, with and without
disturbances, under state- or output feedback. For output feedback a non-minimal
state-space representation is used with old inputs and outputs as state variables.

The book is structured in three parts. The first part includes background material
and the theoretical foundation of the work. Beyond a briefly review of the area, some
new results on estimating the domain of attraction are provided.

The second part contains the main body of the book, with three chapters on in-
terpolating control that addresses nominal state feedback, robust state feedback and
output feedback, respectively. The IC is given in both its implicit form, where at
most two LP-problems or one QP-problem or one semi-definite problem are solved
on-line at each sampling instant to yield the value of the control variable, and in
its explicit form where the control law is shown to be piecewise affine in the state,
whereby the state space is partitioned in polyhedral cells and whereby at each sam-
pling interval it has to be determined to which cell the measured state belongs. The
interpolation in IC is performed between constraint-aware low-gain feedback strate-
gies in order to respect the constraints, and a user-chosen performance control law
in its MAS surrounding the origin.

Thus, IC is composed by an outer control law (the interpolated control) near the
boundaries of the allowed state set whose purpose is to make the state enter the
MAS rapidly (but not necessarily time-optimally) without violating any constraints,
and the inner user-chosen control law in its MAS whose purpose is performance
according to the user’s choice.

Novel proofs of recursive feasibility and asymptotic stability of the Vertex Con-
trol law, and of the Interpolating Control law are given. Algorithms for Implicit and
Explicit IC are presented in such a way that the reader may easily realize them.

Each chapter includes illustrative examples, and comparisons with MPC. 1t is
demonstrated that the computation complexity of IC is considerably lower than that
of MPC, in particular for high-order systems, and systems with uncertainty, although
the performance is similar except in those cases when an MPC solution cannot be
found.

In the last part of the book two high order examples as well as a benchmark
problem of robust MPC are reported in order to illustrate some practical aspects of
the proposed methods.
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Chapter 2
Set Theoretic Methods in Control

2.1 Set Terminology

For completeness, some standard definitions of set terminology will be introduced.
For a detailed reference, the reader is referred to the book [72].

Definition 2.1 (Closed set) A set § € R”" is closed if it contains its own boundary.
In other words, any point outside S has a neighborhood disjoint from S.

Definition 2.2 (Closure of a set) The closure of a set S C R” is the intersection of
all closed sets containing S.

Definition 2.3 (Bounded set) A set S C R” is bounded if it is contained in some
ball Bp = {x e R" : ||x||» < &} of finite radius ¢ > 0.

Definition 2.4 (Compact set) A set S C R" is compact if it is closed and bounded.

Definition 2.5 (Support function) The support function of a set S C R”, evaluated
at z € R” is defined as
¢s(2) = sup{z” x}

xeS

2.2 Convex Sets

2.2.1 Basic Definitions

The fact that convexity is a more important property than linearity has been rec-
ognized in several domains, the optimization theory being maybe the best example
[31, 106]. We provide in this section a series of definitions which will be useful in
the sequel.
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8 2 Set Theoretic Methods in Control

Definition 2.6 (Convex set) A set S C R” is convex if it holds that, Vx; € S and
Vx €S,

ax;+ (1 —a)xp €8, Vael0,1]

The point
x=ax;1+ {1 —a)x;

where 0 < o < 1 is called a convex combination of the pair {x1, x2}. The set of all
such points is the line segment connecting x; and x». Obviously, a set S is convex if
a segment between any two points in S lies in S.

Definition 2.7 (Convex function) A function f : S — R with a convex set S € R”
is convex if and only if, Vx| € S, Vx3 € S and Vu € [0, 1],

flaxi+ (1 —a)x) <af(x) + (1 —a) f(x2)

Definition 2.8 (C-set) A set S C R” is a C-set if it is a convex and compact set,
containing the origin in its interior.

Definition 2.9 (Convex hull) The convex hull of a set S C R”" is the smallest convex
set containing S.

It is well known [133] that for any finite set S = {51, 52, ..., s}, where s; € R”,
i=1,2,...,r,the convex hull of S is given by

P
Convex Hull(S) = {s ceR":5 = Z%’Si :Vs; € S}
i=1

where Y ' _jo;=1landa; >0,i=1,2,...,r.

2.2.2 Ellipsoidal Set

Ellipsoidal sets or ellipsoids are one of the famous classes of convex sets. Ellipsoids
represent a large category used in the study of dynamical systems due to their simple
numerical representation [32, 75]. Next we provide a formal definition for ellipsoids
and a few properties.

Definition 2.10 (Ellipsoidal set) An ellipsoid E(P, xo) C R" with center xo and
shape matrix P is a set of the form,

E(P,xg)={x eR": (x —x9)" P~ (x —x0) < 1} 2.1)

where P € R"*" is a positive definite matrix.
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If xo = O then it is possible to write,
E(P)={xeR":x"P lx <1} (2.2)
Define Q = +/P as the Cholesky factor of matrix P, which satisfies
o"o=00"=r

With matrix Q, it is possible to show an alternative dual representation of ellip-
soid (2.1)

D(Q.x0) ={x e R" :x =x0 + Qz}

where z € R” such that z7z < 1.

Ellipsoids are probably the most commonly used in the control field since
they are associated with powerful tools such as Linear Matrix Inequalities (LMI)
[32, 112]. When using ellipsoids, almost all the control optimization problems can
be reduced to the optimization of a linear function under LMI constraints. This op-
timization problem is convex and is by now a powerful design tool in many control
applications.

A linear matrix inequality is a condition of the type [32, 112],

Fx)>=0

where x € R” is a vector variable and

n
F(x)= F0+ZFixi

i=1

with symmetric matrices F; € R"™>*™.

LMIs can either be understood as feasibility conditions or constraints for opti-
mization problems. Optimization of a linear function over LMI constraints is called
semi-definite programming, which is considered as an extension of linear program-
ming. Nowadays, a major benefit in using LMIs is that for solving an LMI prob-
lem, several polynomial time algorithms were developed and implemented in free
available software packages, such as LMI Lab [43], YALMIP [87], CVX [49],
SEDUMI [121], etc.

The Schur complements are a very useful tool for manipulating matrix inequali-
ties. The Schur complements state that the nonlinear conditions of the special forms,

P(x)>0
_ (2.3)
P(x)— Q)" R(x)™'Q(x) >0
or
R(x)>0
_ 2.4)
R(x) = Q)P(x)~'Q(x)" >0
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can be equivalently written in the LMI form,

P(x) Q)T
[Qu) Ru)]>° 25)

The Schur complements allows one to convert certain nonlinear matrix inequal-
ities into a higher dimensional LMI. For example, it is well known [75] that the
support function of the ellipsoid E(P), evaluated at the vector f € R" is,

depy (@) =4/ [TPf (2.6)

then clearly, E(P) is a subset of the polyhedral set' Z(f, 1), where
P ={xeR":|fTx] <1}
if and only if
fTPf<1

or by using the Schur complements this condition can be rewritten as [32, 55],

T
|:P1f fPP]:O 2.7

An ellipsoid E (P, xo) C R" is uniquely defined by its matrix P and by its cen-
ter xp. Since matrix P is symmetric, the complexity of the representation (2.1) is

nn+1) n(n+3)
+n=
2 2

The main drawback of ellipsoids is however that having a fixed and symmetrical
structure they may be too conservative and this conservativeness is increased by the
related operations. It is well known [75] that?

The convex hull of of a set of ellipsoids, in general, is not an ellipsoid.
The sum of two ellipsoids is not, in general, an ellipsoid.

The difference of two ellipsoids is not, in general, an ellipsoid.

The intersection of two ellipsoids is not, in general, an ellipsoid.

2.2.3 Polyhedral Set

Polyhedral sets provide a useful geometrical representation for linear constraints
that appear in diverse fields such as control and optimization. In a convex setting,

!'A rigorous definition of polyhedral sets will be given in Sect. 2.2.3.

2The reader is referred to [75] for the definitions of operations with ellipsoids.
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they provide a good compromise between complexity and flexibility. Due to their
linear and convex nature, the basic set operations are relatively easy to implement
[76, 129]. Principally, this is related to their dual (half-spaces/vertices) representa-
tion [33, 93] which allows choosing which formulation is best suited for a particular
problem. This section is started by recalling some theoretical concepts.

Definition 2.11 (Hyperplane) A hyperplane H (f, g) is a set of the form,
H(f.g)={xeR": fTx=g] (2.8)

where f e R", g e R.

Definition 2.12 (Half-space) A closed half-space JZ( f, g) is a set of the form,
H(f.8)={xeR": fTx <g} (2.9)
where f e R", g e R.
Definition 2.13 (Polyhedral set) A convex polyhedral set P(F, g) is a set of the
form,
P(F,9)={xeR":Flx<g,i=12...,n (2.10)
where FiT € R”" denotes the i-th row of the matrix F € R"*" and g; is the i-th

component of the column vector g € R"!.

A polyhedral set contains the origin if and only if g > 0, and includes the origin
in its interior if and only if g > 0.

Definition 2.14 (Polytope) A polytope is a bounded polyhedral set.

Definition 2.15 (Dimension of polytope) A polytope P(F, g) C R" is of dimension
d < n, if there exists a d-dimension ball with radius ¢ > 0 contained in P(F, g)
and there exists no (d + 1)-dimension ball with radius ¢ > O contained in P(F, g).
A polytope is full dimensional if d =n.

Definition 2.16 (Face, facet, vertex, edge) An (n — 1)-dimensional face F,; of poly-
tope P(F, g) C R" is defined as,

Fi={xeP:F'x=g) (2.11)

and can be interpreted as the intersection between P and a non-redundant support-
ing hyperplane

Fi=Pn{xeR": Fx=g]} (2.12)

The non-empty intersection of two faces of dimension (n — r) withr =0, 1,...,
n — 1 leads to the description of (n — r — 1)-dimensional face. The faces of P(F, g)
with dimension 0, 1 and (n — 1) are called vertices, edges and facets, respectively.
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Fig. 2.1 Exemplification for
the equivalent of half-space
and vertex representations of
polytopes

(b) Vertex representation

One of the fundamental properties of polytope is that it can be presented in half-
space representation as in Definition 2.13 or in vertex representation as

r
P(V)={xeR" :x:Zaivi
i=1

where v; € R” is the i-column of matrix V € R™*", Zle o;j=1land o; >0,i =
1,2,...,r,see Fig. 2.1.

Note that the transformation from half-space (vertex) representation to vertex
(half-space) representation may be time-consuming with several well-known algo-
rithms: Fourier-Motzkin elimination [39], CDD [41], Equality Set Projection [64].

Recall that the expression x = Z?:l a;v; with a given set of vectors {vy, va,
..., v} and

’
ZO(,‘ZI, o; >0

i=1

is called the convex hull of the set {vy, v, ..., v,} and will be denoted as
x = Conv{vi, vy, ..., v}

Definition 2.17 (Simplex) A simplex S C R” is an n-dimensional polytope, which
is the convex hull of n 4 1 vertices.
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For example, a 2D-simplex is a triangle, a 3D-simplex is a tetrahedron, and a
4 D-simplex is a pentachoron.

Definition 2.18 (Redundant half-space) For a given polytope P (F, g), the polyhe-
dral set P(F,g) is defined by removing the i-th half-space FiT from matrix F and
the corresponding component g; from vector g. The facet (FiT, gi) is redundant if
and only if

gi<gi (2.13)
where

g = max{FiTx} st.xe P(F,3)
X

Definition 2.19 (Redundant vertex) For a given polytope P (V), the polyhedral set
P (V) is defined by removing the i-th vertex v; from the matrix V. The vertex v; is
redundant if and only if

pi <1 (2.14)
where

: Vp=v

— T p )

pi —m;n{l p} st {pzo !

Definition 2.20 (Minimal representation) A half-space or vertex representation of
polytope P is minimal if and only if the removal of any facet or any vertex would
change P, i.e. there are no redundant facets or redundant vertices.

Clearly, a minimal representation of a polytope can be achieved by removing
from the half-space (vertex) representation all the redundant facets (vertices).

Definition 2.21 (Normalized representation) A polytope
P(F,g):{xeR":FiTxfgi, i:l,2,...,n1}
is in a normalized representation if it has the following property
F'Fi=1, Vi=1,2,....m

A normalized full dimensional polytope has a unique minimal representation.
This fact is very useful in practice, since normalized full dimensional polytopes in
minimal representation allow us to avoid any ambiguity when comparing them.

Next, some basic operations on polytopes will be briefly reviewed. Note that al-
though the focus lies on polytopes, most of the operations described here are directly
or with minor changes applicable to polyhedral sets. Additional details on polytope
computation can be found in [42, 51, 133].
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Fig. 2.2 Minkowski sum and
Pontryagin difference of (P, @P,
polytopes

X
1
(a) Minkowski sum P, @ P>

P

P

X
1
(b) Pontryagin difference P © P».

Definition 2.22 (Intersection) The intersection of two polytopes P C R", P, CR"
is a polytope,
PlﬂPQZ{XERn :xGPl,XGPQ}

Definition 2.23 (Minkowski sum) The Minkowski sum of two polytopes P; C R”,
P>, C R" is a polytope, see Fig. 2.2(a),

PL® Py={xi+x2:x1 € Pi,x2 € P2}
It is well known [133] that if P; and P, are given in vertex representation, i.e.

Py = Conv{vyy, vi2, ..., vip},

P, = Conv{vz1, v22, ..., V2g}
then their Minkowski sum can be computed as,
Py ® P, =Conv{vy; +v2;}, Vi=1,2,...,p,Vj=12,....¢q

Definition 2.24 (Pontryagin difference) The Pontryagin difference of two poly-
topes P} C R", P, C R”" is the polytope, see Fig. 2.2(b),

PleP,={x1€P:x1+x2€P,Yx2 € P2}
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Fig. 2.3 Projection of a
2-dimensional polytope P
onto a line x|

Projx (P)
1

X

Note that the Pontryagin difference is not the complement of the Minkowski sum.
For two polytopes P; and P», it holds only that (P} © P,) @ P, C P;.

Definition 2.25 (Projection) Given a polytope P C R"1*"2_ the orthogonal projec-
tion of P onto the x{-space R"! is defined as, see Fig. 2.3,

Proj, (P) = {x1 € R™ : 3x; € R"? such that [xlT sz]T € P}

It is well known [133] that the Minkowski sum operation on polytopes in their
half-space representation is complexity-wise equivalent to a projection. Current pro-
jection methods for polytopes that can operate in general dimensions can be grouped
into four classes: Fourier elimination [66], block elimination [12], vertex based ap-
proaches and wrapping-based techniques [64].

Clearly, the complexity of the representation of polytopes is not a function of the
space dimension only, but it may be arbitrarily big. For the half-space (vertex) repre-
sentation, the complexity of the polytopes is a linear function of the number of rows
of the matrix F (the number of columns of the matrix V). As far as the complexity
issue concerns, it is worth to be mentioned that none of these representations can
be regarded as more convenient. Apparently, one can define an arbitrary polytope
with relatively few vertices, however this may nevertheless have a surprisingly large
number of facets. This happens, for example when some vertices contribute to many
facets. And equally, one can define an arbitrary polytope with relatively few facets,
however this may have relatively many more vertices. This happens, for example
when some facets have many vertices [42].

The main advantage of the polytopes is their flexibility. It is well known [33] that
any convex body can be approximated arbitrarily close by a polytope. Particularly,
for a given bounded, convex and closed set S and for a given scalar 0 < ¢ < 1, then
there exists a polytope P such that,

(1—-e)ScPcCS
for an inner e-approximation of the set S and
SCPC(1+¢)S

for an outer e-approximation of the set S.
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2.3 Set Invariance Theory

2.3.1 Problem Formulation

Consider the following uncertain and/or time-varying linear discrete-time system,
x(k+1)=A(k)x (k) + B(k)u(k) + Dw(k) (2.15)
where x (k) € R", u(k) € R™, w(k) € R? are, respectively the state, input and dis-

turbance vectors. The matrices A(k) € R"*", B(k) € R"*™ D e R"*¢  A(k) and
B(k) satisty,

q q
A=) aj()Ai,  Blk)=)_ ai(k)B;

i=1 i=1

. (2.16)
Y wiky=1, «k)=0
i=1
where the matrices A;, B;, i = 1,2, ..., q are the extreme realizations of A(k) and
B(k).
Theorem 2.1 A(k), B(k) given as,
q e
Aly=Y ai()Ai,  Bh)=)_Bjk)Bj,
i=1 j=1
q1
Zai(k)zl, aj(k)>0,Vi=1,2,...,q1, 2.17)
i=1
2
Y Bk =1. Bik)=0,Vj=12 ..q0
j=1

can be transformed into the form of (2.16).

Proof For simplicity, the case D = 0 is considered. One has,

q1 q2
x(k+1) = i@ Aix (k) + ) B (k)Bjulk)

i=1 j=I

q1 q1 q2
=Y i) Ax (k) + Y ai(k) Y Bj(k)Bju(k)

i=1 i=1 j=1
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q1 q2
= Zai(k)!A,»x(k) + Zﬂj(k)Bju(k)}

i=1 j=1

q1 q2 q2
= Zai(k):ka)Aix(k) + Zﬂ,-(k)B,-u(k)}

i=1 j=1 j=1

q1 q2
=Y ai() ) Bik){Aix(k) + Bjuk)}

i=1 j=1
q1 492

=YY @ik {Aix (k) + Bjuk)}

i=1 j=1

Consider the polytope Q. whose vertices are obtained by taking all possible com-
binations of {A;, Bj} withi =1,2,...,q1and j =1,2,...,¢9>. Since

q1 92 q1

q2
SN wpi k) => 0 )Y ik =1
j=1

i=1j=1 i=l1
it follows that {A(k), B(k)} can be expressed as a convex combination of the vertices
of Q.. O
The state, the control and the disturbance are subject to the following polytopic

constraints,

x(k) € X, X:{xeR":Fxxfgx}

uk)eU, U={ueR":Fu<g,} (2.18)

wk) e W, W:{weRd:Fwwfgw}

where the matrices Fy, Fy,, F,, and the vectors gy, g,, gw are assumed to be constant
with g, > 0, g, > 0, g, > 0 such that the origin is contained in the interior of X,
U and W. Here the inequalities are element-wise.

The aim of this section is to briefly review the set invariance theory, whose defi-
nitions are reported in the next subsection.

2.3.2 Basic Definitions

The relationship between the dynamic (2.15) and constraints (2.18) leads to the
introduction of invariance/viability concepts [9, 28]. First we consider the case when
no inputs are present,

x(k+1) = A)x (k) + Dw(k) (2.19)
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Definition 2.26 (Robustly positively invariant set) [24, 67] The set 2 € X is ro-
bustly positively invariant for system (2.19) if and only if, Vx (k) € £2, Vw(k) e W,

x(k+1)=A(k)x (k) + Dw(k) € 2

Hence if the state x (k) reaches 2, it will remain inside 2 in spite of distur-
bance w(k). The term positively refers to the fact that only forward evolutions of
system (2.19) are considered and will be omitted in future sections for brevity.

The maximal robustly invariant set £2ma,x € X is a robustly invariant set, that
contains all the robustly invariant sets contained in X.

A concept similar to invariance, but with possibly stronger requirements, is the
concept of contractivity introduced in the following definition.

Definition 2.27 (Robustly contractive set) [24, 67] For a given 0 < A < 1, the
set £2 C X is robustly A-contractive for system (2.19) if and only if, Vx (k) € £2,
Yw(k) e W,

x(k+1)=Ak)x(k) + Dw(k) € A£2
Other useful definitions which will be used in the sequence are reported next.

Definition 2.28 (Robustly controlled invariant set and admissible control) [24, 67]
The set C € X is robustly controlled invariant for the system (2.15) if for all
x(k) € C, there exists a control value u(k) € U such that, Vw(k) € W,

x(k+1)=A(k)x (k) + Bk)u(k) + Dw(k) € C
Such a control action is called admissible.

The maximal robustly controlled invariant set Cpyax € X is a robustly controlled
invariant set and contains all the robust controlled invariant sets contained in X.

Definition 2.29 (Robustly controlled contractive set) [24,67] Foragiven0 <X <1

the set C € X is robustly controlled contractive for the system (2.15) if for all

x (k) € C, there exists a control value u(k) € U such that, Vw(k) e W,
x(k+1)=Ak)x (k) + B(k)u(k) + Dw(k) € .C

Note that in Definition 2.27 and Definition 2.29 if A = 1 we will, respectively
retrieve the robustly invariance and robustly controlled invariance.

2.3.3 Ellipsoidal Invariant Sets

In this subsection, ellipsoids will be used for set invariance description. For sim-
plicity, the case of vanishing disturbances is considered. In other words, the system
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under consideration is,
x(k+1)=Ak)xk) + Bk)uk) (2.20)
It is assumed that the state and control constraints are symmetric,

x(yeX, X ={x:|F/x| <1}, Vi=1,2,....m
uk) e U,U={u:luj| <ujma}, Vji=12,....m

2.21)

where u jmax is the j-component of vector umax € R™.

Consider now the problem of checking robustly controlled invariance. The set
E(P) ={x e R" : xT P~1x < 1} is controlled invariant if and only if for all
x € E(P) there exists an input u = @ (x) € U such that,

(Aix + B,-db(x))TP’l (Aix+B®(x)) <1, Vi=1,2,....q (2.22)

One possible choice for u = @(x) is a linear controller # = Kx. By defining
Aci =A; + B;iK withi =1,2,...,q, condition (2.22) is equivalent to,

TALP 'Aux <1, Vi=12,....q (2.23)

It is well known [29] that for the linear system (2.20), it is sufficient to check con-
dition (2.23) for all x on the boundary of E(P), i.e. for all x such that x” P lx=1.
Therefore (2.23) can be transformed into,

xTACTinlAC,‘x fxTPflx, Vi=1,2,...,q

or equivalently,
ALPT'A, < P7Y, Vi=1,2,....¢q

By using the Schur complements, this condition can be rewritten as,

p~1 AT .
Cl —
[Aci P}zo, Vi=1,2,...,q

The condition provided here is not linear in P. By using the Schur complements
again, one gets,

P—AsPAL >0, Vi=12..¢
or

P AyP
PAL P

By substituting A;; = A; + B;K,i=1,2,...,q, one obtains,

]50, Vi=1,2,....q

[ P A"PJFB"KP]EO, Vi=1,2,....q (2.24)

PAl +PK"B! P
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Though this condition is nonlinear, since P and K are the unknowns. Still it can
be re-parameterized into a linear condition by setting ¥ = K P. Condition (2.24)
becomes,

[ P AP+ B;Y

T T =0, Vi=12,....4q (2.25)
PA! +YTB; P ]

Condition (2.25) is necessary and sufficient for ellipsoid E(P) with the linear con-
troller u = Kx to be robustly invariant. Concerning the constraints (2.21), using
equation (2.7) it follows that,

e The state constraints are satisfied if E(P) C X, or,

1 F'p _
|:PF[ lP ]EO, Vi=1,2,...,n (2.26)

e The input constraints are satisfied if E(P) C X,, where,
X, = {xeR” : ’Kjx’ §ujmax}, j=12,....m

and K ; is the j-row of the matrix K € R™*" “hence,

2
Ui max K;P =0
PK].T P |~

Since Y; = Kj P where Y is the j-row of the matrix ¥ € R™*", it follows that,

2
- Y
Himax 171 (2.27)
vyl p |~
J
Define a vector T; € R™ as,
T;=[0 0 ... O 1 0O ... 0 0]

Jj-th position

Since Y; =T;Y, equation (2.27) can be transformed into,

2

us T:Y

[YJT“;; ; }zo (2.28)
J

It is generally desirable to have the largest ellipsoid among the ones satisfying
conditions (2.25), (2.26), (2.28). In the literature [55, 125], the size of ellipsoid
E(P) is usually measured by the determinant or the trace of matrix P. Here the trace
of matrix P is chosen due to its linearity. The trace of a square matrix is defined to
be the sum of the elements on the main diagonal of the matrix. Maximization of the
trace of matrices corresponds to the search for the maximal sum of eigenvalues of
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matrices. With the trace of matrix as the objective function, the problem of choosing
the largest robustly invariant ellipsoid can be formulated as,

J = max{trace(P)} (2.29)
PY

subject to

e Invariance condition (2.25).
o Constraints satisfaction (2.26), (2.28).

It is clear that the solution P, Y of problem (2.29) may lead to the controller
K =Y P~! such that the closed loop system with matrix A.(k) = A(k) + B(k)K is
at the stability margin. In other words, the ellipsoid E(P) thus obtained might not
be contractive (although being invariant). Indeed, the system trajectories might not
converge to the origin. In order to ensure x (k) — 0 as k — o0, it is required that for
all x € E(P), to have

(Aix +B;o) P~ (Aix + Bid(x)) <1, Vi=1,2,....q

With the same argument as above, one can conclude that an ellipsoid E(P) with a
linear controller # = K x is robustly contractive if the following set of LMI condi-
tions is satisfied,

P A; P + B;Y .
|:PAI.T+YTBiT P ]>0, Vi=1,2,...,q (2.30)
where Y = K P.

It should be noted that condition (2.30) is the same as (2.25), except that condi-
tion (2.30) requires the left hand side to be a strictly positive matrix.

2.3.4 Polyhedral Invariant Sets

The problem of set invariance description using polyhedral sets is addressed in this
subsection. With linear constraints on the state and the control vectors, polyhedral
invariant sets are preferred to ellipsoidal invariant sets, since they offer a better ap-
proximation of the domain of attraction [22, 38, 54]. To begin, let us consider the
case, when the control input is of the form u(k) = Kx (k). Then the system (2.15)
becomes,

x(k+1)=A.(k)x(k) + Dw(k) (2.31)
where
Ac(k) = A(k) + B(k)K = Conv{A.;} (2.32)
with A¢; = A; + BiK,i=1,2,...,q.
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The state constraints of the system (2.31) are,

x€Xe, Xe={xeR'":Fx<g] (2.33)

_ Fy | 8
Fc—|:FMKi|7 gc—|:gui|

The following definition plays an important role in computing robustly invariant sets
for system (2.31) with constraints (2.33).

where

Definition 2.30 (Pre-image set) For the system (2.31), the one step admissible pre-
image set of the set X, is a set Xél) C X, such that for all x € Xgl), it holds that,
YweW,

Acix+DweX.,, Vi=1,2,...,q
The pre-image set Xgl) can be computed as [23, 27],
X = [x € Xo: FeAax < g —max(FeDw), i=1.2..... q} (2.34)
Example 2.1 Consider the following uncertain and time-varying system,
x(k+1) = A(k)x (k) + Bu(k) + Dw(k)
where

A(k) =a(k)A; + (1 —a(k)A2, 0<a(k) <1,

111 0.6 1 0 10
U I R S A T

The constraints (2.18) have the particular realization given by the matrices,

10 3 10 0.2
0 1 3 0 1 0.2

E=1_1 o &=|3|0 B=|_1 o &=|o2|
0 -1 3 0 -1 0.2

[ 1 2
S

The controller is chosen as,

K =[-0.3856 —1.0024]
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The closed loop matrices are,

4. _[ 1:1000  1.0000 A _ [ 06000 1.0000
=1 03856 —0.0024 |’ 2= 1-0.3856 —0.0024
The set X, ={x € R%: F.x < gclis,
1.0000 0 3.0000
0 1.0000 3.0000
£ _ | —1.0000 0 | 3.0000
¢= 0 ~1.0000 | 87| 3.0000
—0.3856 —1.0024 2.0000
0.3856  1.0024 2.0000

By solving the LP problem (2.13), it follows that the second and the fourth inequal-
ities of X, i.e. [0 1]x <3 and [0 —1]x < 3, are redundant. After eliminating the
redundant inequalities and normalizing the half-space representation, the set X, is
given as,

Xcz{xeRzzfcxgg?c}

where
1.0000 0 3.0000
7 —1.0000 0 ~ | 3.0000
€71 -0.3590 —0.9333 | 8¢= 109311
0.3590 0.9333 0.9311

Using (2.34), the one step admissible pre-image set X g of X, is defined as,

F. 2
Xc(_l) ={xeR?: EA[ x < 8e —maxyew{Few} (2.35)
F}AZ gc _mawaW{Ew}

After removing redundant inequalities, the set X 21) is presented in minimal normal-
ized half-space representation as,

™ 1.0000 0 ] [3.0000 ]
~1.0000 0 3.0000
~0.3590 —0.9333 0.9311
. > | 03590  0.9333 0.9311
X =(xeR”: 07399  0.6727 |* = 1.8835
~0.7399 —0.6727 1.8835
0.3753  —0.9269 1.7474

| —03753  0.9269 | | 1.7474

The sets X, X, and Xél) are depicted in Fig. 2.4.
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Procedure 2.1 Robustly invariant set computation [46, 68]

o Input: The matrices A¢1, A¢2, ..., Acq, D, the sets X, in (2.33) and W.
e QOutput: The robustly invariant set £2.

1. Seti =0, Fp=F,, go=gc and Xog ={x e R" : Fox < go}.
2. Set X1 = Xp.
3. Eliminate redundant inequalities of the following polytope,

Fo 80
FoAc g0 — maxyew {FoDw}

P={xeR":| FoAa | x < | go — maxyew{FoDw}

FoAcq go — maxyew {FoDw}

4. Set Xo = P and update consequently the matrices Fy and go.
5. If Xo = X then stop and set §£2 = Xy. Else continue.
6. Seti =i+ 1 and go to step 2.

Fig. 2.4 One step pre-image 3
set for Example 2.1
2,
XC
1 L
< OF xM
c
1
X
2t
-3
-3 -2 -1 0 1 2 3

Clearly, £2 € X, is robustly invariant if it equals to its one step admissible pre-
image set, i.e., Vx € 2,Vw e W,

Aix+Dwes2, Yi=1,2,...,q

Using this observation, Procedure 2.1 can be used for computing the set §2 for sys-
tem (2.31) with constraints (2.33).

A natural question for Procedure 2.1 is that if there exists a finite index i such
that Xo = X1, or equivalently if Procedure 2.1 terminates after a finite number of
iterations.

In the absence of disturbances, the following theorem holds [25].

Theorem 2.2 [25] Assume that the system (2.31) is robustly asymptotically stable.
Then there exists a finite index i = imax, such that Xo = X1 in Procedure 2.1.
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Procedure 2.2 Robustly invariant set computation

o Input: The matrices A¢1, A¢a, ..., Acq, D, the sets X, and W.
e QOutput: The robustly invariant set £2.

1. Seti =0, Fp=F,, go=gc and Xog ={x e R" : Fox < go}.
2. Consider the following polytope

Fy 80
FOACI 80 —manEW{F()DU)}
P=1xer":| FoAx | < | go — maxyew{FoDw}

FoAcq g0 — max,ew {FoDw)

and iteratively check the redundancy of the following subset of inequalities
{x eR": FoAcjx < go— max{FoDw}}
weW

with j =1,2,...,q.

3. If all of the inequalities are redundant with respect to X, then stop and set
2 = Xy. Else continue.

4. Set Xo=P.

5. Seti =i+ 1 and go to step 2.

Remark 2.1 In the presence of disturbances, the necessary and sufficient condi-
tion for the existence of a finite index i is that the minimal robustly invariant set>
[71, 97, 105] is a subset of X.

Note that checking equality of two polytopes Xo and X in step 5 is computa-
tionally demanding, i.e. one has to check Xo € X and X C Xj. Note also that if
the set §2 is invariant at the iteration i then the following set of inequalities,

FoAc g0 — maxyew{FoD1w}

FoAc g0 — maxyew { FoDrw}

FoAcq go — maxyew {FoDyw}

is redundant with respect to £2 = {x € R" : Fopx < go}. Hence Procedure 2.1 can be
made more efficient as in Procedure 2.2.

3The set £2 C X, is minimal robustly invariant if it is a robustly invariant set and is a subset of any
robustly invariant set contained in X..
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Fig. 2.5 Maximal robustly 3
invariant set £2;,ax for
Example 2.2 2]
1 %
<O
—1t
ot N
-3
-3 -2 -1 0 1 2 3

It is well known [29, 46, 71] that the set £2 resulting from Procedure 2.1 or
Procedure 2.2, is actually the maximal robustly invariant set for system (2.31) and
constraints (2.33), that is £2 = 2y x.

Example 2.2 Consider the uncertain system in Example 2.1 with the same state,
control and disturbance constraints. Using Procedure 2.2, the set §2,4x is found
after 5 iterations as,

C-03590 —0.93337  [0.9311]

03590  0.9333 0.9311

06739  0.7388 1.2075

> | —0.6739 —0.7388 1.2075

Cmax =X €RT 00079 04401 || 17334
—0.8979 —0.4401 1.7334

03753 —0.9269 1.7474

| 03753 09269 | | 1.7474 |

The sets X, X, and £2,,x are depicted in Fig. 2.5.

Definition 2.31 (One-step robustly controlled set) Given system (2.15), the one-
step robustly controlled set, denoted as C; of the set Co = {x € R" : Fox < go} is
given by all states that can be steered in one step into Cy when a suitable control
action is applied. The set C; can be shown to be [23, 27],

C = {x eR":3uelU: Fy(Aix + Biu) < go — mav)‘g{FoDw}}, i=12,...,q
we
(2.36)

Remark 2.2 If Cy is robustly invariant, then Co € C;. Hence C is a robustly con-
trolled invariant set.

Recall that §2,,x is the maximal robustly invariant set with respect to a predefined
control law u(k) = K x (k). Define Cy as the set of all states, that can be steered into
£2max in no more than N steps along an admissible trajectory, i.e. a trajectory satisfy-
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Fig. 2.6 Robustly controlled 3
invariant sets for Example 2.3

ing control, state and disturbance constraints. This set can be computed recursively
by Procedure 2.3.

Since 2y, is a robustly invariant set, it follows that C;_; € C; and therefore C;
is a robustly controlled invariant set and a sequence of nested polytopes. Note that
the complexity of Cy does not have an analytic dependence on N and may increase
without bound, thus placing a practical limitation on the choice of N.

Example 2.3 Consider the uncertain system in Example 2.1 with the same state,
input and disturbance constraints. Using Procedure 2.3, the robustly controlled in-
variant sets Cy with N =1 and N = 7 are obtained and shown in Fig. 2.6. Note
that C7 = Cy is the maximal robustly controlled invariant set.

The set C7 is presented in minimal normalized half-space representation as,

T 03731 09278 1 [1.35057]
—03731 —0.9278 1.3505
04992  0.8665 1.3946
—0.4992 —0.8665 1.3946
0.1696  0.9855 1.5289
o 2. | —0.169 —09855 | | 1.5289
TENVYERT 02142 09768 || 1.4218
—0.2142 —0.9768 1.4218
07399  0.6727 1.8835
—0.7399 —0.6727 1.8835
1.0000 0 3.0000
| —10000 0 | [3.0000

2.4 On the Domain of Attraction

In this section we study the problem of estimating the domain of attraction for uncer-
tain and/or time-varying linear discrete-time systems in closed-loop with a saturated
controller and state constraints.
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Procedure 2.3 Robustly N-step controlled invariant set computation

o Input: The matrices Ay, Az, ..., Ay, D and the sets X, U, W and £2ax.
e Output: The N-step robustly controlled invariant set C .

1. Seti =0 and Cp = £2max and let the matrices Fp, go be the half-space repre-
sentation of Cy, i.e. Co = {x € R" : Fox < go}
2. Compute the expanded set P; C R
F;(Aix + Biu) g — maxyew {F; Dw}

Pi — (X I/t) e Rn+m . Fi (A2)C + szt) < 8i — mawaW{Fti}

Fi(Agx + Byu) & — maxyew {F; Dw}
3. Compute the projection Pi(”) of P; on R”

Pi(”) ={x €R": 3u € U such that (x,u) € P;}
4. Set
Ciyi=P"NX
and let F;;1, g;+1 be the half-space representation of C;1, i.e.
Ciyi={xeR": Fiyix < g1}

5. If Cj+1 = C;, then stop and set Cy = C;. Else continue.
If i = N, then stop else continue.
7. Seti =i+ 1 and go to step 2.

o

2.4.1 Problem Formulation

Consider the following uncertain and/or time-varying linear discrete-time system,
x(k+1) = A(k)x (k) + B(k)u(k) (2.37)

where

q q
Ak =) i) Bh)=) ai(k)B;
i=l1 i=l1

. (2.38)
doaitk=1, ak)=0
i=1

with given matrices A; € R"*" and B; e R, i =1,2,...,q.
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Fig. 2.7 Saturation function sat(u)

-------------- u

Both the state vector x (k) and the control vector u(k) are subject to the con-
straints,

xhyeX, X={xeR":F'x<g}, Vi=12..n
(2.39)

uk)eU, U={ueR":uj<uj<uj,}, Vj=12,....m

where Fl.T € R” is the i-th row of the matrix Fy € R"1*" g; is the i-th component of

the vector g, € R"!, u;; and u;, are respectively, the i-th component of the vectors

u; and u,, which are the lower and upper bounds of input u. It is assumed that the

matrix F, and the vectors gy, u; and u,, are constant with g, > 0, u; < O and u,, > 0.
Our aim is to estimate the domain of attraction for the system,

x(tk+1)=AWk)x k) + B(k) sat(Kx(k)) (2.40)
subject to the constraints (2.39), where
u(k) = Kx(k) (241

is a given controller that robustly stabilizes system (2.37).

2.4.2 Saturation Nonlinearity Modeling—A Linear Differential
Inclusion Approach

A linear differential inclusion approach used for modeling the saturation function is
briefly reviewed in this subsection. This modeling framework was first proposed by
Hu et al. [55, 57, 58]. Then its generalization was developed by Alamo et al. [5, 6].
The main idea of the linear differential inclusion approach is to use an auxiliary
vector variable v € R™, and to compose the output of the saturation function as a
convex combination of u and v.

The saturation function is defined as

sat(u):[sat(ul) sat(up) ... sat(um)]T (2.42)
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Case l:u<u,;

sat(u) = u;
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Case2:u <u<u,

Uy

sat(u) =u

Uy

Case 3:u,<u

u u

u

Fig. 2.8 Linear differential inclusion approach

where, see Fig. 2.7,

sat(u;) =

ifu; <uwy

ifuy <u;j <ujy

ifuj, <u;

i=1,2,....m

(2.43)

To underline the details of the approach, let us first consider the case u and con-
sequently v are scalars. Clearly, for any u, there exist u; <v <wu, and 0 < g <1

such that,

or, equivalently

sat(u) = Bu+ (1 — BHv

sat(u) € Conv{u, v}

Figure 2.8 illustrates this fact.
Analogously, for m =2 and v such that

{ullfvl SUly

Uz < V2 < Uy

the saturation function can be expressed as,

mmnzm[2}+m[g]+m[;}+m[2}

with Zj’:l Bj =1, Bj = 0. Or, equivalently

sat(u) € Conv { |:u1:| , |:
us

ui
v2

] [a])

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)
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Define Dy, as the set of m x m diagonal matrices whose diagonal elements are
either O or 1. For example, if m = 2 then

Dy — 0 0 1 0 0 o0 1 0
27110 of'lo o]0 1| |0 1
There are 2™ elements in D,. Denote each element of D,, as E;, j =
1,2,...,2" and define E]_ = [ — E;. For example, if

00
#=o o]

e L of (0O O]_|1 O
=10 1 0 ol |0 1
Clearly, if E; € Dy, then Ej_ is also in Dj,. The generalization of the re-
sults (2.45) (2.48) is reported by the following lemma [55, 57, 58],

then

Lemma 2.1 [57] Consider two vectors u € R™ and v € R™ such that u;; < v; < ujy
foralli =1,2,...,m, then it holds that

sat) € Conv{Eju+E; v}, j=1,2,...,2" (2.49)

Consequently, there exist 8; > 0 and Z%m:l Bj = 1 such that,

2/71
sat(u) = Z,Bj(Eju + E]_v)

j=1

2.4.3 The Ellipsoidal Set Approach

The aim of this subsection is twofold. First, we provide an invariance condition
of ellipsoidal sets for uncertain and/or time-varying linear discrete-time systems
with a saturated input and state constraints. This invariance condition is an extended
version of the previously published results in [57] for the robust case. Secondly,
we propose a method for computing a saturated controller u(k) = sat(K x (k)) that
makes a given invariant ellipsoid contractive with the maximal contraction factor.
For simplicity, the case of bounds equal to umax is considered, namely

—U] = Uy = Umax
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and let us assume that the set X in (2.39) is symmetricand g; = 1,Vi =1,2,...,n;.
Clearly, the latter assumption is nonrestrictive as long as, Vg; > 0
F~T
Flx<g & —Lx<I
8i

For a given matrix H € R™*", define X, as the intersection between X and the
polyhedral set F(H, umax) = {x € R" : |Hx| < tmax}, 1.€.

F 1
Xe=1{xeR":| H |x<| tmax (2.50)
—-H Umax

We are now ready to state the main result of this subsection,

Theorem 2.3 If there exist a positive definite matrix P € R"™" and a matrix
H € R™" such that,Vi =1,2,...,q,¥Vj=1,2,...,2™,

[ P (Ai + B;(E;K + E; H)}P

P{A;i + Bi(E;K + E; H)}' P }zo, (2.51)

and E(P) C X¢, then the ellipsoid E(P) is a robustly invariant set for system (2.40)
with constraints (2.39).

Proof Assume that there exist P and H such that condition (2.51) is satisfied. Using
Lemma 2.1 and by choosing v = Hx, it follows that,

2Wl
sat(Kx(k)) =Y Bi(k)(EjKx(k) + Ej Hx(k))
j=1

for all x (k) such that | Hx (k)| < umax. Subsequently,

q 2m
x(k+1)= Zai(k){Ai + B; Zﬂj(k)(EjK + E;H)}x(k)

i=1 j=1

j=1 Jj=1
zm
i)Y Bj({Ai + Bi(E;K + E; H) bx(k)
j=1

q 2" 2"
Zai(k){Zﬁ,xk)Ai +Biy Bik)(EjK + EjH)}xUO
i=1
q
= o
i=1
q 2"

=D 2 Bk {Ai + B (E;K + Ef H) Jx(k) = Ac(k)x (k)

i=1 j=1
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where

g 2"
Ay =33 @i ®)B; () {A: + Bi (E;K + E; H)}

i=1 j=1
Since

q om

Zz(xl (k)Bj (k) = Za, (k)!Zﬁ](k)} =1

i=1j=1

if follows that A.(k) belongs to the polytope P., whose vertices are obtained by
taking all possible combinations of A; + B; (E; K + E]_ H)withi=1,2,...,q and
j=12,...,2™

The set E(P) = {x € R" : xT P~!x < 1} is invariant, if and only if

xTA. TP 1A ()X <1 (2.52)

for all x € E(P). With the same argument as in Sect. 2.3.3, condition (2.52) can be
transformed to,

P Ac(k)P
|:PAC(k)T P i| b 0 (253)

Since A.(k) belongs to the polytope P., it follows that one should check (2.53) at
the vertices of P.. So the set of LMI conditions to be satisfied is the following,
vVi=1,2,...,q,Vj=1,2,...,2",
P {Ai + Bi(E;K + E; H)}P -0
P{Ai+Bi(EjK+E;H)}T P - O

Note that condition (2.51) involves the multiplication between two unknown pa-
rameters H and P. By defining ¥ = H P, condition (2.51) can be rewritten as,
Vi=1,2,...,q,¥j=1,2,...,2™",

[ P (AiP+BiE;KP+ B;ETY)
T T T T p—pT ! =0,
(PA; + PKTE;B +Y E;B;) P
(2.54)
Thus the unknown matrices P and Y enter linearly in (2.54).

As in Sect. 2.3.3, in general one would like to have the largest invariant ellip-
soid for system (2.37) under saturated controller u (k) = sat(K x (k)) with respect to
constraints (2.39). This can be achieved by solving the following LMI problem,

J = max{trace(P)} (2.55)
PY
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subject to

e Invariance condition (2.54).
o Constraint satisfaction,

— On state

1 FT'p .
1 J—
I:PFi P :|20, Vi=1,2,...,n]

— On input

2

u: Y;

fmax "I>0, Vi=1,2,....m
y" P

where Y; is the i-th row of the matrix Y.

Example 2.4 Consider the following linear uncertain, time-varying discrete-time
system,

x(k+1) = A(k)x (k) + B(k)u(k)
with
A(k) =a(k)A; + (1 — (k) Az, B(k) =a(k)B) + (1 —a(k)) B>

and

1 0.1 1 02 0 0
e U A O A O 1]

At each sampling time «(k) € [0, 1] is an uniformly distributed pseudo-random
number. The constraints are,

—10 <x; <10, —10 < xp <10, —l<u<l
The controller is chosen as,
K =[-1.8112 —0.8092]
By solving the LMI problem (2.55), the matrices P and Y are obtained,

p_ |: 5.0494  —8.9640

—8.9640 28.4285] Y =[0.4365 —4.2452]

Hence
H=YP ' =[-04058 —0.2773]
Solving the LMI problem (2.30), the ellipsoid E (P;) is obtained with

po_ | 11490 —3.1747
'=1 31747 9.9824



2.4 On the Domain of Attraction 35

Fig. 2.9 Invariant sets with 6

different control laws for

Example 2.4. The set E(P) is 4r

obtained for 2k

u(k) = sat(K x(k)) and the set

E(P)) is obtained for < O

u(k) = Kx(k) 5l
4}
-6

Fig. 2.10 State trajectories 6r
of the closed loop system for

Example 2.4 4r
2 -
< 0
2t
—4}

-6

-2 -15 -1 -05 0 05 1 15 2

under the linear feedback u (k) = K x (k). Figure 2.9 presents two invariant ellipsoids
with different control laws. E(P) is obtained for u(k) = sat(Kx(k)) and E(Py) is
obtained for u(k) = Kx (k).

Figure 2.10 shows state trajectories of the closed loop system with the controller
u(k) = sat(Kx(k)) for different initial conditions and realizations of « (k).

In the first part of this subsection, Theorem 2.3 was exploited in the following
manner: if £ (P) is robustly invariant for the system,

x(k 4 1) = A(k)x (k) + B(k) sat(Kx (k)

then there exists a stabilizing linear controller u(k) = Hx(k), such that E(P) is
robustly invariant for system,

x(k+1) = A(k)x(k) + B(k)Hx (k)

with H € R™*" obtained by solving the LMI problem (2.55).

Theorem 2.3 now will be exploited in a different manner. We would like to de-
sign a saturated controller u (k) = sat(Kx (k)) that makes a given invariant ellipsoid
E (P) contractive with the maximal contraction factor. This invariant ellipsoid E (P)
can be inherited for example together with a linear controller u (k) = Hx (k) from
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the optimization of some convex objective function J (P),4 for example trace(P).
In the second stage, using H and E(P), a saturated controller u (k) = sat(Kx (k))
which maximizes some contraction factor 1 — g is computed.

It is worth noticing that the invariance condition (2.29) corresponds to the one
in condition (2.54) with Ej =0 and E; =1 — E; = I. Following the proof of
Theorem 2.3, it can be shown that for the system,

x(k+1)=AWk)x k) + B(k) sat(Kx(k))
the set E(P) is contractive with the contraction factor 1 — g if
— T H—1 — -1 -1
{Ai+Bi(E;K+E;H)} P~HA+Bi(E;K+E; H)| - P~ < —gP™' (2.56)

Vi=1,2,...,q,¥j=1,2,...,2" such that E; # 0. Using the Schur complements,
(2.56) becomes,

1-gpP! Ai + Bi(E;K + E; H))T
( g) B (A; i ( j j ) >0 (2.57)
(Ai+ Bi(E;K + E; H)) P
Vi=1,2,...,p,Vj=1,2,...,2" with E; #0.
Hence, the problem of computing a saturated controller that makes a given in-
variant ellipsoid contractive with the maximal contraction factor can be formulated
as,

J = max{g} (2.58)
g.K
subject to (2.57).

Recall that here the only unknown parameters are the matrix K € R™*" and the
scalar g, the matrices P and H being given in the first stage.

Remark 2.3 The proposed two-stage control design presented here benefits from
global uniqueness properties of the solution. This is due to the one-way dependence
of the two (prioritized) objectives: the trace maximization precedes the associated
contraction factor.

Example 2.5 Consider the uncertain system in Example 2.4 with the same state
and input constraints. In the first stage, by solving (2.29), the matrices P and Y are
obtained,

__ | 100.0000 —43.1051
| —43.1051 100.0000

:| , Y =[-3.5691 —6.5121]

4Practically, the design of the invariant ellipsoid E(P) and the controller u(k) = Hx (k) can be
done by solving the LMI problem (2.29).
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Fig. 2.11 Invariant ellipsoid
and state trajectories of the
closed loop system for
Example 2.5

Hence H = Y P~ =[—0.0783 —0.0989]. In the second stage, by solving (2.58),
the matrix K is obtained,

K =[-0.3342 —0.7629]

Figure 2.11 shows the invariant ellipsoid E(P). This figure also shows state trajec-
tories of the closed loop system with the controller u (k) = sat(K x (k)) for different
initial conditions and realizations of « (k).

For the initial condition x (0) = [—4 10]7, Fig. 2.12(a) presents state trajectories
of the closed loop system as functions of time for the saturated controller u (k) =
sat(K x(k)) (solid) and for the linear controller u(k) = Hx (k) (dashed). It is worth
noticing that the time to regulate the plant to the origin by using u(k) = Hx (k) is
longer than the time to regulate the plant to the origin by using u (k) = sat(Kx (k)).
The reason is that when using u (k) = Hx(k), the control action is saturated only at
some points of the boundary of E(P), while using u (k) = sat(Kx(k)), the control
action is saturated not only on the boundary of E(P), the saturation being active
also inside E(P). This phenomena can be observed in Fig. 2.12(b). The same figure
presents the realization of (k).

2.4.4 The Polyhedral Set Approach

The problem of estimating the domain of attraction is addressed by using polyhedral
sets in this subsection. For a given linear controller u (k) = Kx (k), it is clear that the
largest polyhedral invariant set is the maximal robustly invariant set £2;,,x Which can
be found using Procedure 2.1 or Procedure 2.2. From this point on, it is assumed that
2max 18 known.

The aim is to find the largest polyhedral invariant set £2; € X characterizing an
estimation of the domain of attraction for system (2.37) under u(k) = sat(K x(k)).
To this aim, recall that from Lemma 2.1, the saturation function can be expressed
as,

om om

sat(Kx(k)) =Y Bi(k)(EjKx+Ejv), > Bik)=1, ;=0 (2.59)
j=1

j=1
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Fig. 2.12 State and input 6

trajectories for Example 2.5 ‘2‘

for the controller u =sat(Kx) <~ gl
-2
—4

(solid), and for the controller
u = Hx (dashed) in the
figures for x1, x» and u
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Time
(a) State trajectories

20 30 40 50 60
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Time
(b) Input trajectories and « realization

where u; <v <u, and E; is an element of D,, and E,_ =I1-FE;.
Using (2.59), the closed loop system can be rewritten as,

2m
x(k~|—1)_2a,(k){A x(k)+ B; Y Bi(k)(E; Kx(k)+ E; v)}

j=1

k):Zﬁ,(k)A x(k) + B; Zﬁ,(k) (EjKx(k)+E; v)}
Jj=1 j=I1
2[71
(k)Zﬂ,(k) Aix(k)+ Bi(E;Kx(k) + E}v)}
j=1

or

2m
x(k—i—l)_Zal(k)Z,B](k) (Ai + BiE;K)x(k) + B E; v} (2.60)
i=1 j=1

The variable v € R™ can be considered as an external controlled input for the
system (2.60). Hence, the problem of finding §2; for the system (2.40) boils down to
the problem of computing the largest controlled invariant set for the system (2.60).
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Procedure 2.4 Invariant set computation

o Input: The matrices Ay, ..., Ay, Bi, ..., By, the matrix K and the sets X, U and
Qmax

e QOutput: An invariant approximation of the invariant set §2; for the closed loop
system (2.40).

1. Seti =0 and Cy = 2max and let the matrices Fy, go be the half space repre-
sentation of Co, i.e. Co = {x € R" : Fpx < go}
2. Compute the expanded set P; C R"™™ Vj =1,2,...,2"

Fil(A1 + BIEjK)x + BIE} v} 2
F,'{(Az-i-BzEjK)x-i-BzEj_v} gi
Pj =13 (x,v) eR"": ] <| .
Fil(Aq + B4E;K)x + By E; v) 8i

3. Compute the projection Pj(") of P; onR",

P{" ={x eR":3v e U suchthat (x,v) € P;}, Vj=1,2,...2"

4. Set
2m
Cimi=X[)P"
j=1

and let the matrices Fj1, gi+1 be the half space representation of C;1, i.e.
Ciyi={xeR": Fii1x < giy1}

5. If Ci4+1 = Cj, then stop and set £2; = C;. Else continue.
6. Seti =i+ 1 and go to step 2.

The system (2.60) can be considered as an uncertain system with respect to the
parameters «; and 8;. Hence using the results in Sect. 2.3.4, Procedure 2.4 can be
used to obtain 2.

Since §2max 1s robustly invariant, it follows that C;_1 C C;. Hence C; is a robustly
invariant set. The set sequence {Cy, C1, ...} converges to §2;, which is the largest
polyhedral invariant set.

Remark 2.4 Each polytope C; represents an inner invariant approximation of the
domain of attraction for the system (2.37) under the controller u (k) = sat(Kx (k)).
That means Procedure 2.4 can be stopped at any time before converging to the true
largest invariant set £2; and obtain an inner invariant approximation of the domain
of attraction.
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Procedure 2.5 Invariant set computation

o Input: The matrices Ay, Az, ..., A, and the sets X and 2pax.
e Output: The invariant set 277

1. Seti =0 and Cp = £2max and let the matrices Fp, go be the half-space repre-
sentation of the set Cp, i.e. Co = {x € R" : Fox < go}
2. Compute the set P; C R"

Fi(Ay + B1EjK + B E; H)x g
Fi(Ay + BEjK + ByE; H)x gi
Pj ={xeR": . < .
Fi(Aq4 —|—BquK++Bqu_H)x 8i
3. Set
2Wl
Civ1=Xn m P;
j=1

and let the matrices F;1, gi+1 be the half-space representation of C;1, i.e.
Ciyi={xeR": Fiyix < gt}

4. If Cij41 = C;, then stop and set £2; = C;. Else continue.
5. Seti =i+ 1and go to step 2.

Fig. 2.13 Invariant sets for
different control laws and
different methods for
Example 2.6. The set £2; is
obtained for

u(k) = sat(K x(k)) using
Procedure 2.4. The set 27 is
obtained for

u(k) = sat(K x(k)) using
Procedure 2.5. The set §2max
is obtained for u(k) = Kx
using Procedure 2.2

It is worth noticing that the matrix H € R™*" resulting from the LMI prob-
lem (2.55) can also be used for computing an inner polyhedral invariant approxima-
tion .Qf’ of the domain of attraction. Clearly, .Qf’ is a subset of £2;, since v is now
in a restricted form v(k) = Hx (k). In this case, using (2.60) one obtains,

q o
xtk+1)= Zai(k) Z,Bj(k){(A,- + BiE;K + B.E; H)x(k)} (2.61)
i=1 j=1
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Fig. 2.14 State trajectories
of the closed loop system
with u(k) = sat(K x(k)) for
Example 2.6

Define the set Xy as,

Xy={xeR": Fyx < gy} (2.62)
where
Fy 8x
FH - H L) gH - uu
—H uj

Procedure 2.5 can be used for computing £2/7.

Since the matrix Z?:l a; (k) Z?Zl Bj(){(Ai + BiE;K + B;E; H)} is asymp-
totically stable, Procedure 2.5 terminates in finite time [29]. In other words, there
exists a finite index i = imax such that C; , = C;, . +1.

Example 2.6 Consider Example 2.4 with the same state and control constraints.
The controller is K =[—1.8112 —0.8092].

Using Procedure 2.4, the set £2; is obtained after 121 iterations and depicted in
Fig. 2.13. This figure also shows the set .QSH obtained by using Procedure 2.5 with
the auxiliary matrix H = [—0.4058 —0.2773], and the set £2,,x obtained with the
controller u (k) = K x using Procedure 2.2.

2H and £2; are presented in minimal normalized half-space representation as,

[ —0.8256 —0.5642] [2.0346 ]
0.8256  0.5642 2.0346
0.9999  0.0108 2.3612
~0.9999 —0.0108 2.3612
0.9986  0.0532 2.3467
" > | —0.9986 —0.0532 2.3467
27 =1X€R 06081 —0.7160 | X = | 2.9453
0.6981  0.7160 2.9453
0.9791  0.2033 2.3273
~0.9791 —0.2033 2.3273
—0.4254 —0.9050 4.7785
| 04254 0.9050 | | 47785 |
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C-0.9996 —0.02737  [3.53407]
0.9996  0.0273 3.5340
—0.9993 —0.0369 3.5104
0.9993  0.0369 3.5104
—0.9731 —0.2305 3.4720
09731  0.2305 3.4720
0.9164  0.4004 3.5953
—0.9164 —0.4004 3.5953

> | 08434 05372 3.8621
$2:=1X€R _gga3a 05372 | = | 38621
0.7669  0.6418 42441
—0.7669 —0.6418 42441
0.6942  0.7198 47132
—0.6942 —0.7198 47132
0.6287  0.7776 5.2465
—0.6287 —0.7776 5.2465
05712 0.8208 5.8267

| 05712 —0.8208 | | 5.8267 |

Figure 2.14 presents state trajectories of the closed loop system with u(k) =
sat(K x(k)) for different initial conditions and realizations of « (k).



Chapter 3
Optimal and Constrained
Control—An Overview

3.1 Dynamic Programming

Dynamic programming was developed by R.E. Bellman in the early fifties [13—-16].
It provides a sufficient condition for optimality of the control problems for various
classes of systems, e.g. linear, time-varying or nonlinear. In general the optimal

solution is expressed as a time-varying state-feedback form.

Dynamic programming is based on the following principle of optimality [17],
An optimal policy has the property that whatever the initial state and initial de-
cision are, the remaining decisions must constitute an optimal policy with regard to

the state resulting from the first decision.

To begin, let us consider the following optimal control problem,

N-—1
I}Cliun{E(x(N)) + > L(x(k), u(k))

k=0
subject to
x(k+1):f(x(k),u(k)), k=0,1,...,N—1,
utkyeU, k=0,1,...,N—1,
xtkyeX, k=0,1,...,N,
x(0) =xo
where

N > 0 is called the time horizon.

L(x(k), u(k)) represents a cost along the trajectory.
E(x(N)) represents the terminal cost.

U and X are respectively, the input and state constraints.
x(0) is the initial condition.

H.-N. Nguyen, Constrained Control of Uncertain, Time-Varying, Discrete-Time Systems,

Lecture Notes in Control and Information Sciences 451,
DOI 10.1007/978-3-319-02827-9_3,
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x(k) € R" and u(k) € R™ are respectively, the state and control variables.

(3.1)
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Define the value function V;(x(i)) as,
N—-1
Vi(x(0) = min{ E(x(N) + > L(x(k), u(k) (3.2)
" k=i

subject to

x(k+1)=f(x(k),uk), k=ii+1,...,N—1,
ukk)eU, k=iji+1,...,N—1,
x(kyeX, k=ii+1,....,N

fori=N,N—1,N-2,...,0.
Vi(x(i)) is the optimal cost on the horizon [i, N], starting from the state x (7).
Using the principle of optimality, one has,

Vi(x() = mm{ (x(@),u@®) + Vig1(x(i + D)} (3.3)
By substituting x (i 4+ 1) = f(x(i), u(i)) in (3.3), one obtains,
Vi@ =min{L (¥, u®) + Vir (f (). 1))} (3.4)
subject to
{u(i) eU,
Fx@),u@) e X

Problem (3.4) is much simpler than (3.1) because it involves only one decision vari-
able u(i). To actually solve this problem, we work backwards in time from i = N,
starting with

Vy (x(N)) = E(x(N))

Based on the value function V;41(x(i+1)) withi =N —1, N—-2, ..., 0, the optimal
control values u#*(i) can be obtained as,

(i) = argmin{L (x(0), (D) + Vi (f (0, (D))}
subject to

{u(i) eU,
Fx@),u@)) e X

3.2 Pontryagin’s Maximum Principle

The second milestone in the optimal control theory is the Pontryagin’s maximum
principle [36, 103]. This approach, can be seen as a counterpart of the classical
calculus of variation approach, allowing us to solve the control problems in which
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the control input is subject to constraints in a very general way. Here for illustration,
we consider the following simple optimal control problem,
N-1
min ) E(x(N)) + > L(x(k), u(k)) (3.5)
k=0
subject to
x(k—i—l):f(x(k),u(k)), k=0,1,...,N —1,
uk)eU, k=0,1,...,N—1,
x(0) =xo
For simplicity, the state variables are considered unconstrained. For solving the

problem (3.5) with the Pontryagin’s maximum principle, the following Hamiltonian
H; (+) is defined,

Hi(x(k), u(k), rk + 1)) = L(x(k), u(k)) + 27 (k + 1) f (x(k), u(k))  (3.6)

where A(k) € R" with k =1,2,..., N are called the co-state or the adjoint vari-
ables. For the problem (3.5), these variables must satisfy the so called co-state equa-
tion,

Vet )= B 01 N-2
Ak’ S
and
2oy PEGV)
(x(N))

For given state and co-state variables, the Pontryagin’s maximum principle states
that the optimal control value is achieved by choosing control u* (k) that minimizes
the Hamiltonian at each time instant, i.e.

Hi (x* k), u* (), A* (k + 1)) < Hi(x*(k), u(k), ¥k + 1)),  Yu(k) €U

3.3 Model Predictive Control

Model predictive control (MPC), or receding horizon control, is one of the most ad-
vanced control approaches which, in the last decades, has became a leading indus-
trial control technology for constrained control systems [30, 34, 47, 52, 88, 92, 107].
MPC is an optimization based strategy, where a model of the plant is used to predict
the future evolution of the system, see [88, 92]. This prediction uses the current state
of the plant as the initial state and, at each time instant, k, the controller computes
a finite optimal control sequence. Then the first control action in this sequence is
applied to the plant at time instant k, and at time instant k + 1 the optimization
procedure is repeated with a new plant measurement. This open loop optimal feed-
back mechanism! of the MPC compensates for the prediction error due to structural

Tt was named OLOF (Open Loop Optimal Feedback) control, by the author of [40].
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mismatch between the model and the real system as well as for disturbances and
measurement noise. In contrast to the maximal principle solutions, which are al-
most always open loop optimal, the receding horizon principle behind MPC brings
the advantage of the feedback structure.

The main advantage which makes MPC industrially desirable is that it can take
into account constraints in the control problem. This feature is very important for
several reasons,

e Often the best performance, which may correspond to the most efficient opera-
tion, is obtained when the system is made to operate near the constraints.

e The possibility to explicitly express constraints in the problem formulation offers
a natural way to state complex control objectives.

e Stability and other features can be proved, at least in some cases, in contrast to
popular ad-hoc methods to handle constraints, like anti-windup control [50], and
override control [118].

3.3.1 Implicit Model Predictive Control

Consider the problem of regulating to the origin the following time-invariant linear
discrete-time system,

x(k + 1) = Ax(k) + Bu(k) (3.7)

where x(k) € R" and u(k) € R™ are respectively the state and the input variables,

A e R and B € R"*™ Both x (k) and u (k) are subject to polytopic constraints,
kyeX, X=xeR':Fux<

() tx wEad gy (3.8)
uk) e U, U={ueRm:Fuu§gu}

where the matrices Fy, F, and the vectors g, g, are assumed to be constant with
gx > 0, g, > 0. Here the inequalities are element-wise.
Provided that x (k) is available, the MPC optimization problem is defined as,

N N-—1
Vixk)) = min xFOx, + ul Ru 3.9)
( )) u=[ug,uy,....u -1l ; tQt ; ! ! (
subject to
Xt+1:A.xt+BMt, t=0,1,...,N—1,
xyeX, t=1,2,...,N,
uel, t=0,1,...,N—1,
xo = x (k)
where

e x;4+1 and u, are, respectively the predicted states and the predicted inputs, ¢ =
0,1,...,N—1.
e QeR"™ and Q > 0.
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e ReR™ " and R > 0.
e N >1is afixed integer. N is called the time horizon or the prediction horizon.

The conditions on Q and R guarantee that the cost function (3.9) is strongly
convex. In term of eigenvalues, the eigenvalues of Q should be non-negative, while
those of R should be positive in order to ensure the unique optimal solution.

Clearly, the term x! Qx, penalizes the deviation of the state x from the origin,
while the term u[ Ru, measures the input control energy. In other words, selecting
Q large means that, to keep V small, the state x, must be as close as possible to the
origin in a weighted Euclidean norm. On the other hand, selecting R large means
that the control input #; must be small to keep the cost function V small.

An alternative is a performance measure based on /;-norm,

min {Z|Qxl|1 + Z |Rut|1} (3.10)
=[uo,uy,....un—1]

or [oo-norm,

u=[ug,u,....u-1]

min {Z|Qxf|oo+Z|Ruz|oo} 3.11)

Using the state space model (3.7), the future state variables are expressed sequen-
tially using the set of future control variable values,

x1 = Axg + Bug

Xy = Ax; + Buj = A2)C0 + ABuo + Buy

(3.12)
XN = ANx() + AN_IBM() + AN_ZBL{] +---4+ Buy_i
The set of (3.12) can be rewritten in a compact matrix form as,
x= A x0+ Bsu= A, x(k) + B,u (3.13)
with x = [xlT sz x{,]T, u= [ug ulT u](,_l]T and
A B 0 ... 0
A? :
Ag=1| . |, B, = AB B
: : -0
AN AN-1g AN=2p B
The MPC optimization problem (3.9) can be rewritten as,
V(x(k)) :min{xT qu—i-uTRuu} (3.14)
u
where
0 0 0 R O 0
0 Q0 0 0 R 0
Qa = . s Ra =
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and by substituting (3.13) in (3.14), one gets
V(x(k)) =min{u” Hu+2x" (k) Fu+x" () Yx(k)) (3.15)
where
H=B]0.Bi+Ri,  F=A[QuBsy  Y=A[0.A, (3.16)

Consider now the constraints (3.8) along the horizon. Using (3.8), it can be shown
that the constraints on the predicted states and inputs are,

Fa < a’
{ 1X =8 (3.17)
Flu<gy
where
[F, 0 ... 0] [ gx ]
0 F, ... O 8x
Fé=1| . , gi=1 .|,
| 0 0 Fy | | 8x |
[F, 0 ... 0] Mg ]
0O F, ... O gu
= . . . s &= .
L0 0 ... F| | 8u |
Using (3.13), the state constraints along the horizon can be expressed as,
F¢{Aqx (k) + Bou} < g¢
or, equivalently
F!Bju<—FA.x(k)+ g% (3.18)
Combining (3.17), (3.18), one obtains,
Gu<Exk)+S (3.19)
where
_| E _| 0 _| s
G‘[F)?Ba] E—[—F;’Aa] S_[gﬁi
From (3.14) and (3.19), the MPC problem can be formulated as,
Vi (x(k)) =min{u” Hu+ 2x" (k) Fu} (3.20)
u

subject to
Gu<Exk)+S

where the term x7 (k)Y x (k) is removed since it does not influence the optimal ar-
gument. The value of the cost function at optimum is simply obtained from (3.20)
by,

V(x(k) = Vi(x (k) +x" (k) Yx (k)
The control law obtained by solving on-line (3.20) is called implicit model predic-
tive control.
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Example 3.1 Consider the following time-invariant linear discrete-time system,

1 1 1
x(k—i—l):[o l:|x(k)+|:0.7}u(k) (3.21
and the MPC problem with N =3, Q = I and R = 1. The constraints are,
—2=<x 52, —5=<x <5, —l1=<sucxl

Using (3.20), the MPC problem can be described as,
min {uTHu + 2xT(k)Fu}

u={ug,uy,uz}

where

H=| 67600 5.8700 2.1900
2.8900 2.1900 2.4900

and subject to

12.1200 6.7600 2.8900 F_|:5.1000 27000 1.0000]

13.7000 8.5000 3.7000

Gu< S+ Ex(k)

where
© 1.0000 0 0 0 0] 1]
~1.0000 0 0 0 0 1
0 1.0000 0 0 0 1
0 —1.0000 0 0 0 1
0 0 1.0000 0 0 |
0 0 —1.0000 0 0 1
1.0000 0 0 -1 2
0.7000 0 0 0 -1 5
~1.0000 0 0 11 2
G=1_o7000 o0 o |© E= 1l S=]s
17000 1.0000 0 1 -2 2
0.7000  0.7000 0 - 5
~17000 —1.0000 0 12 2
—07000 —0.7000 0 0 1 5
24000 17000  1.0000 1 -3 2
0.7000  0.7000  0.7000 0 —I 5
24000 —1.7000 —1.0000 13 2
| —0.7000 —0.7000 —0.7000 0 1] 5|

Algorithm 3.1 Model predictive control—Implicit approach

Measure the current state x (k).

Compute the control signal sequence u by solving (3.20).
Apply first element of u as input to the system (3.7).
Wait for the next time instant k :=k + 1.

Go to step 1 and repeat

BRIl
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Fig. 3.1 State and input 2
trajectories as functions of
time for Example 3.1 oo 1r
ot :
0 5 10 15 20
Time
1 :
0.5
><(\I
0 -
-0.5¢ i i i ]
0 5 10 15 20
Time

(a) State trajectory

0 5 10 15 20
Time

(b) Input trajectory.

For the initial condition x (0) = [2 1]7, Fig. 3.1 shows the state and input trajectories
of the closed loop system obtained by using Algorithm 3.1.

3.3.2 Recursive Feasibility and Stability

Recursive feasibility of the optimization problem and stability of the resulting
closed-loop system are two important aspects when designing a MPC controller.

Recursive feasibility of the QP problem (3.20) means that if (3.20) is feasible at
time k, it will be also feasible at time k + 1. In other words there exists an admissible
control value that holds the system within the state constraints. The feasibility prob-
lem can arise due to model errors, disturbances or the choice of the cost function.

Stability analysis necessitates the use of Lyapunov theory [70], since the pres-
ence of the constraints makes the closed-loop system nonlinear. In addition, it
is well known that unstable input-constrained system cannot be globally stabi-
lized [89, 113, 119]. Another problem is that the control law is generated by the
solution of the QP problem (3.20) and generally there does not exist any simple
closed-form expression for the solution, although it can be shown that the solution
is a piecewise affine state feedback law [20].

Recursive feasibility and stability can be assured by adding a terminal cost func-
tion in the objective function (3.9) and by including the final state of the planning
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horizon in a terminal invariant set. Let the matrix P € R"*" be the unique solution
of the following discrete-time algebraic Riccati equation,

P=ATPA—ATPB(B"XB+R) 'B"PA+Q (3.22)
and the matrix gain K € R™*" is defined as,
K=—(B"PB+R) 'B"PA (3.23)

It is well known [7, 80, 83, 85] that matrix gain K is the solution of the optimization
problem (3.9) when the time horizon N = oo and there are no active state and input
constraints. In this case the cost function is,

oo o0
V(x©) =Y {x{ Oxc +uf Rup} =Y " x[ (0 + K" RK)x; = x{ Pxo
k=0 k=0

For the stabilizing controller u (k) = Kx(k), using results in Sect. 2.3, an ellip-
soidal or polyhedral invariant set £2 C X can be computed for system (3.7) with
constraints (3.8).

Consider now the following MPC optimization problem,

N—1
min xIPxy + Z{xf 0x; +ul Ru,} (3.24)
u=[ug,uy,...,un—1l s
subject to
Xiy1 =Ax; + Buy,, t=0,1,...,N—1,
xeX, t=12,...,N—1,
M[GU, t:0,1, ,N 1,
XN € .Q,
xo0 = x(k)

The following theorem holds [92]

Theorem 3.1 [92] Assuming feasibility at the initial state, the MPC controller
(3.24) guarantees recursive feasibility and asymptotic stability.

The MPC problem considered here uses both a terminal cost function and a ter-
minal set constraint and is called the dual-mode MPC. This MPC scheme is the most
attractive version in the MPC literature. In general, it offers better performance com-
pared with other MPC versions and allows a wider range of control problems to be
handled. The downside is the dependence of the feasible domain on the prediction
horizon. Generally, for a large domain one needs to employ a large prediction hori-
zon.

3.3.3 Explicit Model Predictive Control—Parameterized Vertices

Note that the implicit MPC requires running on-line optimization algorithms to
solve a QP problem associated with the objective function (3.9) or to solve an LP
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problem with the objective function (3.10) or (3.11). Although computational speed
and optimization algorithms are continuously improving, solving a QP or LP prob-
lem can be computationally costly, specially when the prediction horizon is large,
and this has traditionally limited MPC to applications with relatively low complex-
ity/sampling interval ratio.

Indeed the state vector can be interpreted as a vector of parameters in the opti-
mization problem (3.24). The exact optimal solution can be expressed as a piece-
wise affine function of the state over a polyhedral partition of the state space and
the MPC computation can be moved off-line [20, 30, 95, 115]. The control action is
then computed on-line by lookup tables and search trees.

Several solutions have been proposed in the literature for constructing a polyhe-
dral partition of the state space [20, 95, 115]. In [19, 20] some iterative techniques
use a QP or LP to find feasible points and then split the parameters space by in-
verting one by one the constraints hyper-planes. As an alternative, in [115] the au-
thors construct the unconstrained polyhedral region and then enumerate the others
based on the combinations of active constraints. When the cost function is quadratic,
the uniqueness of the optimal solution is guaranteed and the methods proposed in
[19, 20, 115] work well, at least for non-degenerate sets of constraints [127].

It is worth noticing that by using /{- or [,-norms as the performance measure,
the cost function is only positive semi-definite and the uniqueness of the optimal
solution is not guaranteed and as a consequence, neither the continuity. A control
law will have a practical advantage if the control action presents no jumps on the
boundaries of the polyhedral partitions. When the optimal solution is not unique,
the methods in [19, 20, 115] allow discontinuities as long as during the exploration
of the parameters space, the optimal basis is chosen arbitrarily.

Note that using the cost (3.10) or (3.11), the MPC problem can be rewritten as

V(x(k)) = min{c” 3.25
(x(0) mzm{c z} (3.25)
subject to
Giz< Eix(k)+ S
with
T

O AR A S S

where §;,i =1,2, ..., N¢ are slack variables and N¢ depends on the norm used and

on the prediction horizon N. Details of how to compute vectors ¢, S; and matrices
Gy, E; are well known [19].

The feasible domain for the LP problem (3.25) is defined by a finite number of
inequalities with a right hand side linearly dependent on the vector of parameters
x(k), describing in fact a parameterized polytope [86],

P(x(k)) ={z: Giz < Eix(k) + S} (3.26)

For simplicity, it is assumed that, the polyhedral set P(x(k)) is bounded
Vx(k) € X.In this case P(x(k)) can be expressed in a dual (generator based) form
as

P(x) =Conv{vi (x(0)}, i=1,2,...,m, (3.27)
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where v; (x (k)) are the parameterized vertices. Each parameterized vertex in (3.27)
is characterized by a set of active constraints. Once the set of active constraints is
identified, the parameterized vertex v; (x (k)) can be computed as

vi(x()) =Gy Enx(k) + Gy Sii (3.28)

where Gy;, Eji, W correspond to the subset of active constraints for the i-th pa-
rameterized vertex.

As a first conclusion, the construction of the dual description (3.26), (3.27) re-
quires the determination of the set of parameterized vertices. Efficient algorithms
exist in this direction [86], the main idea is the analogy with a non-parameterized
polytope in a higher dimension.

When the vector of parameter x (k) varies inside X, the vertices (3.27) may split
or merge. This means that each parameterized vertex v; (x(k)) is defined only over
a specific region in the parameters space. These regions VD; are called validity
domains and can be constructed using simple projection mechanism [86].

Once the entire family of parameterized vertices and their validity domains are
available, the optimal solution can be constructed as follows.

For a given x (k), the minimum (3.25) is attained by a subset of vertices v; (x (k))
of P(x(k)), denoted v;“ (x(k)). The complete solution is,

2k (x (k) = Conv{v]y (x(K)), v (x (k). ..., v (x(K))} (3.29)

i.e. any function included in the convex combination of vertices is optimal.
The following theorem holds regarding the structure of the polyhedral partitions
of the parameters space [96].

Theorem 3.2 [96] Let the multi-parametric program in (3.25) and v;(x(k)) be
the parameterized vertices of the feasible domain (3.26), (3.27) with their corre-
sponding validity domains V D;. If a parameterized vertex is selected as an optimal
candidate, then it covers all its validity domain.

It is worth noticing that the complete optimal solution (3.29) takes into account
the eventual non-uniqueness of the optimum, and it defines the entire family of
optimal solutions using the parameterized vertices and their validity domains.

Once the entire family of optimal solutions is available, the continuity of the
control law can be guaranteed as follows. First if the optimal solution is unique,
then there is no decision to be made, the explicit solution being the collection of the
parameterized vertices and their validity domains. The continuity is intrinsic.

Conversely, the family of the optimal solutions can be enriched in the presence
of several optimal parameterized vertices,

Zk(x(k)) =gV F gV e g U
aixr >0, i=1,2,...,s (3.30)
alk tog+--Foag =1

passing to an infinite number of candidates. As mentioned previously, the vertices
of the feasible domain split and merge. The changes occur with a preservation of the
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continuity. Hence the continuity of the control law is guaranteed by the continuity
of the parameterized vertices. The interested reader is referred to [96] for further
discussions on the related concepts and constructive procedures.

Example 3.2 To illustrate the parameterized vertices concept, consider the follow-
ing feasible domain for the MPC optimization problem,

P(x(k)) = Pi N Py(x(k)) (3.31)
where P; is a fixed polytope,
0 1 1
Pi={zeR?*: (1) _01 z < (1) (3.32)
-1 0 0

and P, (x(k)) is a parameterized polyhedral set,

Py (x(k) = {z eR?: [_Ol _Ol}z < [:ﬂx(k) + [8:2“ (3.33)

Note that P, (x(k)) is an unbounded set. Using (3.33), it is follows that,

o If x(k) <0.5, then —x (k) + 0.5 > 0. It follows that P; C P,(x(k)), and hence
P (x(k)) = Pj has the half-space representation as (3.32) and the vertex represen-
tation as,

P(x(k)) = Conv{vy, v2, v3, v4}

o=l e[l w=[] =[]

e If0.5 <x(k) <1.5,then —1 < —x(k)+0.5 < 0. It follows that P; N P (x(k)) # @.
Note that for P (x(k)), the half-spaces z; = 0 and z; = 0 are redundant. P (x(k))
has the half-space representation,

where

0 1 0 1

_ 2|10 0 1
P(x()=qzeR:| o |z=| ) [x®+] s
0 -1 -1 0.5

and the vertex representation,

P (x(k)) = Conv{vs, vs, ve, v7}

_ 1 _ x—0.5 _ x—0.5
UBS=1x—05] o=t | V'=lx—05|

o If 1.5 < x(k), then —x (k) + 0.5 < —1. It follows that P; N P>(x(k)) = @. Hence
P(x(k)) =0.

with
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Table 3.1 Validity domains

and their parameterized VD, VD, VD3
vertices

U1, V2,V3,04 V4, s, V6, U7 [/
Fig. 3.2 Polyhedral sets Py 1.5

and P> (x(k)) with
x(k) =03, x(k) = 0.9 and

x(k) = 1.5 for Example 3.2. Ir
For x(k) <0.5,
Pi N Py(x(k)) = Py. For N 0.5
0.5 <x(k) < 15, P,
Py N Py(x(k)) # @. For L
x(k) > 1.5, y s
PiNPy(xk)=0 L
0 0.5 1 15

In conclusion, the parameterized vertices of P (x(k)) are,

A )

3 1 [xtk—05 _[x(k)—05
BT xk —05) T 1 T x@—05 |

and the validity domains,
VD =(—o00 0.5], VD, =[0.5 1.5], VD3 =(1.5 +o0)

Table 3.1 presents the validity domains and their corresponding parameterized
vertices.

Figure 3.2 shows the polyhedral sets P; and P>(x(k)) with x(k) = 0.3, x(k) =
0.9 and x (k) = 1.5.

Example 3.3 Consider the linear discrete-time system in Example 3.1 with the
same constraints on the state and input variables. Here we will use a dual-mode
MPC (3.24), which guarantees recursive feasibility and stability.

By solving (3.22) and (3.23) for Q = I, R = 1, one obtains,

p_ 1.5076  —0.1173
~ | =0.1173  1.2014

For the controller u = Kx, the terminal invariant set £2 is computed using Proce-
dure 2.2,

] , K =[-0.7015 —1.0576]

07979  —0.6029 2.5740

—0.7979  0.6029 2.5740

B > | 1.0000 0 2.0000
$2=1x€R% 0000 0o |*=120000
—0.5528 —0.8333 0.7879

0.5528 0.8333 0.7879
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Figure 3.3 shows the state space partition obtained by using the parameterized
vertices framework as a method to construct the explicit solution to the MPC prob-
lem (3.24) with prediction horizon N =2.

The control law over the state space partition is,

r—0.80 0.60 T r2.57
0.80 —0.60 2.57
—0.70x; (k) — 1.06x2 (k) if _()(’5555 _0(')?;3 x(k) < 8:;3
—1.00 0.00 2.00
L 1.00  0.00 [ 2.00
(Region 1)
[ 043  0.90 ] [ 1.14 7
—0.56x1 (k) — 1.17x2(k) +0.47 if | —1.00 0.00 |x(k)<| 2.00
0.80 —0.60 —2.57
- (Region 4) - -
[—043 —0.90] [ 1.14 7
—0.56x1 (k) — 1.17x2(k) —0.47 if | 1.00  0.00 [x(k)<| 2.00
—0.80 0.60 —2.57
- (Region 7) - -
037 093 ] [ 1.29 7]
-1 if | 1.00  0.00 |x(k)<| 2.00
—0.55 —0.83 —0.79
ulk) = B (Region 2) - -
[—0.37 —0.937] M 1.29 T
1 if | —1.00 0.00 |x(k)<| 2.00
0.55 0.83 —0.79
- (Region5) -
r o071 071 7 r2.12 7
027  0.96 1.71
.. | =1.00  0.00 2.00
-1 it 100 000 [T =] 200
—0.43 —0.90 ~1.14
L —0.37 —0.93 ] [ —1.29
(Region 3)
r—0.71 —0.717 r2.12 7
—0.27 —0.96 1.71
.| 1.00  0.00 2.00
! 1 2100 000 [FO=1] 200
0.43  0.90 ~1.14
L 037 0.93 ] [ —1.29
(Region 6)

For the initial condition x (0) = [—2 2.33], Fig. 3.4 shows the state and input trajec-
tories as functions of time.

3.4 Vertex Control

The vertex control framework was first proposed by Gutman and Cwikel in [53].
It gives a necessary and sufficient condition for stabilizing a time-invariant linear
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Fig. 3.3 State space partition
for Example 3.3. Number of
regions N, =7

Fig. 3.4 State and input OF
trajectories of the closed loop
system as functions of time W -lr
for Example 3.3 5 |
0 5 10 15
Time
2 L
jal
=< 1t
0 L
0 5 10 15
Time

(a) State trajectory

0 5 10 15
Time

(b) Input trajectory

discrete-time system with bounded polyhedral state and control constraints. The
condition is that at each vertex of the controlled invariant set?> Cy there exists an
admissible control action that brings the state to the interior of the set Cy in finite
time. Then, this condition was extended to the uncertain plant case by Blanchini in
[23]. A stabilizing controller is given by the convex combination of vertex controls
in each sector with a Lyapunov function given by shrunken images of the boundary
of the set Cy [23, 53].

2See Sect. 2.3.4.
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Fig. 3.5 Graphical
illustration of the simplex
decomposition

To begin, let us consider the following uncertain and/or time-varying linear
discrete-time system,

x(k+1) = A()x (k) + BUuk) (3.34)

where x (k) € R", u(k) € R™ are, respectively the state and input vectors. The ma-
trices A(k) € R™", B(k) € R"*™ satisfy,

q q
Aty=) ai(k)A;, Bk)=) aik)Bi,
s i=l (3.35)
dow® =1, ak)=0
i=1

where the matrices A;, B; are given.
Both x (k) and u(k) are subject to the following bounded polytopic constraints,

x(kyeX, X={xeR":Fux<g

(3.36)
uk)eU, U={u eR"™: F,u §g,,}

where the matrices F, F;, and the vectors gx and g, are assumed to be constant with
gx>0,g,>0.

Using results in Sect. 2.3.4, it is assumed that the robustly controlled invariant
set Cy with some fixed integer N > 0 is available as,

CN={xe]Rn:FNx§gN} (3.37)

The set Cy with non-empty interior can be decomposed as a sequence of simpli-
cies CI(\{) each formed by 7 vertices {xf’ ), xé’ ), xY and the origin, having the
following properties, see Fig. 3.5,

° Cj(\f) has nonempty interior.
o In(CY)NIn(CPy=0,Vj #1.
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Denote by V) = [vij ) véj ) .. v,(,j )] the square matrix defined by the vertices
generating C 1(\{). Since C %)has nonempty interior, V) is invertible. Let

U(j)z[uif) uéj) uf,’)]

be the m x n matrix defined by chosen admissible control values® satisfying (3.36)
at the vertices of C 1(\;)' Consider the following piecewise linear controller,

u(k) = K9Vx(k) (3.38)

called the vertex control law, for x (k) € CI(J), where
KO = U(j)(v(j))—l (3.39)
A simple LP problem is formulated to determine to which simplex j the current

state belongs [65, 128] in order to compute (3.38).

Remark 3.1 Generally, one would like to push the state away from the boundary of
the set Cy as far as possible in a contractive sense: if x (k) is a vertex of Cy, one
would like to find the control value u (k) € U, such that x (k4 1) € uCy, whereby i
is minimal. This can be done by solving the following linear programming problem,

J = min{u) (3.40)

subject to

Fn(Aix + Biu) <ugny, Vi=1,2...,q,
Fu < gy,
O=<p=l

Due to the invariance properties of Cy, problem (3.40) is always feasible.

Theorem 3.3 The vertex controller (3.38) guarantees recursive feasibility for all
initial states x(0) € Cy.

Proof Proofs are given in [23, 53]. Here a new simple proof is proposed. For all
x (k) € Cy, there exists an index j such that x (k) € CI(\{), and x (k) can be expressed

as a convex combination of the vertices of Cf\{),
x(k) = Bi()vy” + Bo(k)vy” + - + B k) vy (3.41)

where )7, Bi(k) <1 and B; (k) > 0. Equation (3.41) can be written in a compact
form as,

x(k) = VY B (k) (3.42)

3By an admissible control value we understand any control value that is the first of a sequence of
control values that bring the state from the vertex to the interior of the feasible set in a finite number
of steps, see [53].
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where B(k) = [B1(k) Ba(k) ... Bu(k)]T and by consequence
Bk) = (V) x (k) (3.43)
Using (3.38), (3.39), one has
u(k) = KDxk) =P (V) x(k) (3.44)
and by (3.43), equation (3.44) becomes
u(k) = U B(k) = Xn:ﬂi (kyug” (3.45)
i=1

Hence for a given x (k) € C G ), the control value is the convex combination of vertex
controls of CI(J).
For feasibility, one has to assure,
Fuuk) < gu,
x(k+1)=A(k)x(k) + B(k)u(k) € Cn

For the input constraints, using (3.45), it holds that,

Vx(k) e Cy: {

Fauk) =Y i) Fuu” <3 Bi(k)gu < gu

i=1 i=1
For the state constraints, using (3.42), (3.45), one obtains,
x(k+1) = Ak)x (k) + B(kyuk) = A(k)VD B(k) + Bl)UY B(k)
n
=" iR (A + Blou)
i=1
Since A(k)v” + B(kyu'” € Cy, ¥i =1,2,...,n, it follows that x(k + 1) € Cy. O

Theorem 3.4 Given the system (3.34) and the constraints (3.36), the vertex control
law (3.38) is robustly asymptotically stabilizing for all initial states x(0) € Cy.

Proof Proofs are given in [23, 53]. Here we give another proof providing valuable
insight into the vertex control scheme. Denote the vertices of Cy as {vy, v, ..., v}
where s is the number of vertices. It follows from [53] that the vertex control law can
be obtained by solving the following optimization problem, for a given x (k) € Cy,

V() = min { ; Bi (k) } (3.46)
subject to

x(k)y =Y Bikvi,
i=1
0<pBik)<1, Vi=12...s
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and letting the control value u(k) at the current state x (k) be defined as,
u(k) = Z B (oyui
i=1

where u; is the vertex control value at v; and ﬂi* (k) is the solution of (3.46).
Consider the positive function V(x) =) 7_, B (x) for all x € Cy. V(x) is a
Lyapunov function candidate. One has

x(k+1) = A)x (k) + Blouk) = A(k) Y B (kyvi + B(k) Y _ B} (ku;

s i= 1 i=1
=" B () (AGkyv: + Bku;) Zﬁ (kv (k)
i=1 i=1
where viJr (k) = A(k)v; + B(k)u; € Cy. Clearly, v;r (k) can be expressed as the con-
vex hull of vertices of Cy, i.e.
N
v =Y yijkv;
j=1

where Zj»:l vijk) <land 0 <y;;(k) <1,Vj=1,2,...,5,Vi=1,2,...,5. It
follows that,

x(k+1) =) BrRv d) =Y Bk Y vijkv; = Z(Zﬂ?(k)yﬁ(m)v,»
i=1 i=1 =1 i=1 \i=1
! ! (3.47)

Hence (Z‘;:l :31'* (k)yij(k)),Vj=1,2,...,s is a feasible solution of the optimiza-
tion problem (3.46) at time k + 1. Since Z;zl vij <1,Vi=1,2,...,s, it follows

that,
Z(Zﬁ (k))/z,> =Y Bk (Z y,-,-) <> Bk (3.48)
i=1 j=1 i=1

j=l1
By solving the linear programming problem (3.46) at time k + 1, one gets the opti-
mal solution, namely

N
x(k+ )= Bk + Do (3.49)
i=l1
Using (3.47), (3.49), it follows that

Zﬂ (k+1)<ZZﬂ (k)yij (k)

j=1li=1

and together with (3.48), one obtains

Y Brk+1) <> Bk
i=1 i=1

hence V (x) is a non-increasing function.
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Fig. 3.6 Invariant set Cy and
state space partition for vertex
control for Example 3.4

The facts that the level curves of the function V(x) =7, B} (k) are given by
scaling the boundary of Cy, and the state contraction property of applying of the
control values u; at the vertices of Cp, guarantees that there is no initial condition
x(0) on the boundary of Cy such that Y ;_ g¥(k) = >_;_, B(0) =1 for suffi-
ciently large and finite k. The conclusion is that V (x) = >_;_ B*(x) is a Lyapunov
function for x (k) € Cy. Hence the closed loop system with the vertex control law is
robustly asymptotically stable. U

Example 3.4 Consider the discrete-time system in example 3.1,

xtk+1)= [(1) }:|x(k)+ |:O%7i|u(k) (3.50)

The constraints are,

—2<x1 <2, —5<xp <5, —1<u<x<l (3.51)

Using Procedure 2.3, the set Cy is computed and depicted in Fig. 3.6.
The set of vertices of Cy is given by the matrix V (Cy) below, together with the
control matrix U,

V(Cy) = 200 130 -0.10 -2.00 —-2.00 -—-1.30 0.10 2.00
NJ=11.00 170 240 3.03 —1.00 —1.70 —2.40 —3.03|

U, =[—1 -1 -1 -1 1 1 1 1]
(3.52)
The vertex control law over the state space partition is,
—0.25x (k) — 0.50x2(k), if x(k) € C\) or x(k) € CY,’
o) —0.33x (k) — 0.33x2(k), if x(k) € C or x(k) € C'© 353

—0.21x; (k) — 0.43x2(k), if x(k) € CY or x(k) e C\/
—0.14x; (k) — 0.42x2(k), if x(k) € C\Y or x(k) e C¥

with
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Figure 3.7 presents state trajectories of the closed loop system for different initial

conditions.

For the initial condition x(0) = [—2.0000 3.0333]7, Fig. 3.8 shows the state,
input trajectory, and the Lyapunov function V(x) =) 7_, B}. As expected V (x) is
a positive and non-increasing function.

From Fig. 3.8(b), it is worth noticing that using the vertex controller, the control
values are saturated only on the boundary of the set Cy, i.e. when V(x) = 1. And
also the state trajectory at some moments is parallel to the boundary of the set Cy,

Fig. 3.7 State trajectories of 3

the closed loop system for

Example 3.4

<0
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Fig. 3.8 State, input 2
trajectory and the Lyapunov

function V (x) as functions of = Of
time for Example 3.4
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(a) State trajectory
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(b) Input trajectory and Lyapunov function

i.e when V(x) is constant. At these moments, the control values are also constant
due to the choice of the control values at the vertices of the set Cy .
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Interpolating Control



Chapter 4
Interpolating Control—Nominal State
Feedback Case

4.1 Problem Formulation

Consider the problem of regulating to the origin the following time-invariant linear
discrete-time system,

x(k + 1) = Ax(k) + Bu(k) 4.1)

where x(k) € R" and u(k) € R™ are respectively, the measurable state vector and
the input vector. The matrices A € R"*" and B € R"*™. Both x(k) and u(k) are
subject to bounded polytopic constraints,

x(k) e X, X:{xeR”:Fxngx}
Vk >0 4.2)
u(k) eU, U={u€Rm:Fuu§gu}

where the matrices Fy, F, and the vectors g., g, are assumed to be constant. The
inequalities are taken element-wise. It is assumed that the pair (A, B) is stabilizable,
i.e. all uncontrollable states have stable dynamics.

4.2 Interpolating Control via Linear Programming—Implicit
Solution

Define a linear controller K € R™*" such that,
u(k) = Kx(k) 4.3)

asymptotically stabilizes the system (4.1) with some desired performance specifi-
cations. The details of such a synthesis procedure are not reproduced here, but we
assume that feasibility is guaranteed. For the controller (4.3) using Procedure 2.1 or
Procedure 2.2 the maximal invariant set £2m,x can be computed as,

Qmax = {x eR": Fox < g} 4.4)
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Lecture Notes in Control and Information Sciences 451,

DOI 10.1007/978-3-319-02827-9_4,

© Springer International Publishing Switzerland 2014


http://dx.doi.org/10.1007/978-3-319-02827-9_4

68 4 Interpolating Control—Nominal State Feedback Case

Fig. 4.1 Any state x (k) can
be decomposed as a convex

combination of x, (k) € Cy

and x, (k) € 2max

Furthermore with some given and fixed integer N > 0, based on Procedure 2.3 the
controlled invariant set C can be found as,

CNz{xeR”:FNxng} 4.5)

such that all x € Cy can be steered into §2;,3x in no more than N steps when a
suitable control is applied. As in Sect. 3.4, the set C is decomposed as a sequence

of simplices CI(J), each formed by n vertices of Cy and the origin. For all x (k) €

C 1(\{), the vertex controller
u(k) = K9Dx(k), (4.6)

with K given in (3.38) asymptotically stabilizes the system (4.1), while the con-
straints (4.2) are fulfilled.

The main advantage of the vertex control scheme is the size of the domain of
attraction, i.e. the set C. Clearly, Cy, that is the feasible domain for vertex con-
trol, might be as large as that of any other constrained control scheme. However,
a weakness of vertex control is that the full control range is exploited only on the
boundary of Cy in the state space, with progressively smaller control action when
state approaches the origin. Hence the time to regulate the plant to the origin is often
unnecessary long. A way to overcome this shortcoming is to switch to another, more
aggressive, local controller, e.g. the controller (4.3), when the state reaches 2max-
The disadvantage of this solution is that the control action becomes nonsmooth [94].

Here a method to overcome the nonsmooth control action [94] will be proposed.
For this purpose, any state x (k) € Cy is decomposed as,

x(k) = c(k)xy(k) + (1 — c(k))xo (k) 4.7

with x, € Cy, Xo € £2max and 0 < ¢ < 1. Figure 4.1 illustrates such a decomposition.
Consider the following control law,

(k) = c(kyuy (k) + (1 = () )uo (k) @.8)

where u, (k) is the vertex control law (4.6) at x,(k) and u,(k) = Kx,(k) is the
control law (4.3) in £2yx.
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Theorem 4.1 For system (4.1) and constraints (4.2), the control law (4.7), (4.8)
guarantees recursive feasibility for all initial states x(0) € Cy.

Proof For recursive feasibility, we have to prove that,
Fuu(k) < gu
x(k+1) = Ax(k) + Bu(k) € Cy
for all x (k) € Cy. For the input constraints,
Fuu(k) = Fy{c(k)uy (k) + (1 — c(k))uy(k)}
= c(k) Fyuy (k) + (1 — c(k)) Fyuo (k)
<ck)gu+ (1 —ck)gu = gu
and for the state constraints,
x(k + 1) = Ax(k) 4+ Bu(k)
= A{c(k)xy (k) + (1 = c(k))xo(k) } + B{c(yuy (k) + (1 — (k) )up (k) }
= c(k){Axy (k) + Buy (k) } + (1 — c(k)){ Axo(k) + Buo (k) }
Since Ax, (k) + Bu,(k) € Cy and Ax,(k) + Buy(k) € 2max S Cn, it follows that
x(k+1)€Cy. O

Since the controller (4.3) is designed to give specified unconstrained performance
in £2max, it might be desirable to have u (k) in (4.8) as close as possible to it also
outside £2max. This can be achieved by minimizing c,

¢* = min {c} 4.9)

XprXKoC
subject to
Fynxy < gn,
Foxo < go,
cxy+ (1 —c)x, =x,
0<c<l1

Denote r, = cx, € R?, r, = (1 — ¢)x, € R". Since x, € Cy and x, € 2max, it fol-
lows that ry, € cCy and r, € (1 — ¢)§2max or equivalently

Fyry <cgn
Foro = (1 —=0)go

Hence the nonlinear optimization problem (4.9) is transformed into the following
linear programming problem,
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¢* = min{c} (4.10)
ry,C
subject to
Fnry <cgn,

Fo(x _rv) = (1 _c)go,

0<c<xl1

Remark 4.1 If one would like to maximize c, it is obvious that c =1 for all x € Cy.
In this case the controller (4.7), (4.8) becomes the vertex controller.

Theorem 4.2 The control law (4.7), (4.8), (4.10) guarantees asymptotic stability
for all initial states x(0) € Cy.

Proof First of all we will prove that all solutions starting in Cpy \ £2max Will reach
max 1n finite time. For this purpose, consider the following non-negative function,

V(x)=c*(x), Vxe€Cpy\ 2max 4.11)

V(x) is a candidate Lyapunov function. After solving the LP problem (4.10) and
applying (4.7), (4.8), one obtains, for x (k) € Cy \ 2max.,

x(k) = c*(k)xy (k) + (1 — ¢* (k) x; (k)
{ u(k) = c*(yuy (k) + (1 — c* (k) )uo (k)
It follows that,
x(k+1) = Ax(k) + Bu(k)
=c*()xy(k+ 1) + (1 — c* (k) xo(k + 1)
where
xy(k + 1) = Ax* (k) + Buy (k) € Cy
{ xo(k + 1) = Ax} (k) + Buo(k) € 2max

Hence c* (k) is a feasible solution for the LP problem (4.10) at time k + 1. By solving
(4.10) at time k 4 1, one gets the optimal solution, namely

xtk+ 1) =c*k+ Dxjk+ 1)+ (1 —c*(k+1)x)(k+ 1)

where x(k+ 1) € Cy and x (k + 1) € £2max. It follows that ¢*(k 4+ 1) < ¢*(k) and
V (x) is non-increasing.

Using the vertex controller, an interpolation between a point of C and the origin
is obtained. Conversely using the controller (4.7), (4.8), (4.10) an interpolation is
constructed between a point of Cy and a point of 2,5« which in turn contains the
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Algorithm 4.1 Interpolating control—Implicit solution

1. Measure the current state x (k).

2. Solve the LP problem (4.10).

3. Compute u,, in (4.12) by determining to which simplex r;; belongs and using
(3.38).

4. Implement as input the control signal (4.12).

Wait for the next time instant k :=k 4+ 1.

6. Go to step 1 and repeat.

b

origin as an interior point. This last property proves that the vertex controller is a
feasible choice for the interpolation scheme (4.7), (4.8), (4.10). Hence it follows
that,

s
GRS
i=1
for any x (k) € Cy, with (k) obtained in (3.46), Sect. 3.4.

Since the vertex controller is asymptotically stabilizing, the state reaches any
bounded set around the origin in finite time. In our case this property will imply that
using the controller (4.7), (4.8), (4.10) the state of the closed loop system reaches
max In finite time or equivalently that there exists a finite k£ such that ¢*(k) = 0.

The proof is complete by noting that inside §2,x, the LP problem (4.10) has the
trivial solution ¢* = 0. Hence the controller (4.7), (4.8), (4.10) becomes the local
controller (4.3). The feasible stabilizing controller u(k) = K x (k) is contractive, and
thus the interpolating controller assures asymptotic stability for all x € Cy. 0

The control law (4.7), (4.8), (4.10) obtained by solving on-line the LP problem
(4.10) is called Implicit Interpolating Control.
Since r}j (k) = c*(k)x} (k) and r; (k) = (1 — ¢*(k))x} (k), it follows that,

u(k) = upy (k) + o (k) 4.12)
where u,, (k) is the vertex control law at 7 (k) and u,,(k) = Kr} (k).

Remark 4.2 Note that at each time instant Algorithm 4.1 requires the solutions of
two LP problems, one is (4.10) of dimension n + 1, the other is to determine to
which simplex ;' belongs.

Example 4.1 Consider the following time-invariant linear discrete-time system,

x(k+1)= [é ”x(k)Jr [Og}u(k) (4.13)

The constraints are,

—10 = x (k) =10, —S5=xk) =5, —l=uk) =<1 (4.14)
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The local controller is chosen as a linear quadratic (LQ) controller with weighting
matrices Q = I and R = 1, giving the state feedback gain,

K =[-0.5609 —0.9758] (4.15)

The sets §2max and Cy with N = 14 are shown in Fig. 4.1. Note that Cj4 = C15
is the maximal controlled invariant set. £2m,x is presented in minimal normalized
half-space representation as,

0.1627 —0.9867 1.9746
01627  0.9867 1.9746
B > | —0.1159 —0.9933 14115
Cmax =X ERT 00150 00933 |* =] 14115 (4.16)
—0.4983 —0.8670 0.8884
04983  0.8670 0.8884

The set of vertices of Cy is given by the matrix V (Cy), together with the corre-
sponding control matrix U,,

V(ICn)=[VI —V], Uy=[U; -Uil 4.17)

where

Vi — 10.0000 9.7000 9.1000 8.2000 7.0000 5.5000 3.7000 1.6027 —10.0000
=1 1.0000 1.3000 1.6000 1.9000 2.2000 2.5000 2.8000 3.0996  3.8368

Uy=[-1 -1 -1 -1 -1 -1 -1 -1 1]

The state space partition of vertex control is shown in Fig. 4.2(a). Using the implicit
interpolating controller, Fig. 4.2(b) presents state trajectories of the closed loop sys-
tem for different initial conditions.

For the initial condition x (0) = [—2.0000 3.3284]7, Fig. 4.3 shows the state and
input trajectories for the implicit interpolating controller (solid). As a comparison,
we take MPC, based on quadratic programming, where an LQ criterion is optimized,
with identity weighting matrices. Hence the set §2,,x for the local unconstrained
control is identical for the MPC solution and for the implicit interpolating controller.
The prediction horizon for the MPC was chosen to be 14 to match the controlled
invariant set Cq4 used for the implicit interpolating controller. Figure 4.3 shows the
state and input trajectories obtained for the implicit MPC (dashed).

Using the tic/toc function of Matlab 2011b, the computational burdens of inter-
polating control and MPC were compared. The result is shown in Table 4.1

Table 4.1 Durations [ms] of
the on-line computations

during one sampling interval
for interpolating control and Implicit interpolating control 0.7652

MPC, respectively for Implicit QP-MPC 4.6743
Example 4.1

Computational time
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Fig. 4.2 State space partition 4p
of vertex control and state
trajectories for Example 4.1 2

-2

=)

(a) State space partition

(b) State trajectories

As a final analysis element, Fig. 4.4 presents the interpolating coefficient c* (k).
It is interesting to note that ¢*(k) = 0, Vk > 15 indicating that from time instant
k = 15, the state of the closed loop system is in £2nax, and consequently is optimal
in the MPC cost function terms. The monotonic decrease and the positivity confirms
the Lyapunov interpretation given in the present section.

4.3 Interpolating Control via Linear Programming—Explicit
Solution

The structural implication of the LP problem (4.10) is investigated in this section.

4.3.1 Geometrical Interpretation

Let d(-) denotes the boundary of the corresponding set (-). The following theorem
holds

Theorem 4.3 For all x € Cy \ 2max, the solution of the LP problem (4.10) satisfies
x; € dCy and x} € 02max.
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Fig. 4.3 State and input
trajectories for Example 4.1
for implicit interpolating
control (solid), and for
implicit QP-MPC (dashed)

Fig. 4.4 Interpolating
coefficient ¢* as a function of
time example 4.1

Interpolating coefficient
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Proof Consider x € Cy \ £2ax, With a particular convex combination

x=cxy+ (1 —0c)x,

where x, € Cy and x, € £2max. If x, is strictly inside §2p,,x, one can set x, =
082max NX, Xy, i.€. X, is the intersection between 0§2m,x and the line segment con-
necting x and x,, see Fig. 4.5. Apparently, x can be expressed as the convex com-

bination of x, and x,, i.e.

x=cxy+ ({1 —=0)X,

with ¢ < ¢, since x is closer to X, than to x,. So (4.10) leads to {c*, x;;, x}} with

X} € 082max-
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Fig. 4.5 Graphical 4
illustration for the proof of
Theorem 4.3 2
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One the other hand, if x, is strictly inside Cy, one can set x, = dCyN x, Xy,
i.e. Xy is the intersection between dCy and the ray starting from x through x,, see
Fig. 4.5. Again, x can be written as the convex combination of X, and x,, i.e.

x=Ccxy+ (1 —0)x,

with ¢ < ¢, since x is further from X, than from x,. This leads to the conclusion that
for the optimal solution {c*, x;, x;} we have x; € 0 Py. O

Theorem 4.3 states that for all x € Cy \ £2max, the interpolating coefficient ¢
is minimal if and only if x is written as a convex combination of two points, one
belonging to Cy and the other to 0$2nmax. It is obvious that for x € £2,x, the LP
problem (4.10) has the trivial solution ¢* = 0 and thus x;' =0 and x} = x.

Theorem 4.4 For all x € Cy \ 2max, the convex combination x = cx, + (1 — ¢)x,

gives the smallest value of c if the ratio Hi“_;x” is maximal, where || - || denotes the
o

Euclidean vector norm.

Proof It holds that
x=cxy+ (1 —0)x,
= xpy—x=xy—cxy— (1 —=0)xo =00 —¢c)(xy — x0)

consequently

Xy —xll = (1 =) llxy — xoll (4.18)
Analogously, one obtains

llx —Xoll = cllxy — Xoll (4.19)

Combining (4.18) and (4.19) and the fact that ¢ 7 0 for all x € Cy \ £2max, One gets

loo —xll =0l —xl 1

llx — x| cllxy = xoll c
¢ > 0 is minimal if and only if % — 1 is maximal, or equivalently Hi”__xx ” is maxi-
0
mal. 0
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Fig. 4.6 Graphical
illustration for the proof of
Theorem 4.5

4.3.2 Analysis in R?

In this subsection an analysis of the optimization problem (4.9) in the R? parameter
space is presented with reference to Fig. 4.6. The discussion is insightful in what
concerns the properties of the partition in the explicit solution. The problem con-
sidered here is to decompose the polyhedral X234 such that the explicit solution
¢* = min{c} is given in the decomposed cells.

For illustration we will consider four points Vi, V,, V3, V4, and any point x €
Conv(Vy, V2, V3, V4). This schematic view can be generalized to any pair of faces
of Cy and §2yax. Denote V;; as the interval connecting V; and V; fori, j =1, ..., 4.
The problem is reduced to the expression of a convex combination x = cx,+
(1 — ¢)x,, where x,, € Vi C dCy and x, € V34 C 082max providing the minimal
value of c.

Without loss of generality, suppose that the distance from V, to V34 is greater
than the distance from V; to V34, or equivalently the distance from V4 to Vi is
smaller than the distance from V3 to Vjs.

Theorem 4.5 Under the condition that the distance from V, to V34 is greater than
the distance from V1 to Va4, or equivalently the distance from Vi to V12 is smaller
than the distance from V3 to V12, the decomposition of the polytope V1234, V1234 =
V124 U Vo34 is the result of the minimization of the interpolating coefficient c.

Proof Without loss of generality, suppose that x € V34. x can be decomposed as,
x=cVo+(1—c)x, (4.20)
where x, € V34, see Fig. 4.6. Another possible decomposition is
X = c’xl/] + (1 — c’)x(’, 4.21)

where x;, belongs to V34 and x/, belongs to Vis.

Clearly, if the distance from V; to V34 is greater than the distance from Vj to V34
then the distance from V; to Va4 is greater than the distance from any point in Vi;
to V34. Consequently, there exists the point 7' in the ray, starting from V, through
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x such that the distance from 7' to V34 is equal to the distance from x), to V34. It
follows that the line connecting 7' and x/, is parallel to X34, see Fig. 4.6.
Using Basic Proportionality Theorem, one has

!/
— -T
[l x X,/,II _Ix =TI 4.22)
e =x5ll llx = xoll
by using Theorem 4.4 and since
Ix=TI _llx—Wl
lx =xoll  llx = Xoll
it follows that ¢ < ¢'. 0

Theorem 4.5 states that the minimal value of the interpolating coefficient c is
found with the help of the decomposition of Vi234 as Vi34 = Vioa U Vazs.

Remark 4.3 Clearly, if Vi, is parallel to V34, then any convex combination x =
cxy + (1 — ¢)x, gives the same value of c. Hence the partition may not be unique.

Remark 4.4 As a consequence of Theorem 4.5, it is clear that the region Cy \ §2max
can be subdivided into partitions (cells) as follows,

e For each facet of the set £2,ax, one has to find the furthest point on dCy on the
same side of the origin as the facet of £21n,x. A polyhedral cell is obtained as the
convex hull of that facet of £2,,x and the furthest point in Cy. By the bounded
polyhedral structure of Cy, the existence of some vertex of Cy as the furthest
point is guaranteed.

e On the other hand, for each facet of C, one has to find the closest point on 9 £2max
on the same side of the origin as the facet of C. A polyhedral cell is obtained as
the convex hull of that facet of Cy and the closest point in £21,,x. Again by the
bounded polyhedral structure of §£2n,x, the existence of some vertex §2max as the
closest point is guaranteed.

Remark 4.5 Clearly, in R?, the state space partition according to Remark 4.4 cover
the entire set Cy, see e.g. Fig. 4.7. However in R", that is not necessarily the case
as shown in the following example. Let Cy and 2,5 be given by the vertex repre-
sentations, displayed in Fig. 4.8(a),

—47] 4 4 4
Cy = Conv o |(,141],|—-41|,] 4
0] |4 0 —4
—0.5 —0.5 —0.5
2max = Conv ,| =051, 05 |,| —0.5
| —0.5 0 0.5
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Fig. 4.7 Simplex based
decomposition as an explicit
solution of the LP problem
(4.10)

Fig. 4.8 Graphical
illustration for Remark 4.5.
The partition is obtained by
two vertices of the inner set
$2max and two vertices of the
outer set C
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ra

(b) Two polyhedral partitions

By solving the parametric linear programming problem (4.10) with respect to x, the
state space partition is obtained [19]. Figure 4.8(b) shows two polyhedral partitions
of the state space partition. The black set is £2m,x. The gray set is the convex hull of
two vertices of 2max and two vertices of Cy .

In conclusion, in R” for all x € Cy \ £2max, the smallest value ¢ will be reached
when Cy \ £2max 1S decomposed into polytopes with vertices both on dCy and
082max- These polytopes can be further decomposed into simplices, each formed by
r vertices of Cy and n — r + 1 vertices of £21,,x where 1 <r <n.
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4.3.3 Explicit Solution

Theorem 4.6 Forall x € Cy \ $2max, the controller (4.7), (4.8), (4.10) is a piecewise
affine state feedback law defined over a partition of Cy \ $2max into simplices. The
controller gains are obtained by linear interpolation of the control values at the
vertices of simplices.

Proof Suppose that x belongs to a simplex formed by n vertices {vy, va, ..., vy}
of Cn and the vertex v, of £2max. The other cases of n + 1vertices distributed in a
different manner between Cy and 2.« can be treated similarly.

In this case, x can be expressed as,

n
x=Y " Bivi+ But1v (4.23)
i=1

where
n+1

Y Bi=1. Bi=0 (4.24)
i=1

Given that n 4 1 linearly independent vectors define a non-empty simplex, let the
invertible (n 4+ 1) x (n + 1) matrix be

_ V1 V2 ... Uy DUy
TS_|:1 (O | 1} (425)

Using (4.23), (4.24), (4.25), the interpolating coefficients 8; withi =1,2,...,n+1
are defined uniquely as,

[B1 B2 ... B ﬂn+1]T=Ts_1 |:)16:| (4.26)

On the other hand, from (4.7),
x=cxy+ (1 —0c)x,,

Due to the uniqueness of (4.23), 8,41 =1 — c and

The Vertex Controller (3.46) gives
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where u; are an admissible control value at v;,i = 1,2, ..., n. Therefore

n

u=cuy+{1—-0cu,= Z,Biui + But1Uo.
i=1

with u, = K x,. Together with (4.26), one obtains
u:[ul Uy ... Uy uo][ﬂl B ... B ﬂn+l]T
:[ul Uy ... Uy Lta]Ts_1 |:)1C]

=Lx+v
where the matrix L € R™*" and the vector v € R™ are defined by,
[L v] = [u1 Uy ... Uy uo] TS_1

Hence for all x € C \ £2max the controller (4.7), (4.8), (4.10) is a piecewise affine
state feedback law. O

It is interesting to note that the interpolation between the piecewise linear Vertex
Controller and the linear controller in £21,x give rise to a piecewise affine controller.
This is not completely unexpected since (4.10) is a multi-parametric linear program
with respect to x.

As in MPC, the number of cells can be reduced by merging those with identical
control laws [45].

Remark 4.6 1t can be observed that Algorithm 4.2 uses only the information about
the state space partition of the explicit solution of the LP problem (4.10). The ex-
plicit form of ¢*, r; and r} as a piecewise affine function of the state is not used.

Clearly, the simplex-based partition over Cy \ §2max in step 2 might be very
complex. Also the fact, that for all facets of £2,ax the local controller is of the form
u = Kx, is not exploited. In addition, as practice usually shows, for each facet of
Cn, the vertex controller is usually constant. In these cases, the complexity of the
explicit interpolating controller (4.7), (4.8), (4.10) might be reduced as follows.

Consider the case when the state space partition CR of Cy \ £2max is formed by
one vertex x, of Cpn and one facet F, of £2,2x. Note that from Remark 4.4 such
a partition always exists as an explicit solution to the LP problem (4.10). For all
x € CR it follows that

koK k)R kK *
xX=c xv—}—(l c)xo—c X, +r,

with x) € F, and r} = (1 — ¢*)x}.
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Algorithm 4.2 Interpolating control—Explicit solution

Input: The sets Cy, 2max, the optimal feedback controller u = Kx in £2,,x and
the control values at the vertices of Cy .

Output: The piecewise affine control law over the partitions of Cy .

1. Solve the LP (4.10) by using explicit multi-parametric linear programming. As a
result, one obtains the state space partition of Cy.

2. Decompose each polyhedral partition of Cy \ £2nax in a sequence of simplices,
each formed by r vertices of Cy and n — z 4 1 vertex of £2max, Where 1 <z <n.
The result is a the state space partition over Cy \ £2max in the form of simplices
CR;.

3. Ineach simplex CR; C Cy \ £2max the control law is defined as,

u(x)=Lix +v; 4.27)

where L; € R™*" and v; € R™ are defined as

@ 0 Q) vfi) vg) v(i)] B
(Lo wl=[ul W WO ] e (4.28)
with {UY), vg), vr(fj_l} are vertices of CR; that defines a full-dimensional
simplex and {uﬁ’), ug), ”SJ)A} are the corresponding control values at the

vertices.

Let u, € R™ be an admissible control value at x, and denote the explicit solution
of ¢* and r to the LP problem (4.10) for all x € CR as,

c*=L.x + v,
4.29)

%
r, =Lox + v,

where L., v and L,, v, are matrices of appropriate dimensions. The control value
for x € CR is computed as,

u:c*uv—i—(l —c*)Kx;":c*uv—i—Kr* (4.30)

o
By substituting (4.29) into (4.30), one obtains
u=uy(Lex +ve) + K(Lox + v,)
or, equivalently
u=(uyLc+ KLy)x + (uyve + Kv,) 4.31)

The fact that the control value is a piecewise affine function of state is confirmed.
Clearly, the complexity of the explicit solution with the control law (4.31) is lower
than the complexity of the explicit solution with the simplex based partition, since
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Fig. 4.9 Graphical
illustration for the proof of
Theorem 4.7

one does not have to divide up the facets of 2nax (and facets of Cy, in the case
when the vertex control for such facets is constant) into a set of simplices.

4.3.4 Qualitative Analysis

Theorem 4.7 below shows the Lipschitz continuity of the control law based on linear
programming (4.7), (4.8), (4.10).

Theorem 4.7 The explicit interpolating control law (4.7), (4.8), (4.10) obtained by
using Algorithm 4.2 is continuous and Lipschitz continuous with Lipschitz constant

M = max; ||L;l||, where i ranges over the set of indices of partitions and ||L;|| is
defined in (4.28).

Proof The explicit interpolating controller might be discontinuous only on the
boundary of polyhedral cells CR;. Suppose that x belongs to the intersection of
scellsCR;, j=1,2,...,s

For CR;, as in (4.23), the state x can be expressed as,

() (J) ), () ) (1)
=p + B,y A+ B v

where Z"H W_10< ,B(J) <1 and v ,i=1,2,...,n+ 1 are the vertices
of CR;, j =1, 2 , 5. It is clear that the only nonzero entries of the interpolating

coefficients {ﬂ(] ), . ,3,(1 1} are those corresponding to the vertices that belong to
the intersection. Therefore

w=p"u” + - 4 B ),

isequal forall j =1,2,...,s

For the Lipschitz continuity property, for any two points x4 and xp in Cy, there
exist r + 1 points xg, x1, ..., X, that lie on the line segment, connecting x4 and xp,
and such that x4 = xo, xg = x, and (x;_1, x;) =Xxa,xg NOCR;,i.e. (x;_1, x;) is the
intersection between the line connecting x4, xp and the boundary of some critical
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Fig. 4.10 Lyapunov function PWA function over 25 regions
and Lyapunov level curves
for the interpolating

controller for Example 4.2

(a) Lyapunov function c*

4 ?EQ _ | |
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)

(b) Lyapunov level curves

region CR;, see Fig. 4.9. Due to the continuity property, proved above, of the control
law (4.27), one has,
| (Laxa+va) = (Lpxp +vp)|
= | (Loxo + vo) — (Lox1 + vo) + (Lix1 +v1) — -+ — (Lyx, 4+ v,) |

= ||Loxo — Lox1 + Lix; — - — Lyx,||

< Z ILici(xi — x| < Z (L1l i — xiz1) |
i=1 k=1

,
<max {|Li-1ll} ) | @i = xicn)| = Milxa —xg]

i=1

where the last equality holds, since the points x; with k =0, 1, ..., r are aligned. J

Example 4.2 'We consider now the explicit interpolating controller for Example 4.1.
Using Algorithm 4.2, the state space partition is obtained in Fig. 4.7. Merging the
regions with identical control laws, the reduced state space partition is obtained in
Fig. 4.9.
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Table 4.2 Number of
regions for explicit
interpolating control and for
explicit MPC for Example 4.2  Explicit interpolating control 25 11

Explicit MPC 127 97

Before merging  After merging

Figure 4.10(a) shows the Lyapunov function as a piecewise affine function of
state. It is well known' that the level sets of the Lyapunov function for vertex control
are simply obtained by scaling the boundary of the set Cy. For the interpolating
controller (4.7), (4.8), (4.10), the level sets of the Lyapunov function V (x) = ¢*
depicted in Fig. 4.10(b) have a more complicated form and generally are not parallel
to the boundary of Cy. From Fig. 4.10, it can be observed that the Lyapunov level
sets V (x) = c¢* have the outer set C as an external level set (for ¢* = 1). The inner
level sets change the polytopic shape in order to approach the boundary of the inner
set $2max-

Fig. 4.11 State space
partition before and after
merging for Example 4.2
using explicit MPC

(b) After merging

ISee Sect. 3.4.
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The control law over the state space partition is,

u(k) =

—0.38x1 (k) +0.59x2 (k) —2.23

—0.02x1 (k) — 0.32x2 (k) + 0.02

—0.43x1 (k) — 1.80x2 (k) 4+ 1.65

0.16x1 (k) — 0.41x2(k) +2.21

—0.38x1 (k) + 0.59x2 (k) +2.23

—0.02x1 (k) — 0.32x2(k) — 0.02

—0.43x1 (k) — 1.80x2(k) — 1.65

0.16x1 (k) — 0.41x2(k) — 2.21

—0.56x1 (k) — 0.98x2 (k)

=N

i

=

i

if

=N

i

=

i

=N
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if

r 045 0.89 ]
024 0.97
0.16 0.99
—0.55 0.84
0.14  0.99
—0.50 —0.87
0.20 0.98
032 0.95
0.37 —0.93
L 0.70 0.71 |
[ 0.54 —0.847]
—0.37 0.93
—0.12 —0.99 |

0.37 —0.937]
0.06 1.00
—0.26 —0.96 |

0.16 —0.99 ]
026 0.96
~0.39 —0.92 |

039 092 ]

~1.00 0
037 —0.93 |

[ —0.14 —0.997
~0.37 0.93
—0.24 —0.97
~0.71 —0.71
~0.45 —0.89
~0.32 -0.95
~0.20 —0.98
~0.16 —0.99
0.50 0.87

L 0.54 —0.84 ]

[ 0.12 099 ]
037 —0.93
—0.54 0.84 |

026 0.96 |
~0.06 —1.00
| —0.37 093 |

039 0.92 7]
—0.26 —0.96
—0.16 0.97 |

100 0 ]
~0.37 0.93
~0.39 —0.92 |
[ 0.16 —0.997
~0.16 0.99
~0.12 ~0.99
0.12 0.99
~0.50 —0.87

L 0.50 0.87 |

x(k) <

x(k) <

x(k) <

x(k) <

x(k) <

x(k) <

x(k) <

x(k) <

x(k) <

x(k) <

x(k) <

m5.50
3.83
3.37
1.75
3.30
—0.89
3.53
4.40
2.73

| 7.78 |

[ —1.757]
2.30
—1.41

—2.30]
3.20
—1.06 |

—1.97]
1.06
0.38 |
[ —0.38]
10.00
—2.73
r3.30 7]
2.73
3.83
7.78
5.50
4.40
3.53
3.37
—0.89
L 1.75
M —1.417]
2.30
-1.75 |

~1.06]
3.20
~2.30

0.38 ]
1.06
—1.98 |

[ 10.00 ]
273

| —0.38 |

F1.97
1.97
1.41
1.41
0.89

L 0.89

85



86 4 Interpolating Control—Nominal State Feedback Case

Fig. 4.12 Explicit PWA function over 11 regions
interpolating control law and

explicit MPC control law as
piecewise affine functions of

state for Example 4.2 1

X —
1 S o 2

(a) Explicit interpolating control

PWA function over 97 regions

(b) Explicit MPC

In view of comparison, consider the explicit MPC solution in Example 4.1,
Fig. 4.11(a) presents the state space partition of the explicit MPC with the same
setup parameters as in Example 4.1. Merging the polyhedral regions with an identi-
cal piecewise affine control function, the reduced state space partition is obtained in
Fig. 4.11(b).

The comparison of explicit interpolating control and explicit MPC in terms of
the number of regions before and after merging is given in Table 4.2.

Figure 4.12 shows the explicit interpolating control law and the explicit MPC
control law as piecewise affine functions of state, respectively.

4.4 Improved Interpolating Control

The interpolating controller in Sect. 4.2 and Sect. 4.3 can be considered as an ap-
proximate model predictive control law, which in the last decade has received signif-
icant attention in the control community [18, 60, 63, 78, 108, 114]. From this point
of view, it is worthwhile to obtain an interpolating controller with some given level
of accuracy in terms of performance compared with the optimal MPC one. Natu-
rally, the approximation error can be a measure of the level of accuracy. The methods
of computing bounds on the approximation error are known, see e.g. [18, 60, 114].
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Obviously, the simplest way of improving the performance of the interpolating
controller is to use an intermediate s-step controlled invariant set Cy with 1 <5 < N.
Then there will be not only one level of interpolation but two or virtually any number
of interpolation as necessary from the performance point of view. For simplicity, we
provide in the following a study of the case when only one intermediate controlled
invariant set Cy is used. Let Cy be in the form,

Cy={x eR": Fyx < g} (4.32)
and satisfy the condition £2p.x C Cs C Cy.

Remark 4.7 1t has to be noted however that, the expected increase in performance
comes at the price of complexity as long as the intermediate set needs to be stored
along with its vertex controller.

For further use, the vertex control law applied for the set C; is denoted as u;.
Using the same philosophy as in Sect. 4.2, the state x is decomposed as,

1. If x € Cy and x ¢ Cj, then
x=c1xy+ (1 —cp)xg (4.33)
with x, € Cy, x5 € Cy and 0 < ¢1 < 1. The control law is,
u=-ciuy+ (1 —cp)ug (4.34)
2. Else x € Cq,

x=cyxs + (1 —c2)x, (4.35)

with x; € Cy, x, € £2max and 0 < ¢y < 1. The control law is,
u=cyus + (1 —cp)u, (4.36)

Depending on the value of x, at each time instant, either c; or ¢ is minimized
in order to be as close as possible to the optimal controller. This can be done by
solving the following nonlinear optimization problems,

1. Ifx € Cy \ Gy,
i = min {c} (4.37)

Xp,Xs,C1
subject to
Fyxy < gn,
Fyxs < gs,
c1xy + (1 —cp)xs = x,

0<c <1
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2. Else x € Cy,
;= XXI’I)l(il’lcz{Cz} (4.38)
subject to
Fyxs < gs,
FoXxo < &os

oxs + (1 —c2)x, =x,
0<e<l1

or by changing variables r, = c1x, and ry = c2x;, the nonlinear optimization prob-
lems (4.37) and (4.38) can be transformed in the following LP problems, respec-
tively,

1. Ifx e Cy \ C
¢} = mine1) (4.39)
subject to
Fnry <ci1gn,
Fy(x —ry) = (I —c1)gs,
0<ci <1
2. Else x € Cy
¢3 = min{cy} (4.40)
subject to
Fyrs < c2gs,
Fo(x —rg) = (1 —¢2)80,
0<ep<l1

The following theorem shows recursive feasibility and asymptotic stability of the
interpolating controller (4.33), (4.34), (4.35), (4.36), (4.39), (4.40),

Theorem 4.8 The control law (4.33), (4.34), (4.35), (4.36), (4.39), (4.40) guaran-
tees recursive feasibility and asymptotic stability of the closed loop system for all
initial states x(0) € Cy.

Proof The proof is omitted here, since it follows the same steps as those presented
in the feasibility proof of Theorem 4.1 and the stability proof of Theorem 4.2 in
Sect. 4.2. 0
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Remark 4.8 Clearly, instead of the second level of interpolation (4.35), (4.36),
(4.40), the MPC approach can be applied for all states inside the set Cs. This has
very practical consequences in applications, since it is well known [34, 88] that the
main issue of MPC for time-invariant linear discrete-time systems is the trade-off
between the overall complexity (computational cost) and the size of the domain of
attraction. If the prediction horizon is short then the domain of attraction is small. If
the prediction horizon is long then the computational cost may be very burdensome
for the available hardware. Here MPC with the short prediction horizon is employed
inside Cj for the performance and then for enlarging the domain of attraction, the
control law (4.33), (4.34), (4.39) is used. In this way one can achieve the perfor-
mance and the domain of attraction with a relatively small computational cost.

Theorem 4.9 The control law (4.33), (4.34), (4.35), (4.36), (4.39), (4.40) can be
represented as a continuous function of the state.

Proof Clearly, the discontinuity of the control law may arise only on the boundary
of the set Cy, denoted as dCs. Note that for x € dCy, the LP problems (4.39), (4.40)
have the trivial solution,

X X
c; =0, ;=1

Therefore, for x € dC; the control law (4.33), (4.34), (4.39) is u = u; and the con-
trol law (4.35), (4.36), (4.40) is u = u;. Hence the continuity of the control law is
guaranteed. O

Remark 4.9 It is interesting to note that by using N — 1 intermediate sets C; together
with the sets Cp and 2., a continuous minimum-time controller is obtained, i.e.
a controller that steers all state x € C into £2mpax in no more than N steps.

Concerning the explicit solution of the control law (4.33), (4.34), (4.35), (4.36),
(4.39), (4.40), with the same argument as in Sect. 4.3, it can be concluded that,

o If x e Cy \ Cs (or x € Cy \ £2max), the smallest value ¢y (or ¢p) will be reached
when the region Cy \ Cy (or Cs \ £21max) is decomposed into polyhedral partitions
in form of simplices with vertices both on dCy and on dC; (or on dCy and on
082max)- The control law in each simplex is a piecewise affine function of the
state, whose gains are obtained by interpolation of control values at the vertices
of the simplex.

o If x € £2nmax, then the control law is the optimal unconstrained controller.

Example 4.3 Consider again Example 4.1. Here one intermediate set Cy with s =4
is introduced. The set of vertices V; of C; is,

—0.06 272 286 178 006 —272 —2.86 —1.78
4.41)

V—|:]O'OO =595 -7.771 —-10.00 —-10.00 595 7.71 10.00:|
=
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Fig. 4.13 Two-level
interpolation for improving
the performance

Fig. 4.14 State space
partition before merging
(number of regions: N, = 37)
and after merging (N, = 19),
and state trajectories for
Example 4.3

1

(b) After merging

and the set of the corresponding control actions at the vertices Vi is,
U=[-1 -1 -1 -1 1 1 1 1] (4.42)

The sets Cy, Cy and 2, are depicted in Fig. 4.13. For the explicit solution, the
state space partition of the control law (4.33), (4.34), (4.35), (4.36), (4.39), (4.40)
is shown in Fig. 4.14(a). Merging the regions with identical control laws, the re-
duced state space partition is obtained in Fig. 4.14(b). This figure also shows state
trajectories of the closed-loop system for different initial conditions.

Figure 4.15 shows the control law with two-level interpolation.
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Fig. 4.15 Control value as a PWA function over 19 regions
piecewise affine function of
the state using two-level
interpolation for Example 4.3

Fig. 4.16 State and input
trajectories for one-level
interpolating control <
(dashed), and for two-level
interpolating control (solid)

for Example 4.3

20 25 30

20 25 30
Time
(a) State trajectories

0.5

0 5 10 15 20 25 30
Time
(b) Input trajectories

For the initial condition x (0) = [9.9800 —3.8291]7, Fig. 4.16 shows the results
of a time-domain simulation. The two curves correspond to the one-level and two-
level interpolating control, respectively.

Figure 4.17 presents the interpolating coefficients ¢} and c¢3. As expected ¢}
and ¢5 are positive and non-increasing. It is also interesting to note that Yk > 10,
cT (k) =0, indicating that x is inside C; and Yk > 14, c§ (k) =0, indicating that x is
inside £2max.
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Fig. 4.17 Interpolating 1 T T
coefficients as functions of .
time for Example 4.3 Jm 057

Ot i !

0 5 10 15 20 25 30

Time
1F . . :
N 0.5¢ _I—\_L‘
0 I I I I
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Time

4.5 Interpolating Control via Quadratic Programming

The interpolating controller in Sect. 4.2 and Sect. 4.4 makes use of linear program-
ming, which is extremely simple. However, the main issue regarding the implemen-
tation of Algorithm 4.1 is the non-uniqueness of the solution. Multiple optima are
undesirable, as they might lead to a fast switching between the different optimal
control actions when the LP problem (4.10) is solved on-line. In addition, MPC
traditionally has been formulated using a quadratic criterion [92]. Hence, also in in-
terpolating control it is worthwhile to investigate the use of quadratic programming.

Before introducing a QP formulation, let us note that the idea of using QP for
interpolating control is not new. In [10, 110], Lyapunov theory is used to compute
an upper bound of the infinite horizon cost function,

J= "{xt)" Qx(k) +uk)” Ru(k)} (4.43)
k=0

where Q > 0 and R > 0 are the state and input weighting matrices. At each time
instant, the algorithms in [110] use an on-line decomposition of the current state,
with each component lying in a separate invariant set, after which the corresponding
controller is applied to each component separately in order to calculate the control
action. Polytopes are employed as candidate invariant sets. Hence, the on-line opti-
mization problem can be formulated as a QP problem. The approach taken in this
section follows ideas originally proposed in [10, 110]. In this setting we provide a
QP based solution to the constrained control problem.

This section begins with a brief summary on the works [10, 110]. For this pur-
pose, it is assumed that a set of unconstrained asymptotically stabilizing feedback
controllers u(k) = K;x(k), i =1,2,...,s is available such that the corresponding
invariant set £2; € X

Qi ={xeR":FPx <P} (4.44)

is non-empty fori =1,2,...,s.
Denote 2 as the convex hull of £2;,i =1,2,...,s. It follows that £2 C X, since
£2; CX,Vi=1,2,...,s and the fact that X is convex. Any state x (k) € §2 can be
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decomposed as,
x(k) = 21 ()1 (k) + 2o ()% (k) + -+ + Ay (k)% (k) (4.45)

where X; (k) € §2;,Vi=1,2,...,sand Y} ;_, A;(k) =1, 1; (k) > 0.
Define r; = A;X;. Since X; € £2;, it follows that r; € A; §2; or equivalently,

FOr <28%, vi=1,2,....s (4.46)
From (4.45), one obtains
x(k) =ri(k) +rak) + -+ +rg(k) (4.47)
Consider the following control law,
S N
uk) =Y MKxi=Y_ Kir (4.48)
i=1 i=1
where u; (k) = K;r; (k) is the control law in £2;. One has,
N s N
x(k+1)=Ax(k) + Buk) =AY ri(k)+ B Y _Kiri(k) =Y _(A+ BK)ri(k)

i=1 i=1 i=1

or,

s
x(k+1) =) rik+1) (4.49)
i=1
where rij(k+ 1) = A.iri(k) and A;; = A + BK;.
Define the vector z € R%" as,

=0l A I (4.50)
Using (4.49), one obtains,
2(k+1)=dz(k) 4.51)
where
Aag O 0
0 Ap 0
D = .
0 0 ... Ag

For the given state and control weighting matrices Q € R"*" and R € R™*"™, con-
sider the following quadratic function,

V(z)=z" Pz (4.52)
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where matrix P € R¥>*5" P » ( is chosen to satisfy,
V(ztk+1) = V(z(b) < —x(k)" Qx (k) — u(k)" Ru(k)
Using (4.51), the left hand side of (4.53) can be rewritten as,
V(zk+1) = V(z(0) =z2(k)" (" P& — P)z(k)
and using (4.47), (4.48), (4.50), the right hand side of (4.53) becomes,

—x (k)" Qx (k) — u(k)” Ru(k) = z(k)" (Q1 + R1)z(k)

where
I KT
1 Ky

O1=- o[r1 1 1], Ri=—| . R[K1 K
I KT

Combining (4.53), (4.54) and (4.55), one gets,
oTPO - P <0 +Ry
or by using the Schur complements, one obtains,

T
P+Qi+R ®"P]_,
Po P |-

(4.53)

(4.54)

(4.55)

(4.56)

Problem (4.56) is linear with respect to matrix P. Since matrix @ has a sub-unitary
spectral radius (4.51), problem (4.56) is always feasible. One way to obtain P is to

solve the following LMI problem,

rr}gn{trace(P)}

subject to constraints (4.56).

(4.57)

At each time instant, for a given current state x, consider the following optimiza-

tion problem,

(4.58)
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subject to

FOri <ng®, ¥Yi=1,2,...,s,

N

D ri=x.

i=1

i=1

A >0, Vi=1,2,...,s

and implement as input the control action u = ) ;_, K;r;.

Theorem 4.10 [10, 110] The control law (4.45), (4.48), (4.58) guarantees recursive
feasibility and asymptotic stability for all initial states x(0) € £2.

Note that using the approach in [10, 110], for a given state x we are trying to
minimize ri, 1y, ..., ry in the weighted Euclidean norm sense. This is somehow a
conflicting task, since,

rn+mrn+--+rg=x

In addition, if the first controller is optimal and plays the role of a performance
controller, then one would like to have a control law as close as possible to the first
controller. This means that in the interpolation scheme (4.45), one would like to
have r| = x and

n=ry=---=r;=0

whenever it is possible. And it is not trivial to do this with the approach in [10, 110].

Below we provide a contribution to this line of research by considering one of
the interpolation factors, i.e. control gains to be a performance related one, while
the remaining factors play the role of degrees of freedom to enlarge the domain
of attraction. This alternative approach can provide the appropriate framework for
the constrained control design which builds on the unconstrained optimal controller
(generally with high gain) and subsequently need to adjusted them to cope with the
constraints and limitations (via interpolation with adequate low gain controllers).
From this point of view, in the remaining part of this section we try to build a bridge
between the linear interpolation scheme presented in Sect. 4.2 and the QP based
interpolation approaches in [10, 110].

For a given set of state and control weighting matrices Q; > 0, R; > 0, consider
the following set of quadratic functions,

Vitriy=r]l Piri, ¥i=23,...,s (4.59)
where matrix P; € R"*" and P; > 0 is chosen to satisfy

Vi(ri(k + 1) = Vi(ri (k) < —ri ()" Qiri (k) — ui (k)" Riui (k) (4.60)
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Since rj(k + 1) = A;ri (k) and u; (k) = K;ri(k), equation (4.60) can be written as,
AGPiAc — P < —Qi — K] RiK;
By using the Schur complements, one obtains

P~ Qi —K/RiKi ALP_
0 4.61
|: Pi A P |~ (46D

Since matrix A.; has a sub-unitary spectral radius, problem (4.61) is always feasible.
One way to obtain matrix P; is to solve the following LMI problem,

min{trace(P,- )} (4.62)
Py

subject to constraint (4.61).
Define the vector z; € RE—D0+D 5q

a=[ T o o]

S

Consider the following quadratic function,

N s
T =Y rlPri+) 3 (4.63)
i=2 i=2
‘We underline the fact that the sum is built on indices {2, 3, ..., s}, corresponding to

the more poorly performing controllers. At each time instant, consider the following
optimization problem,

Viter) = min{J 1)} (4.64)
subject to the constraints

Fir <aigW Vi=1,2,...,s,

s
ZV,‘ =X,
i=1

s
Z)»i =1,
i=1

A >0,Vi=1,2,...,s

and apply as input the control signal u =Y ;_,{K;r;}.

Theorem 4.11 The control law (4.45), (4.48), (4.64) guarantees recursive feasibil-
ity and asymptotic stability for all initial states x(0) € £2.
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Proof Theorem 4.11 makes two important claims, namely the recursive feasibility
and the asymptotic stability. These can be treated sequentially.

Recursive feasibility: It has to be proved that F,u(k) < g, and x(k + 1) € §2 for
all x (k) € £2. It holds that,

N N N
Fou(k)=F,» K% =Y LF.K% <) higu=gu
i=1 i=1 i=1

and

x(k+1) = Ax(k) + Bu(k) = Y i A% (k)
i=1

Since A ;x; (k) € £2; C 2, it follows that x(k + 1) € 2.

Asymptotic stability: Consider the positive function V1(z;) as a candidate Lya-
punov function. From the recursive feasibility proof, it is apparent that if A} (k),
A5(k), ..., A5 (k) and i (k), r5 (k), ..., (k) is the solution of the optimization prob-
lem (4.64) at time instant k, then A; (k + 1) = )Ll’.‘(k) and

ritk+1)= Aciri*(k)

Vi=1,2,...,s is a feasible solution to (4.64) at time instant k 4+ 1. Since at each
time instant we are trying to minimize J(z1), it follows that

Vi(zitk+ 1) < J(zi(k+ 1))
and therefore
Vi(Zitk+ 1) = Vi(zf (k) < J(z1(k + 1) — Vi(2f k)

together with (4.60), one obtains

Vi(zik + 1)) = Vi (2 (k) < — Z(rl-T Qiri +u] Riu;)
i=2

Hence Vi (z1) is a Lyapunov function and the control law (4.45), (4.48), (4.64) as-
sures asymptotic stability for all x € £2. O
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The constraints of the problem (4.64) can be rewritten as,

FO—ry = mr) < (L= Ay — - = A9l
FPry < 10g®?

FO(S)Vs =< )\Sg((;s)
A >0, Vi=2,...,s

+rz+-+Ag <1

or, equivalently

Gz1 <S+Ex (4.65)
where
R o S o S
F? 0 ... 0 g2 o ... o0
0 F¥ ... o0 0o —¢& ... 0
G| o 0 F® o0 0 ¢ |
0 0 0O -1 0 0
0 0 0 0o -1 0
0 0O ... 0 0 0 ... I
o 0 ... 0 1 o1
_ (D\T r
s=[@&"" 00 .. 000 .. 0 1]
(T r
E=[—(F,,) 00 ..000 ... 0 0]

And the objective function (4.64) can be written as,

ngn{leHzl} (4.66)
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Algorithm 4.3 Interpolating control via quadratic programming
Measure the current state x (k).

Solve the QP problem (4.66), (4.65).

Apply the control input (4.48).

Wait for the next time instant k :=k + 1.

Go to step 1 and repeat.

AR

where
P, 0 ... 0 0 0 0]
0 P 0 0 0 0
1o o P, 0 0 0
H=\9 0 1 0 0
0 0 0 0 1 0
(0 0 ... 0 00 ... 1]

Hence, the optimization problem (4.64) is transformed into the quadratic program-
ming problem (4.66), (4.65).
It is worth noticing that for all x € £21, the QP problem (4.66), (4.65) has the
trivial solution, namely
{ ri = 0,
Vi=2,3,...,8

Ai=0

Hence r; = x and A; = 1. That means, inside the set £21, the interpolating controller
(4.45), (4.48), (4.64) becomes the optimal unconstrained controller.

Remark 4.10 Note that Algorithm 4.3 requires the solution of the QP problem
(4.66) of dimension (s — 1) (n + 1) where s is the number of interpolated controllers
and n is the dimension of state. Clearly, solving the QP problem (4.66) can be com-
putationally expensive when the number of interpolated controllers is big. However,
it is usually enough with s =2 or s = 3 in terms of performance and in terms of the
size of the domain of attraction.

Example 4.4 Consider again the system in Example 4.2 with the same state and
control constraints. Two linear feedback controllers are chosen as,

K1 =[-0.0942 —0.7724]
K> =[-0.0669 —0.2875]

(4.67)

The first controller u (k) = K1x (k) is an optimal controller and plays the role of the
performance controller, and the second controller u(k) = Kox (k) is used to enlarge
the domain of attraction.
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Figure 4.18(a) shows the invariant sets §21 and §2, correspond to the controllers
K1 and K>, respectively. Figure 4.18(b) shows state trajectories obtained by solving
the QP problem (4.66), (4.65) for different initial conditions.

The sets £21 and £2; are presented in minimal normalized half-space representa-
tion as,

" 1.0000 0 10.0000 ]
—1.0000 0 10.0000
@1 ={xeR?: —0.1211 —0.9926 | = 1.2851
| 01211 0.9926 | 1.2851 |
B 1.0000 0 ] _100000_
—1.0000 0 10.0000
—0.2266 —0.9740 3.3878
0.2266 0.9740 3.3878
0.7948  0.6069 85177
—0.7948  —0.6069 85177
—0.1796 —0.9837 3.1696
0.1796  0.9837 3.1696
—0.1425 —0.9898 3.0552
0.1425  0.9898 3.0552
Z=1xeR%:| 00 00037 | ¥ =] 30182
0.1117  0.9937 3.0182
—0.0850 —0.9964 3.0449
0.0850  0.9964 3.0449
—0.0610 —0.9981 3.1299
0.0610  0.9981 3.1299
—0.0386  —0.9993 3.2732
0.0386  0.9993 3.2732
~0.0170  —0.9999 3.4795
| 00170 09999 | L 34795 |

For the weighting matrices 0> = I, R» = 1, and by solving the LMI problem (4.62),
one obtains,

Py = |:5.1917 9.9813 :| (4.68)

9.9813 101.2651

For the initial condition x (0) = [6.8200 1.8890]”, Fig. 4.19(a) and 4.19(b) present
the state and input trajectories of the closed loop system for our approach (solid),
and for the approach in [110] (dashed).

For [110], the matrix P in the problem (4.57) is computed as,

4.8126  2.9389 4.5577 13.8988
29389 7.0130 2.2637 20.4391
4.5577 22637 5.1917 9.9813
13.8988 20.4391 9.9813 101.2651

P=
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Fig. 4.18 Feasible invariant 4r
sets and state trajectories of
the closed loop system for 2k
Example 4.4
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(a) Feasible invariant sets
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(b) State trajectories

for the weighting matrices Q =1, R=1.
The interpolating coefficient A3 and the Lyapunov function Vi (z;) are depicted
in Fig. 4.20. As expected Vi (z1) is a positive and non-increasing function.

4.6 Interpolating Control Based on Saturated Controllers

In this section, in order to fully utilize the capability of actuators and to enlarge
the domain of attraction, an interpolation between several saturated controllers will
be proposed. For simplicity, only single-input single-output system is considered,
although extensions to multi-input multi-output systems are straightforward.

From Lemma 2.1 in Sect. 2.4.1, recall that for a given stabilizing controller
u(k) = Kx(k), there exists an auxiliary stabilizing controller u(k) = Hx (k) such
that the saturation function can be expressed as, Vx such that Hx € U,

sat(Kx(k)) = a(k)Kx(k) + (1 — a(k)) Hx (k) (4.69)

where 0 < a(k) < 1. Matrix H € R" can be computed using Theorem 2.3. Using
Procedure 2.5 in Sect. 2.4.1, the polyhedral set .Qf’ can be computed, which is
invariant for system,

x(k+ 1) = Ax (k) + B sat(Kx(k)) (4.70)

and with respect to the constraints (4.2).
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Fig. 4.19 State and input
trajectories of the closed loop
system for our approach
(solid), and for the approach

40 50

in [110] (dashed) for
Example 4.4
><(\I
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It is assumed that a set of asymptotically stabilizing feedback controllers

K eR", i=1,2,...,s is available as well as a set of auxiliary matrices H; € R",
i =2,...,s such that the corresponding invariant sets 2] € X
21={xeR": F{Vx < gV} 4.71)

for the linear controller # = K{x and .QSH fcXx
QF ={xeR": Fx < g} (4.72)

for the saturated controllers u = sat(K;x), Vi = 2,3,...,s, are non-empty. De-
note §2; as the convex hull of the sets £2 and .QSH i i=2,3,...,s. It follows that
2, C X, since 21 € X, .Qfli C X,Vi=2,3,...,s and the fact that X is a convex
set.

Remark 4.11 We use one linear control law here in order to show that interpolation
can be done between any kind of controllers: linear or saturated. The main require-
ment is that there exists for each of these controllers its own convex invariant set as
the domain of attraction.

Any state x (k) € §£2; can be decomposed as,

x(k) = r ()x1 (k) + Z A (k)X (k) (4.73)
i=2
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Fig. 4.20 Interpolating
coefficient A3 and the

Lyapunov function Vi (z1) as 0.8
functions of time for 0.6
Example 4.4 ’
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(b) Vi(z1)

where %1 (k) € 21, %1 (k) e 2, i =2,3,... s and
s
D nty=1, k) =0.
i=1
Consider the following control law,
s
uk) = A (k) K1x1 (k) + Z)‘i (k) sat(Kifc‘i (k)) (4.74)
i=2
Using Lemma 2.1, one obtains,
N
u(k) = a1 (k) K131 (k) + Z A (k) (i () K + (1 — o (k) H; )% (k) (4.75)
i=2

where O < q; (k) <1foralli =2,3,...,s.
Similar with the notation employed in Sect. 4.5, we denote r; = A;X;. Since X €
21 andX; € .QSH", it follows that 71 € 11§21 and r; € )»,‘.QSH" or, equivalently

FOr <xg®, vi=1,2,....,s (4.76)



104 4 Interpolating Control—Nominal State Feedback Case

Based on (4.73) and (4.75), one obtains,

S
X =r —G—Zri,
=2

4.77)

N
U=uy —I—Zui
=2

where u1 = Kyry and u; = (o; K; + (1 —a;))Hp)ri, i =2,3,...,5.

As in Sect. 4.5, the first controller, identified by the high gain K, will play
the role of a performance controller, while the remaining controllers u = sat(K;x),
i=2,3,...,5 will be used to extend the domain of attraction.

It holds that,

x(k+1) = Ax (k) + Bu(k)
=AY i) +BY ui=Y ritk+1)
i=l i=1 i=l1

where ri(k +1) = Ar; + Bu; = (A + BK)r; and
ri (k + 1) = A}’,' (k) + Bu,-(k) = {A + B(Oli Kl' + (1 - Oli)Hl')}Vi (k) (478)

or, equivalently
ritk +1) = Agiri (k) 4.79)

with A = A+ B(o;K; + (1 —aj)H;),Yi=2,3,...,s.
For a given set of state and control weighting matrices Q; > 0 and R; > 0, i =
2,3,...,s, consider the following set of quadratic functions,

Viry=rl Piri, i=2,3,....s (4.80)
where the matrix P; € R™*", P; > 0 is chosen to satisfy,
Vi(riGk+ 1) = Vi (ri(0) < =ri ()" Qiri (k) — ui (k)" Riu; (k) (4.81)
With the same argument as in Sect. 4.5, equation (4.81) can be rewritten as,
AL P A — Py < —Qi — (i Ki + (1 — ) i) Ry (e Ki + (1 — o) Hy)
Using the Schur complements, the above condition can be transformed into,

Pi— Qi —Y[RiY; ALP]_
PiAci P ]

where Y; = «; K; 4+ (1 — «;) H;. Or, equivalently

Pi AGP] _[Qi+Y[RY: 0]
PiAc P 0 0
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Denote +/Q; and /R; as the Cholesky factor of the matrices Q; and R;, which
satisfy

JOi'VOi=0i and R VR =R:.

The previous condition can be rewritten as,

P AR _[vor yIVRT][ Ve 0]
PiAg P; 0 0 VRiY; 0

or by using the Schur complements, one obtains,

P; ALP; @T e \/R_iT
P A P; 0 0
JOi 0 I 0

VRiYi 0 0 1

>0 (4.82)

Since Y¥; = «; K; + (1 — ;) H;, and A.; = A + BY; the left hand side of inequality
(4.82) is linear in «;, and hence reaches its minimum at either o; = 0 or o; = 1.
Consequently, the set of LMI conditions to be checked is following,

P; (A+BK)'P, VO (JRK)T
P;(A+ BK;) p; 0 0 -0
JO, 0 I 0
L VRiK; 0 0 1 i (4.83)
P, (A+BH)'P, JOi© (JRH)T
Pi(A—i-BHi) Pl' 0 0 =0
JO; 0 I 0
VR H; 0 0 I |

Condition (4.83) is linear with respect to the matrix P;. One way to calculate P; is
to solve the following LMI problem,

n})i_n{trace(P,- )} (4.84)

i

subject to constraint (4.83).

Once the matrices P;, i =2, 3, ..., s are computed, they can be used in practice
for real-time control based on the following algorithm, which can be formulated as
an optimization problem that is efficient with respect to structure and complexity.
At each time instant, for a given current state x, minimize on-line the quadratic cost
function,
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N N
. T 2
%ril{z rI P+ Z;xi } (4.85)
1=

i=2

subject to the linear constraints

FOr <xigl), Yi=1,2,...,s,

N
Zr[ =X,
i=1
N
Y o=l
i=1

A >0, Vi=1,2,...,5

Theorem 4.12 The control law (4.73), (4.74), (4.85) guarantees recursive feasibil-
ity and asymptotic stability of the closed loop system for all initial states x (0) € §2;.

Proof The proof is similar to Theorem 4.11. Hence it is omitted here. g

Example 4.5 Consider again the system in Example 4.1 with the same state and
control constraints. Two gain matrices are chosen as,

K1 =[-0.9500 —1.1137],

(4.86)
K, =[-0.4230 —2.0607]
Using Theorem 2.3, matrix H; is computed as,
H, =[-0.0669 —0.2875] (4.87)

The invariant sets £2; and QYH 2 are, respectively constructed for the controllers
u = Kyx and u = sat(K»x), see Fig. 4.21(a). Figure 4.21(b) shows state trajecto-
ries for different initial conditions.

The sets £21 and .QSH 2 are presented in minimal normalized half-space represen-
tation as,

0.3919 —0.9200 1.4521
—0.3919  0.9200 1.4521
—0.6490 —0.7608 | * = | 0.6831
0.6490  0.7608 0.6831

21 = XERZZ
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sets and state trajectories of

the closed lo
Example 4.5

Fig. 4.21 Feasible invariant 4r
op system for
(a) Feasible invariant sets
4,
2
<0
2t
o i 0 5 10
X
(b) State trajectories
[[—0.0170 —0.9999] [ 3.47957]
0.0170 0.9999 3.4795
—0.0386 —0.9993 3.2732
0.0386 0.9993 3.2732
—0.0610 —0.9981 3.1299
0.0610 0.9981 3.1299
—0.0850 —0.9964 3.0449
0.0850 0.9964 3.0449
—0.1117 —-0.9937 3.0182
o 2 | 0.1117 0.9937 3.0182
27 =¥ E€RT 1405 09898 | F=| 3.0552
0.1425 0.9898 3.0552
0.7948 0.6069 8.5177
—0.7948 —0.6069 8.5177
—0.1796 —0.9837 3.1696
0.1796 0.9837 3.1696
1.0000 0 10.0000
—1.0000 0 10.0000
—0.2266 —0.9740 3.3878
L 0.2266 0.9740 | | 3.3878 |
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Fig. 4.22 State and input or |
trajectories of the closed loop ~
. . < =5¢
system as functions of time
for ExamPle 4.5 for the —100 é 1‘0 1‘5 2‘0 2‘5 3‘0
interpolating controller
(solid) and for the saturated

controller u = sat(K»x)
(dashed) <

20 25 30
Time

(a) State trajectories

o 5 10 15 20 25 30

Time

(b) Input trajectories

With the weighting matrices Q> = I, R = 0.001 and by solving the LMI problem
(4.84), one obtains,

p, _ | 54929 9.8907
2= 19.8907 104.1516

For the initial condition x(0) = [-9.79 —1.2]7, Fig. 4.22 presents the state and
input trajectories for the interpolating controller (solid blue) and for the saturated
controller u = sat(Kx) (dashed red), which is the controller corresponding to the
set .QYH *. The interpolating coefficient A% and the objective function as a Lyapunov
function are shown in Fig. 4.23.

4.7 Convex Hull of Ellipsoids

For high dimensional systems, the polyhedral based interpolation approaches in
Sects. 4.2, 4.3, 4.4, 4.5, 4.6 might be impractical due to the huge number of ver-
tices or half-spaces in the representation of polyhedral sets. In that case, ellipsoids
might be a suitable class of sets for interpolation.

Note that the idea of using ellipsoids for a constrained control system is well
known, for time-invariant linear continuous-time systems, see [56], and for time-
invariant linear discrete-time systems, see [10]. In these papers, a method to con-
struct a continuous control law based on a set of /inear control laws was proposed
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Fig. 4.23 Interpolating
coefficient A3 and Lyapunov
function as functions of time
for Example 4.5
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(b) Lyapunov function

to make the convex hull of an associated set of invariant ellipsoids invariant. How-
ever these results do not allow to impose priority among the control laws.

In this section, an interpolation using a set of saturated controllers and its asso-
ciated set of invariant ellipsoid is presented. The main contribution with respect to
[10, 56] is to provide a new type of controller, that uses interpolation.

It is assumed that a set of asymptotically stabilizing saturated controllers u =
sat(K;x) is available such that the corresponding ellipsoidal invariant sets E (P;)

E(P)={xeR":x"P 'x <1} (4.88)

are non-empty for i = 1,2, ..., s. Recall that for all x(k) € E(P;), it follows that
sat(K;x) € U and x(k + 1) = Ax (k) + Bsat(K;x(k)) € X. Denote 2 C R" as the
convex hull of E(P;),i =1,2,...,s.Itfollows that g C X, since X is convex and
E(PH)CX,i=1,2,...,s.

Any state x(k) € £2g can be decomposed as,

x(k) =Y ni (k)% (k) (4.89)

i=1
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where X; (k) € E(P;) and A; (k) are interpolating coefficients, that satisfy
N
Y a=1, Ak)=0
i=1
Consider the following control law,
S
uk) = Z 2 (k) sat( K Xi (k) (4.90)

i=1

where sat(K;X; (k)) is the saturated control law in E (P;).

Theorem 4.13 The control law (4.89), (4.90) guarantees recursive feasibility for
all initial conditions x(0) € 2.

Proof One has to prove that u(k) € U and x(k + 1) = Ax (k) + Bu(k) € 2 for all
x(k) € 2. For the input constraints, from equation (4.90) and since sat(K;x; (k)) €
U, it follows that u(k) € U.

For the state constraints, it holds that,

x(k+1) = Ax (k) + Bu(k)

=AY MO0 + B Y i (k) sat(Ki%i ()

i=1 i=1

=Y (k) (AR (k) + B sat(K,%; (k)))

i=1

One has AX; (k) + Bsat(K;x; (k)) € E(P;)) C 2g,i=1,2,...,s, which ultimately
assures that x(k + 1) € 2. O

As in Sects. 4.5 and 4.6, the first high gain controller will be used for the perfor-
mance, while the rest of available low gain controllers will be used to enlarge the
domain of attraction. For a given current state x, consider the following optimization
problem,

AE =min{ZA,~} 4.91)
i=2
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subject to

fl.Tpi—lfigL Vi=1,2,...,s,

N

ZX@' =x,
i=1

N
le:l,
i=1

A >0, Vi=1,2,...,s

Theorem 4.14 The control law (4.89), (4.90), (4.91) guarantees asymptotic stabil-
ity for all initial states x(0) € 2.

Proof Consider the following non-negative function,

Vx) = Z A (k) (4.92)

i=2

forall x € 2 \ E(P1). V(x) is a Lyapunov function candidate.
For any x (k) € 2 \ E(P1), by solving the optimization problem (4.91) and by
applying (4.89), (4.90), one obtains

x(k) =Y AF(FF (k)

i=1
w(k) ="y Ay (k) sat(K; %7 (k))
i=1

It follows that,

x(k+1)=Ax(k) + Bu(k) = A Zkf(k)f;"(k) +B Z AF (k) sat(K; x5 (k)

i=1 i=1

s
=D M EOTk+1)
i=1
where X;(k + 1) = AX}"(k) + Bsat(K;x’(k)) € E(P;), Vi =1,2,...,s. Hence
)»l* (k),Vi=1,2,...,s is a feasible solution of (4.91) at time k + 1.
At time k + 1, by soling the optimization problem (4.91), one obtains

x(k+ 1) =Y Afk+DE(k+1)

i=1
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where X (k + 1) € E(P;). It follows that ) ;_, A% (k + 1) <> 7, Af(k) and V (x)
is a non-increasing function.

The contractive property of the ellipsoids E(P;),i =1, 2, ..., s assures that there
is no initial condition x(0) € 2¢ \ E(Py) such that Y7 _, AF(k +1) = Y7 _, A¥(k)
for sufficiently large and finite k. It follows that V (x) = Zf:z k:‘ (k) is a Lyapunov
function for all x € 2g \ E(Py).

The proof is completed by noting that inside E(P;), A =1 and X; =0, i =
2,3,...,s, the saturated controller u = sat(KX) is contractive and thus the control
laws (4.89), (4.90), (4.91) assures asymptotic stability for all x € 2. O

Denote r; = A;x;. Since X; € E(P;), it follows that r; € A; E(P;), and hence
rl.T Pi_lr,- < )\iz. The non-linear optimization problem (4.91) can be rewritten as,

min{ Z A } (4.93)

SR
subject to

riTPi_lrif)»l-z, Vi=1,2,...,s,
N

Y ri=x,

i=1

N

in=1, Ai>0, Vi=1,2,...,s
i=1

By using the Schur complements, (4.93) is converted into the following LMI prob-
lem,

s
i by 4.94
pan{izj ,} (4.94)
i=

subject to

s
> ri=x,
i=1

N
Z)Lizl, A >0, Vi=1,2,...,s
i=1
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Algorithm 4.4 Interpolating control—Convex hull of ellipsoids
Measure the current state x (k).

Solve the LMI problem (4.94).

Apply as input the control signal (4.90).

Wait for the next time instant k :=k + 1.

Go to step 1 and repeat.

AR

Remark 4.12 Tt is worth noticing that for all x (k) € E(Py), the LMI problem (4.94)
has the trivial solution,
Ai=0, Vi=223,...,s

Hence A1 = 1 and x = X]. In this case, the interpolating controller becomes the
saturated controller u = sat(Kx).

Example 4.6 Consider again the system in Example 4.1 with the same state and
control constraints. Three gain matrices are chosen as,

K1 =[-0.9500 —1.1137],
K, =[-0.4230 —2.0607], (4.95)
K3 =[-0.5010 —2.1340]

Fig. 4.24 Invariant ellipsoids
and state trajectories of the
closed loop system for
Example 4.6

T i 0 5 10
xl

(a) Invariant ellipsoids

10 i 0 5 10
X

(b) State trajectories
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Fig. 4.25 State trajectory,
input trajectory and the sum
(A3 +1}) of the closed loop
system for Example 4.6
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(b) Input trajectory and (A} + A5)

By solving the LMI problem (2.55) three invariant ellipsoids E(P1), E(P),
E(P3) are computed corresponding to the saturated controllers u = sat(Kix),
u = sat(K»x) and u = sat(K3x). The sets E(P;), E(P>), E(P3) and their convex
hull are depicted in Fig. 4.24(a). Figure 4.24(b) shows state trajectories for different
initial conditions.

The matrices Py, P> and Pj are,

P — 42.27 2.82 Py — 100.00 —-3.10 Pr— 100.00 —19.40
'Tl282 4800 2T -310 812 |° PT[-1940 954
For the initial condition x(0) = [—0.64 —2.8]7, using Algorithm 4.4, Fig. 4.25
presents the state and input trajectories and the sum (A3 + 13). As expected, the

sum (A3 + A3), i.e. the Lyapunov function is positive and non-increasing.



Chapter 5
Interpolating Control—Robust State Feedback
Case

5.1 Problem Formulation

Consider the problem of regulating to the origin the following uncertain and/or time-
varying linear discrete-time system subject to additive bounded disturbances,

x(k+ 1) = A(k)x (k) + Bk)u(k) + Dw(k) (5.1)

where x (k) € R”, u(k) € R™ and w(k) € R? are respectively, the measurable state,
the input and the disturbance vectors. The matrices A(k) € R"*", B(k) € R™ and
D e R"*?_A(k) and B(k) satisfy,

q q
Aly=Y ai)Ai, Bl =) ai(k)Bi,
i=1 i=1 (5.2)

q
Y wik)=1, «ik)=0
i=1

where the matrices A;, B; are given.
The state, the control and the disturbance are subject to the following bounded
polytopic constraints,

x(k) € X, X={x€R":Fxx§gx}
uk)eU, U={ueR":Fu<g,} (5.3)
w(k) e W, W:{weRd:Fwngw}

where the matrices Fy, F, and F,, and the vectors gy, g, and g,, are assumed to be
constant with g, > 0, g, > 0, g, > 0. The inequalities are component-wise.
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5.2 Interpolating Control via Linear Programming

It is assumed that an unconstrained robustly asymptotically stabilizing feedback
controller

u(k) = Kx (k)

is available such that the corresponding maximal robustly invariant set 2ax < X,
Qmax = {x eR": Fox < g} (5.4)

is non-empty. Furthermore with some given and fixed integer N > 0, based on Pro-
cedure 2.3 the robustly controlled invariant set Cny C X,

CNZ{)CGRHZFNxng} (5.5)

is computed such that all x € C can be steered into §2,x in no more than N steps
when suitable control is applied. The set Cy is decomposed into a set of simplices
Cl(\‘,/), each formed by n vertices of Cy and the origin. For all x € Cy, the vertex
controller

u(k) = K9Px(k), xecy (5.6)

where K is defined as in (3.38) robustly stabilizes the system (5.1), while the
constraints (5.3) are fulfilled.

In the robust case, similar to the nominal case presented in Sect. 4.2, Chap. 4,
the weakness of vertex control is that the full control range is exploited only on the
border of the set C in the state space, with progressively smaller control action
when state approaches the origin. Hence the time to regulate the plant to the origin
is longer than necessary. Here we provide a method to overcome this shortcoming,
where the control action is still smooth. For this purpose, any state x (k) € Cy is
decomposed as,

x(k) = c(k)xy (k) + (1 = (k) )xo (k) (5.7

where x, € Cy, xp € 2max and 0 <c < 1.
Consider the following control law,

u(k) = c(kyuy (k) + (1 = c(k))uo (k) (5.8)

where u, (k) is the vertex control law (5.6) for x,(k) and u,(k) = Kx,(k) is the
control law in £2ax.

Theorem 5.1 For system (5.1) and constraints (5.3), the control law (5.7), (5.8)
guarantees recursive feasibility for all initial states x(0) € Cy.
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Proof For recursive feasibility, it has to be proved that,

Fuu(k) < gu,
xtk+1)=AMk)x (k) + B(k)u(k) + Dw(k) € Cn

forall x(k) € Cy.
While the feasibility of the input constraints is proved in a similar way to the
nominal case, the state constraint feasibility deserves an adaptation.

x(k+1) = A(k)x(k) + B(k)u(k) + Dw(k)
= A(k){c(k)xy (k) + (1 — c(k))xo (k) }
+ B(k){c(k)uy (k) + (1 — c(k))uo (k) } + Dw (k)
= c(k)xy(k + 1) + (1 — c(k))xo (k + 1)

where
Xyp(k +1) = A(k)xy (k) + B(k)uy (k) + Dw(k) € Cn
Xo(k +1) = A(k)x, (k) + B(k)uy (k) + Dw(k) € 2max € Cn
It follows that x(k + 1) € Cy. O

As in Sect. 4.2, in order for u(k) in (5.8) to be as close as possible to the op-
timal unconstrained local controller, one would like to minimize the interpolating
coefficient c(k). This can be done by solving the following nonlinear optimization
problem,

¢* = min {c} (5.9)

Xp2Xo,C
subject to
Fyxy < gn,
Foxo < 8o,
cxy+ (1 —c)x, =x,
0<c<l1
Define r, = cx, and r, = (1 — ¢)x,. Since x, € Cy and x, € 2nax, it follows that
ry € cCy and r, € (1 — ¢)$2max Or equivalently,
Fnry <cgn,
Foro < (1 —¢)go

With this change of variables, the nonlinear optimization problem (5.9) is trans-
formed into the following linear programming problem,
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¢* =min{c} (5.10)
ry,C
subject to
Fnry <cgn,

Fo(x _rv) = (1 _c)go,

0<c<xl1

Theorem 5.2 The control law (5.7), (5.8), (5.10) guarantees robustly asymptotic
stability' for all initial states x(0) € Cy.

Proof First of all we will prove that all solutions starting in Cy \ £2pax Will reach
£max in finite time. For this purpose, consider the following non-negative function,

V(x)=c*(x), VxeCn\ 2ma (5.11)

V(x) is a candidate Lyapunov function. At time k, after solving the LP problem
(5.10) and applying (5.7), (5.8), one obtains, for x (k) € Cn \ 2max,

x(k) = c*(k)x (k) + (1 — ¢*(k))x} k),
{ u(k) = c* (kyuy (k) + (1 = c*(k))uo (k)
It follows that,
x(k+1) = A()x (k) + B(kyu(k) + Dw (k)
=c*()xy(k+ 1) + (1 = ¢* (k) xo(k + 1)

where
xp(k +1) = Alk)x; (k) + B(k)uy (k) + Dw(k) € Cy,
Xo(k + 1) = A(k)x} (k) + B(k)uo (k) + Dw (k) € 2max

Hence {c*(k), x;(k), x} (k)} is a feasible solution for the LP problem (5.10) at time
k + 1, see Fig. 5.1. By solving (5.10) at time k 4 1, one gets the optimal solution,
namely

xk+D=c*"k+Dxjk+ 1)+ (1 —c*k+D)xik+1)

IHere by robustly asymptotic stability we understand that the state of the closed loop system con-
verges to the minimal robustly positively invariant set [97, 105] of the system,

x(k+1)=(Ak) + B(k)K)x(k) + Dw(k)

despite the parameter variation and the influence of additive disturbances.
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Algorithm 5.1 Interpolating control—Implicit solution

. Measure the current state x (k).

. Solve the LP problem (5.10).

. Compute u,, by determining to which simplex x;' belongs and using (5.6).
. Implement as input the control action (5.8).

. Wait for the next time instant k :=k + 1.

. Go to step 1 and repeat.

AN N B W=

where x(k+ 1) € Cy and x (k + 1) € £21ax. It follows that ¢*(k + 1) < ¢*(k) and
V(x) is non-increasing.

With the same argument as in the proof of Theorem 4.3, it can be shown that the
interpolating coefficient ¢ in (5.10) is minimal if and only if x is decomposed as
x =cxy + (1 —c)x, with x,, € dCy and x, € 3§2max, see Fig. 5.1. Recall here that
a(-) denotes the boundary of the corresponding set (-).

The state contraction properties of the vertex controller and the local controller
for the states on dCxy and on 0$2nmax, respectively, guarantee that there is no ini-
tial condition x(0) € Cy \ £2max such that ¢*(k) = ¢*(0) for sufficiently large
and finite k. The conclusion is that V(x) = ¢*(x) is a Lyapunov function for
x(k) € Cn \ $2max and all solutions starting in Cy \ £2max Will reach 2y,x in fi-
nite time.

The proof is complete by noting that inside §2,x, the LP problem (5.10) has the
trivial solution ¢* = 0. Hence the control law (5.7), (5.8), (5.10) becomes the local
controller, which is robustly stabilizing. Therefore robustly asymptotic stability is
guaranteed Vx € Cy. U

It is worth noticing that the complexity of the control law (5.7), (5.8), (5.10) is
in direct relationship with the complexity of the vertex controller and can be very
high, since in general the complexity of the set Cy is high in terms of vertices. It
is also well known [26] that the number of simplices of vertex control is typically
much greater than the number of vertices. Therefore a question is how to achieve an
interpolating controller whose complexity is not correlated with the complexity of
the involved sets.
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In Algorithm 5.1, it is obvious that vertex control is only one possible choice
for the global outer controller. One can consider any other linear or non-linear
controller and the principle of interpolation scheme (5.7), (5.8), (5.10) holds as
long as the convexity of the associated robustly controlled invariant set is pre-
served. A natural candidate for the global controller is the saturated controller
u = sat(Kyx) with the associated robustly invariant set £2; computed by Proce-
dure 2.4 in Sect. 2.3.4. The experience usually shows that by properly choosing the
matrix gain Ky € R™*" | the set £2;, might be as large as that of any other constrained
control scheme.

In summary with the global saturated controller u (k) = sat(Kx (k)) the interpo-
lating controller (5.7), (5.8), (5.10) involves the following steps,

1. Design a local gain K and a global gain K, both stabilizing with some desired
performance specifications. Usually K is chosen for the performance, while
K is designed for extending the domain of attraction.

2. Compute the invariant sets §2max and £2; associated with the controllers u =
Kx and u = sat(K;x), respectively. §£2ax is computed by using Procedure 2.2,
and £2; by Procedure 2.4.

3. Implement the control law (5.7), (5.8), (5.10).

Practically, the interpolation scheme using saturated control is simpler than the
interpolation scheme using vertex control, while the domain of attraction remains
typically the same.

Remark 5.1 Concerning the explicit solution of the control law (5.7), (5.8), (5.10)
with the vertex controller, using the same argument as in Sect. 4.3, it can be con-
cluded that,

o If x € Cy \ £2max, the smallest value of the interpolating coefficient ¢ will
be reached when the region Cy \ £2 is decomposed into polyhedral partitions
in form of simplices with vertices both on dCy and on 9£2,«x. The con-
trol law in each simplex is a piecewise affine function of state whose gains
are obtained by interpolation of control values at the vertices of the sim-
plex.

o If x € £21nax, then the control law is the optimal local controller.

Example 5.1 Consider the following uncertain and time-varying linear discrete-
time system,
x(k+1)=Ak)x(k) + B(k)u(k) (5.12)
where
A(k) =a(k)Ar + (1 — a(k)) Az
{ B(k) = a(k)B; + (1 — a(k)) B,
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and

1 0.1 102 0 0
e e o A N

At each time instant « (k) € [0, 1] is an uniformly distributed pseudo-random num-
ber. The constraints are,

—10<x; <10, —10 <x <10, —-1<uc<l (5.13)
The stabilizing feedback gain for states near the origin is chosen as,
K =[-1.8112 —0.8092]

Using Procedure 2.2 and Procedure 2.3, the sets §2max and Cn are obtained and
shown in Fig. 5.1. Note that C»7 = Cpg is the maximal robustly controlled invariant
set for system (5.12).

The set of vertices of Cy is given by the matrix V (Cy) below, together with the
control matrix U, at these vertices,

V(Pv)=[V1 —Vi],
Uy=[U1 —Ui],

Vi — 10.0000 9.7000 9.1000 8.2000 7.0000 5.5000 3.7000 2.3000 —10.0000
1= 0 1.5000 3.0000 4.5000 6.0000 7.5000 9.0000 10.0000 10.0000 |’

Ui=[-1 -1 -1 -1 -1 -1 -1 -1 -1]

The set £2max is presented in minimal normalized half-space representation as,

[—0.9130 —0.40797 [0.5041]

0.9130  0.4079 0.5041

0.8985  —0.4391 23202

2. | —0.8985 04391 2.3202

Cmac =X €RTH 0000 0.0036 | = | 1.3699
~1.0000 —0.0036 1.3699

0.9916  0.1297 1.1001

| —0.9916 —0.1297 | | 1.1001 |

Solving explicitly the LP problem (5.10) by using multi-parametric linear program-
ming, the state space partition is obtained in Fig. 5.2(a). The number of regions
is N, = 27. Merging the regions with the identical control law, the reduced state
space partition is obtained (N, = 13) in Fig. 5.2(b). Figure 5.2(b) also presents state
trajectories for different initial conditions and realizations of o (k).
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The control law over the state space partition with 13 regions is,

093 037 7 M 9.56 7
0.78  0.62 9.21
0.64 0.77 9.28
—091 —041 —0.50
| =090 0.44 2.32
-1 1 o0ss o081 [YR=]| 947
071  0.71 9.19
0.86  0.51 9.35
020 —0.98 2.00
| 098 020 | | 9.81 |
090 —0.447 [—2.327]
—1 if | —0.00 1.00 |x(k)<| 10.00
| —0.59 —0.81 | | —2.14 |
090 —0.447 [—2.327]
—0.92x1 (k) — 1.25x(k) +2.31 if | 059 081 |x(k)<| 2.14
| —0.66 —0.75 | | —0.95 |
uk) = 066 0.75 [ 0.95 7]
—0.00x] (k) — 0.20xp (k) +1.00 if | —1.00 0.00 |x(k)<| 10.00
| 027  —0.96 | | —2.75 |
[ 1.00 0.00 7 [—1.37]
0.17x1(k) — 0.80x2(k) +2.72  if | 023 —097 |x(k) < | —2.31
| —0.27  0.96 | | 2.75 ]
099 0.13 [—1.107]
0.11xq (k) — 0.56xp (k) +2.13 if | 020 —0.98 |x(k)<| —2.00
| —0.23 097 | | 2.31 |
[—0.91 —0.41T [0.507
091 041 0.50
0.90 —0.44 2.32
—1.81x; (k) — 0.81xp (k) if 1(.)6?)0 gjf)g x(k) < f;g
—1.00 —0.00 1.37
0.99  0.13 1.10
| —0.99 —0.13 | | 1.10 |

(due to symmetry of the explicit solution, only the control law for seven regions are
reported here)

The interpolating coefficient and the control input are depicted in Fig. 5.3.

For the initial condition xg = [2.2954 9.9800]7, Fig. 5.4 shows the state and
input trajectories as functions of time for the interpolating controller (solid). As a
comparison, Fig. 5.4 also shows the state and input trajectories obtained by using
the LMI based MPC algorithm in [74] (dashed). The state and control weighting
matrices are Q = I, R =0.01 for [74].

Figure 5.5 presents the interpolating coefficient and the realization of « (k). As
expected c*(k) is a positive and non-increasing function.
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Fig. 5.2 Explicit solution
before and after merging for
the interpolating controller
and state trajectories of the
closed loop system for
Example 5.1

Fig. 5.3 Interpolating
coefficient and the control
input as piecewise affine
functions of state for
Example 5.1

10

(b) N, = 13

PWA function over 27 regions

10

s
~10 -10
XZ Xl

(a) Interpolating coefficient

PWA function over 13 regions

(b) Control input
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Fig. 5.4 State and input
trajectories as functions of
time for Example 5.1 for the
interpolating controller
(solid), and for [74] (dashed)

15
Time
(a) State trajectories

0 5 10 15 20 25 30
Time
(b) Input trajectories

Example 5.2 This example extends the study of the nominal case. The discrete-time
linear time-invariant system with disturbances is given as,

1 1 0
x(k—i—l):[o 1:|x(k)—i—|:1i|u(k)—l-w(k) (5.14)
The constraints are,
(5.15)
—0.1<w; <0.1, —0.1 <wy <0.1

The local controller is chosen as an LQ controller with weighting matrices Q = I,
R =0.01, leading to the state feedback gain,

K =[-0.6136 —1.6099]

The following saturated controller u (k) = sat(Ksx(k)) is chosen as a global con-
troller with the matrix gain,

Ks =1[-0.1782 —0.5205]

Using Procedure 2.2 and Procedure 2.4 the sets £2max and £2; are respectively, com-
puted for the control laws u (k) = Kx(k) and u(k) = sat(Kx(k)), see Fig. 5.6(a).
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Fig. 5.5 Interpolating 1
coefficient and the realization
of «(k) as functions of time 0.8
for Example 5.1

0.6r

* o
0.4r
0.2f
YUs ‘ ‘ ‘ ‘ !
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Time

(a) Interpolating coefficient

0.8

0.6

0.4

0.2f
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Time
(b) (k) realization

Note that £2; is actually the maximal invariant set for system (5.14) with constraints
(5.15), which can be verified by comparing the equivalence between the set £2; and
its one-step robustly controlled invariant set. Figure 5.6(b) presents state trajectories
for different initial conditions and realizations of w (k). It is worth noticing that the
trajectories do not converge to the origin but to the minimal robustly invariant set of
the system,

x(k+1)=(A+ BK)x(k) + w(k)

£2; and £21n,x are presented in minimal normalized half-space representation as,

T 1.0000 0 ] 5.0000]
—1.0000 0 5.0000
07071 0.7071 3.4648
—0.7071 —0.7071 3.4648
04472 0.8944 2.5491
5 | —0.4472 —0.8944 2.5491
$20=1x R 3160 00487 | ¥ = 23401
—0.3162 —0.9487 2.3401
0.2425  0.9701 2.4254
—0.2425 —0.9701 2.4254
0.1961  0.9806 2.6476

| —0.1961 —0.9806 | | 2.6476 |
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Fig. 5.6 Feasible invariant 4r
sets and state trajectories of
the closed loop system for

Example 5.2 Q

s 0 5
X1

(a) Feasible invariant sets

(b) State trajectories

Fig. 5.7 State trajectories as
functions of time for
Example 5.2 for the
interpolating controller
(solid), and for the tube MPC
in [81] (dashed)

03562 —0.9344 0.5804

B > | 03562 0.9344 0.5804
Smax =X E€RT 0199 07013 | = 1.4813
—0.7129 —0.7013 1.4813

For the initial condition x (0) = [—3.0654 2.9541]7, Fig. 5.7 and Fig. 5.8 show the
state and input trajectories for the interpolating controller (solid). As a comparison,
we choose the tube MPC in [81]. The dashed lines in Fig. 5.7 and Fig. 5.8 are
obtained by using this technique.
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Fig. 5.8 Input trajectories as
functions of time for
Example 5.2 for the
interpolating controller
(solid), and for the tube MPC
in [81] (dashed)
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Time
Fig. 5.9 Outer invariant 0.4r
approximation of the minimal
robustly invariant set for 0.2 R
Example 5.2 °
<U0r w
-0.2
—04 . |
-0.5 0 0.5
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The following parameters were used for the tube MPC. The outer invariant ap-
proximation R, of the minimal robustly invariant set was constructed for system,

x(k+1) =(A+ BK)x(k) +w(k)

using the method in [105]. The set R is depicted in Fig. 5.9. The setup of the MPC
approach for the nominal system of the tube MPC framework is Q = I, R = 0.01.
The prediction horizon N = 10.

The interpolating coefficient ¢*(k) and the realization of w(k) are presented in
Fig. 5.10.

5.3 Interpolating Control via Quadratic Programming

The non-uniqueness of the solution is the main issue regarding the implementation
of the interpolating controller in Sect. 5.2. Hence, as in the nominal case, it is also
worthwhile in the robust case to have an interpolation scheme with strictly convex
objective function.

In this section, we consider the problem of regulating to the origin system (5.1)
in the absence of disturbances. In other words, the system under consideration is of
the form,

x(k+1)=A(k)x (k) + B(k)u(k) (5.16)

where the uncertainty description of A(k) and B(k) is as in (5.2).
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Fig. 5.10 Interpolating 0.8
coefficient and the realization
of w(k) as functions of time 0.6
for Example 5.2
. 04f
Q
0.2
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Time
(a) Interpolating coefficient
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(b) w(k) realization
For a given set of robustly asymptotically stabilizing controllers u(k) = K;x(k),
i=1,2,...,s and corresponding maximal robustly invariant sets £2; C X
2i={xeR":FPx <gP} (5.17)
denote £2 as a convex hull of £2;. It follows from the convexity of X that £2 C X,
since £2; C X,Vi=1,2,...,5s.
By employing the same design scheme in Sect. 4.5, the first high gain controller
in this enumeration will play the role of a performance controller, while the re-

maining low gain controllers will be used in the interpolation scheme to enlarge the
domain of attraction. Any state x (k) € §2 can be decomposed as follows,

x(k) = 2 (k)31 (k) + Ao ()% (k) + - + A (k)% (k) (5.18)

where X;j (k) € £2;,Vi=1,2,...,s and
N
dor=1, x(k)=0
i=1

Consider the following control law,

u(k) = 21 (k) K131 (k) + Ao (k) KaXa (k) + - - - + Ay (k) KX (k) (5.19)
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where u; (k) = K;x; (k) is the control law in £2;. Define r; = A;X;. Since X; € £2;, it
follows that r; € A; £2; or equivalently that the set of inequalities,

F0r < nigl) (5.20)

isverifiedVi=1,2,...,s.
It holds that,

x(k+ 1) = A(k)x (k) + Blu(k) = Ak) Y " ri(k) + B(k) > Kir; (k)

i=1 i=1

=Y (A(k) + B(k)Ki)r; (k)

i=1

or

N

x(k+1)=2r,-(k+1) (5.21)
i=1

with r; (k+ 1) = A (k)r; (k) and A.; (k) = A(k) + B(k)K;.
For a given set of state and control weighting matrices Q; > 0, R; > 0, i =
2,3,...,s, consider the following set of quadratic functions,

Vitriy=r]l Piri, ¥i=23,...,s (5.22)
where P; € R™" and P; > 0 is chosen to satisfy,
Vi(ritk + 1) = Vi(ri(0)) < —ri ()" Qiri (k) — ui (k)" Riu; (k) (5.23)

From (5.22), (5.23) and since r;(k + 1) = A (k)ri(k), u; (k) = K;r; (k), it follows
that,
AGPiAc — P < —Qi — K] RiK;

By using the Schur complements, one obtains

P — Qi —K'RiK; AlP,
=0 5.24

|: Pi A P; (5:24)
Aci(k)=Ak)+B(k)K; = Z;I.:l aj(k)(A;+ B;K;) is linear with respect to o (k).
Hence one should verify (5.24) at the vertices of «(k), i.e. when « (k) =0 or
a (k) = 1. Therefore the set of LMI conditions to be satisfied is following,

|:Pi — Qi —K!RiKi (Aj+B;K)"P;

=0, Vj=1,2,..., 5.25
P.(Aj + BjK) P, } / 7 62
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One way to obtain matrix P; is to solve the following LMI problem,
rr})in{trace(P,-)} (5.26)

subject to constraints (5.25).
Define the vector z € RE—D0+D 44 follows,

=7 T o ] (5.27)

N

At each time instant, consider the following optimization problem,

N

V(z)=min!§ rl Piri 4 x%} (5.28)
Z
2 i=2

i=

subject to the constraints

Fri <ngd, i=1,2,....5,

s
> ri=x,
i=1
s
Z/\i =1,
i=1

Ai>0,i=1,2,...,s

and apply as input the control actionu =Y :_, K;r;.

We underline the fact that the cost function is built on the indices {2, 3, ..., s},
which correspond to the more poorly performing controllers. Simultaneously, the
cost function is intended to diminish the influence of these controller actions in the
interpolation scheme toward the unconstrained optimum with r; =0 and A; =0,
Vi=2,3,...,5

Theorem 5.3 The interpolating controller (5.18), (5.19), (5.28) guarantees recur-
sive feasibility and robustly asymptotic stability for all initial states x(0) € £2.

Proof The proof of this theorem follows the same argumentation as the one of The-
orem 4.11. Hence it is omitted here. U

As in Sect. 4.5, the cost function in (5.28) can be rewritten in a quadratic form
as,

V(z) =min{z" Hz} (5.29)
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with
P, 0 0 0 0 07
0 P3 0 0 0 0
: 00 0
|0 0 P, 0 0 0
1o o 0 10 0
0 0 0 0 1 0
: : . 00 0
0 0 ... 0 00 1]
and the constraints of (5.28) can be rewritten as,
Gz < S+ Ex(k) (5.30)
where
D B ED D g
F? 0 ... 0 g2 o .. o0
0 F¥Y ... o0 o -3¢ ... o0
G=| o 0 0 0 —g5”
0 0 0 -1 0 0
0 0 0 0 —1 0
0 0 0 0 0 ... -1
. 0 0 0 1 1 1]
N RON r
s=[@&"" 00 .. 000 .. 0 1]
(D\7 r
E=[—(Fo) 00 .. 000 ...0 0]

Hence the optimization problem (5.28) is transformed into the quadratic program-
ming problem (5.29), (5.30).

It is worth noticing that for all x € §£21, the QP problem (5.29), (5.30) has the
trivial solution, that is,

I’i:O,
Vi=2,3,...5
A =0,

Hence r; = x and A1 =1 for x € £21. And therefore, inside £21, the interpolating
controller becomes the optimal one.
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Algorithm 5.2 Interpolating control via quadratic programming

Measure the current state x (k).

Solve the QP problem (5.29), (5.30).

Implement as input the control action u =Y ;_, K;r;.
Wait for the next time instant k :=k + 1.

Go to step 1 and repeat.

AR

Fig. 5.11 Feasible invariant
sets and state trajectories of
the closed loop system for
Example 5.3

- *O —é 0 5 10

(a) Feasible invariant sets

W

(b) State trajectories

Example 5.3 Consider the system in Example 5.1 with the same state and control
constraints. Two linear feedback controllers are chosen as,

K1 =[-18112 —0.8092],
(5.31)

K> =[-0.0786 —0.1010]

The first controller u(k) = Kjx (k) plays the role of a performance controller, while
the second controller u(k) = Kpx (k) is used for extending the domain of attrac-
tion.

Figure 5.11(a) shows the maximal robustly invariant sets £2 and §2, correspond
to the controllers K; and K> respectively. Figure 5.11(b) presents state trajectories
for different initial conditions and realizations of « (k).
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The sets £21 and §2; are presented in minimal normalized half-space representa-
tion as,

©1.0000  0.0036 ] [1.3699 ]
~1.0000 —0.0036 1.3699
0.9916  0.1297 1.1001
» | —0.9916 —0.1297 1.1001
$1=1xeR%: 1 (e0gs 043091 | ¥ = 23202
~0.8985  0.4391 2.3202
~0.9130 —0.4079 0.5041
| 09130 0.4079 | | 0.5041 |
09352 0.3541 ] [ 9.5779 ]
~0.9352  —0.3541 9.5779
0.9806  0.1961 9.8058
~0.9806 —0.1961 9.8058
~0.5494 —0.8355 8.2385
> | 05494  0.8355 8.2385
$2=1x R 5000 0o |[*=110.0000
0 1.0000 10.0000
~1.0000 0 10.0000
0 ~1.0000 10.0000
—0.6142 —0.7892 7.8137
| 0.6142  0.7892 | 7.8137 |

With the weighting matrices Q» = I, R» = 0.001, and by solving the LMI problem
(5.26), one obtains,

p, _ [ 17:5066  7.9919
271 7.9919 16.7525

For the initial condition x(0) = [0.3380 9.6181]7, Fig. 5.12(a) and 5.12(b)
show the state and input trajectories for our approach (solid). Figure 5.12(a)
and 5.12(b) also show the state and input trajectories for the algorithm in [102]
(dashed). The state and control weighting matrices for [102] are Q = I, R =
0.001.

Figure 5.13 presents the interpolating coefficient A, (k), the realization of o (k)
and the Lyapunov function as functions of time.

5.4 Interpolating Control Based on Saturated Controllers

In this section, in order to fully utilize the capability of actuators and to extend the
domain of attraction, an interpolation between several saturated controllers will be
proposed. As in the previous section, we consider the case when w(k) =0, Yk > 0.
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Fig. 5.12 State and input 6F
trajectories of the closed loop o4t
system as functions of time x 2l
for Example 5.3 for our NI
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For simplicity, only the single input—single output system case is considered here,
although extension to the multi-input multi-output system case is straightforward.

From Lemma 2.1 in Sect. 2.4.1, recall that for a given stabilizing controller
u(k) = sat(Kx(k)), there exists an auxiliary stabilizing controller u (k) = Hx (k)
such that the saturation function can be expressed as, Vx such that Hx € U,

sat(Kx(k)) = B(k)Kx(k) + (1 — B(k)) Hx (k) (5.32)

where 0 < B(k) < 1. The instrumental vector H € R" can be computed by Theo-
rem 2.3. Based on Procedure 2.5 in Sect. 2.4.1, an associated robustly polyhedral
set .Qf] can be computed, that is invariant for the system,

x(tk+1)=AWk)x k) + B(k) sat(Kx(k)) (5.33)

It is assumed that a set of robustly asymptotically stabilizing controllers u(k) =

sat(K;x(k)), Vi =1,2,...,s is available as well as a set of auxiliary vectors H; €
R" with i =2, 3, ..., s such that the maximal invariant set 21 € X

21 ={xeR": FVx < gV} (5.34)

for the linear controller # = K x, and the maximal invariant set .in cX

Qi ={xeR": F'x < g} (5.35)

N
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Fig. 5.13 Interpolating 1
coefficient, Lyapunov
function and « (k) realization 0.8f
as functions of time for
Example 5.3 “ 0.61
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fori =2,3,...,s is non-empty. Denote §2; as the convex hull of the sets .QSH". By

the convexity of X, it follows that £2; C X, since
21X and QFcx, Vi=2,3..s.

Any state x (k) € 25 can be decomposed as,

x(k) = a ()x1 (k) + Z A (k)X (k) (5.36)
i=2
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where 3y (k) € 21, %1(k) € 2 vi=2,3,...,s and
S
d nity=1, ik)=0
i=l1

As in the previous section we remark the non-uniqueness of the decomposition
(5.36). Consider the following control law,

u(k) = (KT (0) + Y i (k) sat(Ki % (k) (537)
i=2

Using Lemma 2.1, one obtains,

u(k) = a1 (k) K1 x1 (k) + Z i (k) (Bi (k) K + (1 — B (k) H; ) %; (k) (5.38)
=2

where 0 < B; (k) <1,Vi=2,3,...,s.

With the same notation as in the previous section, let r; = A;X;. Since X € £24
and & € 27 i =2,3,... s, it follows that r; € 2,82, and r; € ;2 i =
2,3,...,so0r,

FOx <xg®, Vi=1,2,....s (5.39)
Using (5.36), (5.38), one gets,

S
X =n +Zri,
i=2
s
U=uj +Zui
i=2

(5.40)

where u; = Kyr; and
ui=(,3iKi+(1_ﬂi)Hi)ri* i=2,3,...,58 (5.41)

The first high gain controller plays the role of a performance controller, while the
remaining low gain controllers is used to enlarge the domain of attraction. It holds
that,

x(k+1) = A()x (k) + Blouk) = A(k) Y ri(k) + Bk) Y _u;i(k)

i=1 i=1

S
=Y rik+1)
i=1
where

ri(k +1) = A(k)r1 (k) + B(k)u (k) = (A(k) + B(k)K1)r1 (k)
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and
ritk +1) = A(k)r; (k) + B(k)u; (k)
= {Ak) + B (Bi () K; + (1 — B; (k) H) }ri (k)
or
ritk 4+ 1) = Aci (k)ri (k) (5.42)

with A (k) = A(k) + B(k)(Bi (k) Ki + (1 — Bi (k) H;), i =2,3,....5.
For a given set of state and control weighting matrices Q; > 0 and R; >0, i =
2,3,...,s, consider the following set of quadratic functions,

Vi) =rl Piri, i=2,3,....s (5.43)
where matrix P; € R"*", P; > 0 is chosen to satisfy,
Vi(ri(k + 1) = Vi(r: (k) < —ri () Qiri (k) — ui (k)T Riui (k) (5.44)

Define Y; = B; K; + (1 — 8;) H;. From (5.41), (5.42), (5.43), one can rewrite inequal-
ity (5.44) as,

AlLPiA; — P =—0; - Y RY;

By using the Schur complements, the previous condition can be transformed into,

Pi— Qi —Y[RY; ALP]_
PiAgi I

or

P; AZiP,' . Qi—i-YiTRiYi 0 =0
P;Ag P; 0 0|~

Denote «/Q; and /R; as the Cholesky factor of the matrices Q; and R;, which sat-
isfy / Qi T«/ Q;=Q;and \/R; T«/R,- = R;. The previous condition can be rewritten

as,

po ALR) _[vo yIVRT[ Ve 0],
P; A P; 0 0 VRY; 0]~

or by using the Schur complements, one obtains,

T T
P AP VO YR
0

P A P; 0 -0 545
Qi 0 1 0 - (545)
VR Y; 0 0 1
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Clearly, one should verify inequality (5.45) at the vertices of A.; and Y;. Hence the
set of LMI conditions to be checked is the following,

P; (Aj+B;K)TP VO KIVER
Pi(Aj+ BjK;) P; 0 0 -0
JO; 0 I 0
VEKi 0 0 I i
Vi=12,....q9
P (Aj+B;H)T P VOiT HI VR
P;(A; + BjH;) P; 0 0 -0
VO 0 I 0
VR H; 0 0 I
(5.46)

Condition (5.46) is linear with respect to the matrix P;. One way to calculate P;
is to solve the following LMI problem,

n})i_n{trace(P,- )} (5.47)

subject to constraint (5.46).

Once the matrices P; withi =2, 3, ..., s are computed, they can be used in prac-
tice for real-time control based on the resolution of a low complexity optimization
problem. At each time instant, for a given current state x, minimize on-line the fol-
lowing quadratic cost function subject to linear constraints,

N S
. T 2
gn)trll[ E r; Piri + E Zki } (5.48)
1=

i=2
subject to
Fi0r <ngd, vi=1,2,....5,

N

Q_ri=x.

i=1
s
in =1,
i=1

A =>0,Vi=1,2,...,s

Theorem 5.4 The control law (5.36), (5.37), (5.48) guarantees recursive feasibil-

ity and robustly asymptotic stability of the closed loop system for all initial states
x(0) € £24.

Proof The proof is omitted here, since it is the same as the one of theorem 4.11. [J
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Algorithm 5.3 Interpolating control via quadratic programming

Measure the current state x (k).

Solve the QP problem (5.48).

Implement as input the control action u = A K1X1 + > _;_, A; sat(K;X;).
Wait for the next time instant k :=k + 1.

Go to step 1 and repeat.
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Example 5.4 We recall the uncertain, time-varying linear discrete-time system,
x(k+1) = (a(k)A; + (1 —a(k)A2)x (k) + (a(k) By + (1 — (k) Bo)u(k) (5.49)

in Example 5.1 with the same state and control constraints. Two matrix gains in the
interpolation scheme are chosen as,

K1 =[-18112 —0.8092],
(5.50)

K> =[-0.0936 —0.1424]
Using Theorem 2.3, the matrix H; is computed as,

H, =[-0.0786 —0.1010] (5.51)
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The robustly invariant sets 21 and .QSH 2 are respectively, constructed for the con-
trollers u = K1x and u = sat(K»x), see Fig. 5.14(a). Figure 5.14(b) shows state
trajectories, obtained by solving the QP problem (5.48), for different initial condi-
tions and realizations of « (k).

The sets £21 and .Qfl % are presented in minimal normalized half-space represen-

tation as,

C1.0000  0.0036 ] [1.3699]

—1.0000 —0.0036 1.3699

09916  0.1297 1.1001

> | —0.9916 —0.1297 1.1001
$21=1x€R: 1 (o085 043091 | ¥ = | 23202
—0.8985  0.4391 2.3202

—0.9130 —0.4079 0.5041
| 09130 04079 | | 0.5041 |

£ 09352 03541 ] [ 9.5779

—0.9352 —0.3541 9.5779

09806  0.1961 9.8058

—0.9806 —0.1961 9.8058

—0.5494 —0.8355 8.2385

. » | 05494  0.8355 8.2385
22 =1 R 0000 o |*=|10.0000
0 1.0000 10.0000

~1.0000 0 10.0000

0  —1.0000 10.0000

—0.6142 —0.7892 7.8137

06142 07892 | | 7.8137

With the weighting matrices Q> = I, Ry = 10™*, and by solving the LMI problem
(4.84), one obtains,
P, = |:

Using Algorithm 5.3, for the initial condition x(0) = [—4.1194 9.9800]7 , Fig. 5.15
shows the state and input trajectories as functions of time for our approach (solid)
and for the approach in [74] (dashed). Figure 5.16 presents the interpolating coeffi-
cient A (k), the objective function i.e. the Lyapunov function and the realization of

a(k).

17.5066  7.9919
7.9919 16.7524

5.5 Interpolation via Quadratic Programming for Uncertain
Systems with Disturbances

Note that all the developments in Sects. 5.3 and 5.4 avoided handling of additive
disturbances due to the impossibility of dealing with the robustly asymptotic stabil-
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Fig. 5.15 State and input
trajectories as functions of
time for our approach (solid)
and for [74] (dashed) for
Example 5.4
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ity of the origin as an equilibrium point. In this section, an interpolation for system
(5.1) with constraints (5.3) using quadratic programming will be proposed to cope
with the additive disturbance problem.

Clearly, when the disturbance is persistent, it is impossible to guarantee the con-
vergence x (k) — 0 as k — 4-o00. In other words, it is impossible to achieve asymp-
totic stability of the closed loop system to the origin. The best that can be hoped
for is that the controller steers any initial state to some target set around the origin.
Therefore an input-to-state stability (ISS) framework proposed in [59, 82, 91] will
be used for characterizing this target region.

5.5.1 Input to State Stability

The input to state stability framework provides a natural way to formulate questions
of stability with respect to disturbances [120]. This framework attempts to capture
the notion of bounded disturbance input—bounded state.

Definition 5.1 (7 -function) A real valued scalar function ¢ : R>g — Rxq is of
class [C if it is continuous, strictly increasing and ¢ (0) = 0.

Definition 5.2 (#5.-function) A function ¢ : R>o — R is of class K if itis a
KC-function and ¢ (s) — 400 as s — +00.
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Fig. 5.16 Interpolating coefficient, Lyapunov function and « (k) realization as functions of time
for Example 5.4

Definition 5.3 (7 .Z-function) A function 8 : R>0 xRx>0 — R isof class &%
if for each fixed k > 0, it follows that 8(-, k) is a .#" function and for each fixed
s >0, it follows that B(s, -) is decreasing and B(s, k) — 0 as k — 0.

The ISS framework for autonomous uncertain/time-varying linear discrete-time
systems, as studied by Jiang and Wang in [59], is briefly reviewed next.
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Consider system (5.1) with a feedback controller u(k) = Kx (k) and the corre-
sponding closed loop matrix A.(k) = A(k) + B(k)K,

x(k+ 1) = Ac(k)x (k) + Dw(k) (5.52)

Definition 5.4 (ISS stability) The dynamical system (5.52) is ISS with respect to
disturbance w (k) if there exist a .#".%-function 8 and a .# -function ¢ such that for
all initial states x (0) and for all admissible disturbances w(k), the evolution x (k) of
system (5.52) satisfies,

[xo] = £(]x©

k) + 4:(0331]3_1 Jwi]) (5.53)

The function ¢ (-) is usually called an ISS gain of system (5.52) [59, 91].

Definition 5.5 (ISS Lyapunov function) A function V : R* — R is an ISS Lya-
punov function for system (5.52) is there exist #oo-functions y;, y2, y3 and a 7 -
function 6 such that,

{ yi(Ixl) = Vo < va(lxl),
(5.54)
V(rtk+D) = V(x®) < —pns([x®@]) +6(wd])

Theorem 5.5 [59, 82, 91] System (5.52) is input-to-state stable if it admits an ISS
Lyapunov function.

Remark 5.2 Note that the ISS notion is related to the existence of states x such that,
y3(Ixll) = 6 (llwll)
for all w € W. This implies that there exists a scalar d > 0 such that,
y3(d) = geavg@(llwll)
ord= y;] (maxy,ew 6 (lw(k)[)). Here y;] denotes the inverse operator of 3. It
follows that for any ||x(k)|| > d, one has,
V(x(k+D) = V(x®) = —p(|x®]) +o(lw®d]) = —ys@ +o(|wn ) <0

Thus the trajectory x (k) of system (5.52) will eventually enter the region R, =
{x e R": |lx(k)| < d}. Once inside, the trajectory will never leave this region, due
to the monotonicity condition imposed on V (x (k)) outside the region R,.

5.5.2 Cost Function Determination

The main contribution presented in the following starts from the assumption that a
set of unconstrained robustly asymptotically stabilizing feedback controllers u (k) =
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Kix(k),i=1,2,...,s,is available such that for each i the matrix A.; (k) is asymp-
totically stable, where A.; (k) = A(k) + B(k)K;.
Using Procedure 2.2, the maximal robustly invariant set £2; € X is found as,

2 ={xeR":FPx <P} (5.55)

for the corresponding controller u(k) = K;x(k),i =1,2,...,s. With a slight abuse
of notation, denote 2 as the convex hull of £2;, i =1,2,...,s. It follows that
2 C X,since Xisconvexand £2; € X,i=1,2,...,5s.

Any state x(k) € §£2 can be decomposed as,

x(k) =1 (R (k) + Y xi () (k) (5.56)
i=2

with X; (k) € £2; and )}, A;(k) =1, A; (k) > 0.

One of the first remark is that according to the cardinal number s and the dispo-
sition of the sets £2;, the decomposition (5.56) is not unique.

Define r; (k) = A; (k)x; (k), Vi = 1,2, ...,s. Equation (5.56) can be rewritten as,

x(k)y =ri(k)+ Y _rik)

i=2

or, equivalently

ri(k) =x(k) — Zr,- (k) (5.57)

i=2
Since X; € £2;, it follows that r; € A;$2;, or in other words,
FOr <xeW, i=1,2,....s (5.58)
Consider the following control law,
N N
u(k) =K TR+ Y MO KT (k) = Kir() + Y Kiri(k)  (5.59)
i=2 i=2

where K;x; (k) is the control law in £2;.

Substituting (5.57) into (5.59), one gets,

u(k) = Kix(k) + Z(Ki — Kpri(k) (5.60)
i=2
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Using (5.60), one has,
x(k+1)=Ak)x k) + Bk)u(k) + Dw(k)

= A(k)x(k) + B(k)K1x(k) + B(k) Z(Ki — Kri(k) + Dw(k)

i=2
or, equivalently
N
x(k+1) = A1 (k)x(k) + B(k) Z(Ki — Kpri(k) + Dw(k) (5.61)
=2
where A1 (k) = A(k) + B(k)K;.
Define r; (k + 1) as follows, i =2,3,...,s,
ri(k + 1) = A (k)ri (k) + Dw; (k) (5.62)

with A (k) = A(k) + B(k)K; and w; (k) = A; (k)w (k).
Define the vectors z and w as,

Z=[xT r2T rsT]T, w=[wT sz wT]T (5.63)

Writing (5.61), (5.62) in a compact matrix form, one obtains,

z2tk+1)=®k)z(k) + T'w(k) (5.64)
where
A (k) Bk)(K,—Ky) ... Bk)(Ks—K)) DO ... 0
0 A (k) 0 0 D .. 0
& k) = , ) ., I'=
0 0 o Ae®) 0 0 ... D

Using (5.2), it follows that @ (k) can be expressed as a convex combination of @},
ie.

q
P(k)=) a;()®;,

j=1

. (5.65)
> ety =1, a;(k) =0
j=1
where
(Aj+BjK1) Bj(K2—Ki1) ... Bj(Ky—Ky)

0 (Aj+BjKy) ... 0

0 0 ... (Aj+ BjKy)
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Consider the following quadratic function,
V() =z"Pz (5.66)
where matrix &2 > 0 is chosen to satisfy,
V(ztk+1) = V(z(b) < —x(k)" Qx (k) —u(k)" Ru(k) + b () 0 (k) (5.67)

where Q € R™", R e R™*™ Q>0 and R > 0 are the state and input weighting
matrices, 0 > 0.
Using (5.64), the left hand side of (5.67) can be written as,

V(ztk+ 1) = V(z(0)
=(@z+ I'w) P(®z+T'w) — 2" Pz

B I A R

And using (5.60), (5.63) the right hand side of (5.67) becomes,
—x(k)T Ox(k) — u(k)T Ru(k) + 0w (k)T w (k)
=207 (= Q1 — R)z(k) + 0w (k)" (k)

=1 ”T][_QIO_R] 901}[2} (5.69)
where
1
0
Or=|. e[l © 0],
0
K
(K — K"
R = : R[Ki (K2—K1) ... (Ki—Kp]
(K — KT

From (5.67), (5.68), (5.69), one gets,
T P 0 [—01—R; O
[FT}P[CD F]_[o 0]5_ 0 o1

or equivalently,

-
[P_Q(;_Rl 001}—[;’3 P[® I']>0 (5.70)
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Using the Schur complements, equation (5.70) can be brought to,

P—-Qi—R 0 ofPp
0 61 I'"P|>0 (5.71)
PO Pl P

It is clear from (5.70) that problem (5.71) is feasible if the matrix @ (k) is asymptot-
ically stable, or in other words, all matrices A.; (k) are asymptotically stable.

The left hand side of (5.71) is linear with respect to « (k). Hence one should
verify (5.71) at the vertices of o (k), i.e. when «j (k) =0 or cj (k) = 1. Therefore
the set of LMI conditions to be checked is as follows,

P—0Q0i—R O cDjTP
0 61 IrTp|>=0, Vj=12,...,q (5.72)
PO; Pl P

Structurally, problem (5.72) is linear with respect to the matrix P and to the
scalar 6. It is well known [82] that having a smaller 6 is a desirable property in
the sense of the ISS gain. The smallest value of 8 can be computed by solving the
following LMI optimization problem,

I}}’ign{e } (5.73)

subject to (5.72).

5.5.3 Interpolating Control via Quadratic Programming

Once the matrix P is computed as the solution of the problem (5.73), it can be
used in practice for real time control based on the resolution of a low complexity
optimization problem with respect to structure and complexity. The resulting control
law can be seen as a predictive control type of construction, if the function (5.66) is
interpreted as an upper bound for a receding horizon cost function.

Define the vector z1 and the matrix P; as follows,

T
Zl=[xT r2T rST A A3 ... )»S],
P 0
n=[o 7]
Consider the following quadratic function

J(z1) =zl Pz (5.74)

At each time instant, for a given current state x, minimize on-line the following
quadratic cost function,
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V1(Z1)=HZI§H{J(Z1)} (5.75)
subject to linear constraints

FOr <iigl?, Yi=1,2,...,5,

s

E ri =Xx,

i=1

A >0, Vi=1,2,...,s,

and implement as input the control action u = K1x + Zfzz(K i — Kpr;.

Theorem 5.6 The control law (5.56), (5.60), (5.75) guarantees recursive feasibility
and the closed loop system is ISS for all initial states x(0) € £2.

Proof Theorem 5.6 stands on two important claims, namely recursive feasibility
and input-to-state stability. These can be treated sequentially.

Recursive feasibility: It has to be proved that F,u(k) < g, and x(k 4+ 1) € £2 for
all x(k) € £2. Using (5.56), (5.59), one gets,

x(k) =) 10T k),

i=1
s
u(k) =" 1 (k) K;%i (k)
i=1
It just holds that

Fou() = F, Y 20 KiFi(k) =Y 1 (k) F, K% (k)
i=1 i=l1

)
<Y 2igu =2gu
i=1

and
x(k+1) = A(k)x (k) + B(k)u(k) + Dw(k)

=Y ai{(Ak) + Bk)K;)%: (k) + Dw(k)}
i=1

Since (A(k) + B(k)K;)x; (k) + Dw(k) € £2; C £2, it follows that x(k + 1) € £2.
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ISS stability: From the feasibility proof, it is clear that if ri* (k) and )\;." k), i =
1,2, ..., s is the solution of (5.75) at time k, then

ri(k +1) = A ()r} (k) + Dw; (k)

and A;(k + 1) = A7 (k) is a feasible solution of (5.75) at time k + 1. Using (5.67),
one obtains,

J(z1k+ 1) = Vi(z1(0)) < —x(k)" Qx (k) — u(k)" Ru(k) + 0w ) 0 (k) (5.76)
By solving the QP problem (5.75) at time k 4 1, one gets,
Vi(zitk+ 1) < J(zi(k + 1))
It follows that,
Vizitk+ 1) = Vi(z1(0) < J(z1tk + D) = Vi(z1(k))

<—x()T Ox(k) — uk)T Ruk) + 6w (k)T w (k)
(5.77)
where the last step of (5.77) follows from (5.76). Therefore V;(z1) is an ISS Lya-
punov function of the system (5.64). It follows that the closed loop system with the
interpolating controller is ISS. U

Remark 5.3 Matrix P can be chosen as follows,

| P O
P = |: 0 Pssi| (5.78)

where Pj; € R, Py, € RE—Dnx(=Dn 1y thig case, the cost function (5.75) can
be written by,

N
J@) =x"Pux+r] Pyre+ Y A
i=2

where r, =[r] r] ... r1". Hence for any x € £/, the QP problem (5.75) has the
trivial solution as,

r,-=0,
Vi=2,3,...,s
ri=0

and thus r1 = x and A1 = 0. Therefore, the interpolating controller becomes the opti-
mal unconstrained controller u = Kx. It follows that the minimal robust positively
invariant set Ry, of the system,

x(k+1) = (A(k) + B(k)K1)x (k) + Dw(k)

is an attractor of the closed loop system with the interpolating controller. In the other
words, all trajectories will converge to the set Ro.



150 5 Interpolating Control—Robust State Feedback Case

Algorithm 5.4 Interpolating control via quadratic programming
Measure the current state x (k).

Solve the QP problem (5.75).

Implement as input the control action u = Kjx + er»:z(l( i — Kpr;.
Wait for the next time instant k :=k + 1.

Go to step 1 and repeat.

AR

Example 5.5 Consider the following uncertain linear discrete-time system

x(k+1) = A(k)x (k) + B(k)u (k) + w(k) (5.79)
where
A(k) =a(k)A; + (1 — a(k)) Az,
{ B(k) =a(k)B; + (1 — a(k)) B,
and

1 0.1 0 102 0
A L e O O A E

At each sampling time o (k) € [0, 1] is an uniformly distributed pseudorandom num-
ber. The constraints are,

—10<x; <10, —10 < x; <10, —-1<uc<l,

—0.1<w; <0.1, —0.1 <wy <0.1
Three feedback controllers are chosen as,

Ky =[-1.8112 —0.8092],
K, =[-0.0878 —0.1176], (5.80)
K3 =[-0.0979 —0.0499]

With the weighting matrices Q = I, R = 1, and by solving the LMI problem (5.73)
with P in the form (5.78), one obtains 6 = 41150 and With the weighting matrices
Q0 =1, R =1, and by solving the LMI problem (5.73) with P in the form (5.78),
one obtains € = 41150 and

2468.4 16229 —1442 105.2

76.2384  11.4260 16229 41643 —81.6 —160.6
”=|:11.4260 3.6285:|’ BT 1442 816 8657 278.4
1052 —160.6 2784  967.8

Figure 5.17(a) shows the maximal robustly invariant sets §21, £2> and 23, asso-
ciated with the feedback gains K, K> and K3, respectively. Figure 5.17(b) presents
state trajectories for different initial conditions and realizations of o (k) and w(k).
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Fig. 5.17 Feasible invariant 10
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(b) State trajectories

For the initial condition xo = [9.6145 1.1772]7 that is feasible for the controller
u(k) = Kzx(k), Fig. 5.18 shows the state and input trajectories for the interpolating
controller (solid) and for the controller u (k) = K3x (k) (dashed). From Fig. 5.18, it is
clear that the performance of the closed loop system with the interpolating controller
is better than the performance of the closed loop system with the controller u (k) =
Ksx (k).

Figure 5.19(a) presents the ISS Lyapunov function as a function of time. The
non-decreasing phenomena of the ISS Lyapunov function, when the state is near to
the origin is shown in Fig. 5.19(b).

Figure 5.20(a) shows the realization of «(k) and w(k) = [w(k) wa (k)]7 as
functions of time. The interpolating coefficients A5(k) and A3 (k) are depicted in
Fig. 5.20(b).

5.6 Convex Hull of Invariant Ellipsoids for Uncertain,
Time-Varying Systems

In this section, ellipsoids will be used as a class of sets for interpolation. It will be
shown that the convex hull of a set of invariant ellipsoids is invariant. The ultimate
goal is to design a method for constructing a continuous constrained feedback law
based on interpolation for a given set of saturated control laws. In the absence of
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Fig. 5.18 State and input
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disturbances, the system considered is of the form,
xtk+1)=AMk)xk) + Blk)uk) (5.81)

It is assumed that a set of asymptotically stabilizing saturated controllers u =
sat(K;x),i =1,2,...,s is available such that the corresponding robustly invariant
ellipsoids E(P;) C X,

E(P)={xeR":x"TP'x <1} (5.82)

1

are non-empty, i = 1,2,...,s. Recall that for all x(k) € E(P;), it follows that
sat(K;x) € U and

x(k+1)=Ak)x (k) + B(k) sat(Kix(k)) e E(P;)
Denote £2f as the convex hull of E(P;). It follows that 2 C X, since X is convex

and E(P;))C X,i=1,2,...,s.
Any state x (k) € £2g can be decomposed as follows,

x(k) =Y ni (k)% (k) (5.83)

i=1
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Fig. 5.19 ISS Lyapunov
function and its
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Example 5.5
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with X; (k) € E(P;) and A; (k) are the interpolating coefficients, that satisfy,

s
Z)»iZI, A >0

Consider the following control law,
)
u(k) =" i (k) sat(K, % (k)) (5.84)
i=1

where u; (k) = sat(K;X; (k)) is the saturated control law in E(P;).

Theorem 5.7 The control law (5.83), (5.84) guarantees recursive feasibility for all
x(0) € 2.

Proof The proof of this theorem is the same as the proof of Theorem 4.13 and is
omitted here. 0

As in the previous Sections, the first feedback gain in the sequence is used for
satisfying performance specifications near the origin, while the remaining gains are
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used to enlarge the domain of attraction. For a given current state x, consider the
following optimization problem,

S
AF :g;,ikl} X;Ai (5.85)
1=

subject to,
PR <1, Vi=1,2,....5,

N
E AiXi = x,

i=1

XX:M =1,

i=1

A >0, Vi=1,2,...,5

Theorem 5.8 The control law (5.83), (5.84), (5.85) guarantees robustly asymptotic
stability for all initial states x(0) € 2.
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Proof Consider the following positive function,

Vix) = Zkf(x) (5.86)

i=2

forall x € 2 \ E(Py). V(x) is a Lyapunov function candidate.
At time k by solving the optimization problem (5.85) and by applying (5.83),
(5.84), one has, for any x(k) € 2 \ E(Py),

x(k) =Y AF(OxF (k).

i=1

u(k) =" af(k)sat (K%} (k)

i=1
It follows that,

x(k+1) = A(k)x (k) + B(k)u(k)

= A(k) Y A (OFF (k) + B(k) > aF (k) sat (KX} (k)

i=1 i=1

=Y ARk + 1)

i=1
where
Tik+ 1) = AKX (k) + B(k) sat(KiX (k) € E(P;), i=1,2,...,s

Hence k;k (k),i=1,2,...,s is a feasible solution of (5.85) at time k + 1.
By solving the optimization problem (5.85) at time k + 1, the optimal solution is
obtained,

x(k+1) =Y Mk+DEF(k+1)

i=1

where X} (k + 1) € E(FP;). It follows that,

fo(k +1) < fo(k)
i=2 =2

and V (x) is a non-increasing function.

The contractive invariant property of ellipsoids E(P;), i = 1,2,...,s assures
that there is no initial condition x(0) € 2 \ E(P;) such that > 7 _, Af(k + 1) =
Y i—p Af(k) forall k > 0. It follows that V (x) = ) ;_, A*(x) is a Lyapunov function
forall x € 2 \ E(P1).
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Algorithm 5.5 Interpolating control—Convex hull of ellipsoids

Measure the current state x (k).

Solve the LMI problem (5.87).
Apply as input the control law (5.84).
Wait for the next instant k :=k + 1.
Go to step 1 and repeat.

AR

The proof is complete by noting that inside E(P;), A} = 1, the robustly stabi-
lizing controller u = sat(Kx) is contractive and thus the interpolating controller
assures robustly asymptotic stability for all x € 2. O

Define r; = A;X;. Since X; € E(P;), it follows that rl.T Pi_lri < Af or by using the
Schur complements,
T
AooTio o
ri )\-i P,' -

Hence, the non-linear optimization problem (5.85) can be brought to the following
LMI optimization problem,

S
X : .
A= EII)LIII{XZ:AZ } (5.87)

subject to

Ai riT .
> =
|:ri }‘-iPi _O’ Vi 1,2,...,5‘,

s
Y ori=x,
i=1

s

ZK,‘ =1,

i=1

Xi=>0, Vi=1,2,...,s

For x € E(Py), it is clear that the optimization problem (5.85) has the trivial
solution

A=0, i=2,3,...,s.

And hence 1] = 1 and X = x. It follows that the interpolating controller becomes
the saturated controller u = sat(Kx) inside E(Py).
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Fig. 5.21 Feasible invariant 10
sets and state trajectories of
the closed loop system for
Example 5.6

(b) State trajectories

Fig. 5.22 State and input
trajectories of the closed loop B
system as functions of time » I
for Example 5.6 -3 ! | | | | |
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Time
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(a) State trajectory
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Fig. 5.23 Interpolating
coefficient A3 (k) and o (k)
realization as functions of
time for Example 5.6

Interpolating coefficient

10 15 20 25 30 35 40
Time

(a) A (k)

10 15 20 25 30
Time
(b) o (k) realization

Example 5.6 Consider the uncertain system in Example 5.1 with the same state and
control constraints. Two matrix gains are chosen as,

K1 =[-0.6451 —0.7740],
(5.88)

K, =[-0.2416 —0.7824]

Using Theorem 2.3, two invariant ellipsoids E(P;) and E(P,) are respectively,
constructed for the saturated controllers u = sat(K;x) and u = sat(Kpx), see
Fig. 5.21(a). Figure 5.21(b) shows state trajectories for different initial conditions
and realizations of « (k). The matrices P; and P, are,

P = [ 100.0000 —64.4190:| Py — |: 100.0000 —32.2659]
—64.4190 100.00000 |’ —32.2659  100.0000
Using Algorithm 5.5, for the initial condition x(0) = [-2.96 —8.08]7, Fig. 5.22
shows the state and the input trajectories. Figure 5.23 presents the interpolating
coefficient A5 (k) and the realization of (k). As expected, A3 (k) is positive and
non-increasing.



Chapter 6
Interpolating Control—Output Feedback Case

6.1 Problem Formulation

Consider the problem of regulating to the origin the following uncertain and/or time-
varying linear discrete-time system, described by the input-output relationship,

yk+ 1D+ Eyk)+Eyk—1)+---+ Esytk—s+1)

=Nuk)+Noutk —1)+---+ Neutk —r+1) +w(k) 6.1)
where y(k) € R?, u(k) € R™ and w(k) € R? are respectively, the output, the
input and the disturbance vector. The matrices E; € R?*P, i =1,2,...,s and
N;eRPM j=1,2,...,r.

For simplicity, it is assumed that s = r. The matrices E; and N;,i =1,2,...,s
satisfy,
q [ () ) )
A o D B e I
1 s o | N, N, ... Ny

where o (k) > 0 and 23:1 aj(k)=1and

GO ) ()]
|:E1 EY ... E!

. . o, J=12,...,q
N N N

are the extreme realizations of the polytopic model (6.2).
The output, control and disturbance vectors are subject to the following bounded
polytopic constraints,

y(k) ey, Y:{yER”:F_VySgy},
ukyeU, U={ueR":Fu<g,}, (6.3)
wk)e W, W:{weRP:Fwwfgw},

where the matrices F), F,, Fy, and the vectors gy, g,, gw are assumed to be constant
with g, >0, g, >0 and g, > 0.
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6.2 Output Feedback—Nominal Case

In this section, we consider the case when the matrices E; and N; fori =1,2,...,s
are known and fixed. The case when E; and N; for i = 1,2,...,s are uncertain
and/or time-varying will be treated in the next section.

A state space representation will be constructed along the lines of [126]. All the
steps of the construction are detailed such that the presentation are self contained.
The state of the system is chosen as follows,

x=[x107 x®T ... x®&T] (6.4)

where

x1(k) = y(k)

x2(k) = —Egx1(k—1)+ Ngu(k — 1)

x3(k) = —Es_1x1(k — 1) + x2(k — 1) + Ny_ju(k — 1)

x4(k) = —Es_oxy(k — 1)+ x3(k — 1) + Ny_ou(k — 1) (6.5)

2o (k) = —Eaxi (k= 1) 4 xe_1 (k — 1) + Nau(k — 1)

The components of the state vector can be interpreted exclusively in terms of the
input and output vectors as,

x2(k)=—Esy(k—1) 4+ Ngu(k — 1)
x3(k) = —Es1y(k = 1) = Esy(k —2) + Ny—ju(k — 1) + Nyu(k — 2)

xs(k) =—Ezy(k —1) — E3y(k—2) —--- — Esy(k —s + 1)
+ Nou(k — 1) + Nau(k —2) +-- -+ Nyu(k —s + 1)
It holds that,
yk+1)=—E1ytk)—Exytlk—1)—--- — Esy(k—s+1)
+ Niu(k) + Nou(k — 1) + - - + Nyu(k — s + 1) + w(k)
or, equivalently
x1(k+1)=—Ex1(k) + x5(k) + Nyu(k) + w(k)

The state space model is then defined in a compact form as follows,

{x&+D=AﬂM+BMM+Dw&) ©6)

y(k) = Cx (k)
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where
T —E; 0 O 0 I7] M Ny ] 1]
—-E;, 0 O 0 0 Ny 0
—-E,_; I O 0 0 Ny_q 0
A=|_E, 0 I 00l B=|No|- D=lo
L —E2 0 0 ... I 0] | N2 | | 0]

and

C=[1 00 0 ... 0]

Clearly, the realization (6.6) is minimal in the single-input single-output case.
However, in the multi-input multi-output case, this realization might not be minimal,
as shown in the following example.

Consider the following single-input multi-output linear discrete-time system,

y<k+1>—[(2) g}yw[g ﬂy(k—l)

_ [Of]u(k)jt [Of]u(k— 1)+ wk) ©6.7)

Using the construction (6.4), (6.5), the state space model is given as,

{ x(k+1) = Ax(k) + Bu(k) + Dw(k)

y(k) = Cx (k)
where
2 0 1 0 0.5
0 2 0 1 0.5
A=1_1 o0 oo B=| os |
0 -1 00 | —1.5
1
1 1 00 0]
b=1o] CZ[O 10 0
0

This realization is not minimal, since it unnecessarily replicates the common poles
of the denominator in the input-output description. There exists minimal state space
realization like,

e A L
Define
) =[y0" ... yk—-s+DT uk-DT ... u(k—s+1)T]T (6.8)
Using (6.5), the state x (k) is expressed through z(k) as,
x(k) =Tz(k) (6.9)
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where T = [T T>] and

1 0 0 0 0 0 o ... 0
0 -—E; 0 . 0 Ny 0 o ... 0
T) = 0 —Es_1 —E; ... 0 i T = N1 s 0 ... 0
0O —-E, —-E; ... —E; Ny N3 Ng ... N

Hence, it becomes obvious that at any time instant k, the state vector is available
exclusively though measured input and output variables and their past values.

Using (6.3), (6.5), it follows that the state constraints are x; € X;, where X; are
given as,

X1 =Y,

Xy = Es(—X1) @ N, U, (6.10)

Xi=Es i(—X)®Xi1® Nyp;U, Vi=3,...,s
Example 6.1 Consider the following discrete-time system,

yk+1) —2yk) + y(k — 1) =0.5u(k) + 0.5u(k — 1) + w(k) (6.11)
The constraints are,
=5=<y(k) <5, =5 =<u(k) <5, —0.1 <w(k) <0.1

Using the construction (6.4), (6.5), the state space model is given as,

{ x(k +1)= Ax(k) + Bu(k) + Dw(k)
y(k) = Cx(k)

where

T R Ry

x (k) is available though the measured input, output and their past values as,

y(k)
1 0 0
) utk—1)
Using (6.10), the constraints on the state are,
—5<x; <5, —75<xp<175

The local controller is chosen as an LQ controller with the following weighting
matrices,

Q=CTC=[(1) 8], R=0.1

giving the state feedback gain,
K = [—2.3548 —1.3895]
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Fig. 6.1 Feasible invariant
sets and state trajectories for
Example 6.1

(b) State trajectories

This example will use Algorithm 5.1 in Sect. 5.2, where vertex control is a global
controller. Using Procedure 2.2 and Procedure 2.3, the sets §2n,x and Cy with
N =3 are found and shown in Fig. 6.1(a). Note that C3 = C4 is the maximal in-
variant set for system (6.11). Figure 6.1(b) presents state trajectories for different
initial conditions and realizations of w (k).

The set of vertices of Cy is given by the matrix V (Cy) below, together with the
control matrix U,

-5 —01 5 01 -01 -5 01 5
V(CN)_[M 75 26 72 72 26 -15 —7.5}’

Up=[-5 =5 -5 —49 5 5 5 49]

$2max 1S presented in minimal normalized half-space representation as,

1.0000 0 5.0000
0 1.0000 7.5000

B , | =1.0000 0 5.0000
$2max = g X €R™: 0 ~1.0000 |* = 7.5000
—0.8612 —0.5082 1.8287

08612  0.5082 1.8287

For the initial condition x(0) = [—0.1000 7.5000]7, Fig. 6.2 shows the output
and input trajectories as functions of time.
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Fig. 6.2 Output and input
trajectories of the closed loop
system for Example 6.1

>
0 5 10 15 20
Time
(a) Output trajectory
4
2 L
0 L
=
2F
4t
0 5 lb 1‘5 20

Time
(b) Input trajectory

The interpolating coefficient and the realization of w(k) as functions of time are
depicted in Fig. 6.3. As expected, the interpolating coefficient, i.e. the Lyapunov
function is positive and non-increasing.

As a comparison, we present a solution based on the well-known steady state
Kalman filter. Figure 6.4 shows the output trajectories for the constrained output
feedback approach (solid) and for the Kalman filter + constrained state feedback
approach (dashed).

The Kalman function of Matlab 2011b was used for designing the Kalman filter.
The process noise is a white noise with an uniform distribution and no measurement
noise was considered. The disturbance w is a random number with an uniform dis-

tribution, w; < w < w, where w; = —0.1 and w, = 0.1. The variance of w is given
as,
— HZ—1
c, = wll ; =1 00367

The estimator gain of the Kalman filter is obtained as,
L=12 -1"

The Kalman filter is used to estimate the state of and then this estimation is used to
close the loop with the interpolating controller. In contrast to the output feedback
approach, where the state is exact with respect to the measurement, in the Kalman
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Fig. 6.3 Interpolating
coefficient and realization of
w(k) for Example 6.1

Interpolating coefficient

0 5 10 15 20
Time
(a) Interpolating coefficient

0.1

0.05r

B or
-0.05 -

0 5 10 15 20
Time
(b) w(k) realization
Fig. 6.4 Output trajectories 0

for our approach (solid) and
for the Kalman filter based

approach (dashed) for
Example 6.1 b
>

3}

4}

-5 ‘ ; s ‘

0 5 10 15 20 25
Time

filter approach, an extra level of uncertainty is introduced, since the real state is un-
known. Thus there is no guarantee that the constraints are satisfied in the transitory
stage. This constraint violation effect is shown in Fig. 6.5.

6.3 Output Feedback—Robust Case

A weakness of the approach in Sect. 6.2 is that the state measurement is available
if and only if the parameters of the system are known. For uncertain and/or time-
varying system, that is not the case. In this section, we provide another method
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Fig. 6.5 Constraint violation
for the Kalman filter based 6
approach for Example 6.1 4+
2
' 0
ot
-4
6 \

r; 0 5

fal

for constructing the state variables, that do not use the information of the system
parameters. The price to be paid is that the realization is in general non-minimal
even in the single-input single-output case.

Based on the measured plant input, output and their past measured values, the
state of the system (6.1) is chosen as,

xk)=[y®" ... yk—s+DT uk—1DT ... wk—s+DT]" (6.12)

The state space model is then defined as follows,

{x(k +1)=Ak)x (k) + B(k)u(k) + Dw(k) 6.13)
y(k) = Cx(k) ’
where
[ —Ey(k) —Ex(k) ... —Es(k) Nak) ... Ns_1(k) Ny(k)
1 0 0 0 0 0
0 1 0 0 0 0
A(k) = 0 0 1 0 0 0
0 0 0 0 0 0
0 0 o 1 0 0
| 0 0 0 0 1 0 |
Blky=[NM&" 0 0 ... 0 1 0 o]
p=[1 00 ... 000 .. 0]
C=[1 00 ... 000 ... 0]
Using (6.2), it follows that matrices A (k) and B(k) belong to a polytopic set,
(A, B) € Conv{(A1, B1), (A2, By), ... (Aq, By)} (6.14)
where the vertices (A;, B;),i = 1,2, ..., q are obtained from the vertices of (6.2).

Although the obtained representation is non-minimal, it has the merit that the
original output-feedback problem for the uncertain and/or time-varying plant has
been transformed into a state-feedback problem where the matrices A and B lie in
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the polytope defined by (6.14) without any additional uncertainty. Clearly, any state-
feedback control which is designed for the representation (6.13) in the form u = K x
can be translated into a dynamic output-feedback controller.

Using (6.3), it follows that x (k) € X C RS> (P+m) wwhere the set X is given by,

X=YXxYx---xYxUxUx---xU

s times s times

Example 6.2 Consider the following transfer function,
kis+1
P(s)= — 6.15
) s(s + ko) ( )
where k1 = 0.787, 0.1 < kp < 3. Using a sampling time of 0.1 and Euler’s first order
approximation for the derivative, the following input-output relationship is obtained,
yk+1) — (2 —0.1k2)y(k) + (1 = 0.1k2)y(k — 1)
=0.1kju(k) + (0.01 — 0.1kp)u(k — 1) + w(k) (6.16)

The signal w(k) is added to represent the process noise with —0.01 < w < 0.01.
The constraints on output and input are,

—10<y <10, —5<u<S5
The state x (k) is constructed as follows,
x()=[yt) yk—1) utk—D]"
Hence, the state space model is given by,
{x(k +1) = A(k)x (k) + Bu(k) + Dw(k)

y(k) = Cx (k)
where
2—-0.1kr) —(1—-0.1k2) (0.01 —O0.1ky)
A(k) = 1 0 0 ,
0 0 0
0.1k 1
B=| 0 |, D=|0| and C=[1 0 0]
1 0

Using the polytopic uncertainty description, one obtains,
A(k) =a(k)A; + (1 — a(k))As

where
1.99 —-0.99 —0.0687 1.7 —-0.7 —0.0687
A= 1 0 0 , Ay=1 1 0 0
0 0 0 0 0 0

At each time instant 0 < @(k) < 1 and —0.01 < w(k) < 0.01 are uniformly dis-
tributed pseudo-random numbers. This example will use Algorithm 5.1 with a global
saturated controller. For this purpose, two controllers have been designed
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Fig. 6.6 Feasible invariant
sets for Example 6.2
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Fig. 6.8 Interpolating
coefficient and realizations of
(k) and w(k) for

Example 6.2
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e The local linear controller u (k) = K x (k) for the performance is chosen as,
K =[-22.7252 10.7369 0.8729]
e The global saturated controller u (k) = sat(Kx (k)) for the domain of attraction,
K, =[—4.8069 4.5625 0.3365]

It is worth noticing that u(k) = Kx (k) and u(k) = sat(Ksx(k)) can be described in
the output-feedback form as,

—22.7894 4 10.7369z !

K =
@ 1—0.8729z-1
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and respectively

—4.8069 +4.5625z!
1 —0.3365z"!

Overall the control scheme is described by a second order plant and two first order
controllers, which provide a reduced order solution for the stabilization problem.

Using Procedure 2.2 and Procedure 2.4 and corresponding to the control laws
u(k) = Kx(k) and u(k) = sat(K;x(k)), the maximal robustly invariant sets $2pyax
(white) and £2; (black) are computed and depicted in Fig. 6.6(a). Figure 6.6(b)
presents the projection of the sets §2max and §25 onto the (x1, x») state space.

For the initial condition x(0) = [6.6970 7.7760 5.0000]%, Fig. 6.7 presents the
output and input trajectories as functions of time.

Finally, Fig. 6.8 shows the interpolating coefficient, the realizations of o (k) and
w(k) as functions of time.

Ki(z) = sat(
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Chapter 7
High-Order Examples

7.1 Implicit Interpolating Control for High Order Systems

This example is taken from [11]. We consider the problem of regulating the yaw
and lateral dynamics in heavy vehicles, consisting of combinations of truck and
multiple towed units, see Fig. 7.1 and Fig. 7.2. In such heavy vehicle configurations,
undesired yaw rate and lateral acceleration amplifications, causing tail swings and
lateral instabilities of the towed units, can be observed at high speed [11].

It is well known [11, 44, 116] that this vehicle model can be described by a
linear parameter varying system, where the longitudinal velocity v, is the parameter
variation. By choosing v, = 80 km/h, the following system is obtained,

ix(k—i—l):Ax(k)—i-Bu(k),
(7.1)
y(k)=Cx(k)
where
{X=[X1 X2 X3 x4 x5 xel,
(7.2)
y=1 y y3 val’

with x1 = vy is the lateral velocity of the truck, x, = fﬁl is the yaw rate of the
truck, x3 = 61 and x4 = 65 are the articulation angles of the dolly and the semitrailer,
x5 =6; and x¢ = 6, are, respectively the derivatives of x3 and x4, y; and y, are the
yaw rates of the dolly and semitrailer, y3 = x3 and y4 = x4, u| = 83, up = 83 are the
lumped (relative) steering angles of the dolly and the semitrailer, respectively. The
matrices A, B, C are,

0.8668 —1.6664 —0.0118 0.0002 —0.0681 0.0007
0.0038  0.8604  0.0043 —0.0001 0.0243 —0.0002
—0.0046 0.0018  0.8173  0.0032 —1.0296 0.0100

A= 0.0002 0.0507 0.0472 0.8440 1.0278  —0.4982 |’
—0.0002  0.0000 0.0639 0.0001 0.9627 0.0004
0.0000 0.0019 0.0013 0.0646 0.0373 0.9821
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Fig. 7.1
Truck-dolly-semitrailer

Fig. 7.2
Truck-dolly-semitrailer:
schematic model. The first
three blocks represent the
wheels of the truck, the
second two blocks represent
the wheels of the dolly, and
the last three blocks represent
the wheels of the semitrailer

B— [—0.0688 0.0246 —1.0396 1.5260 —0.0376  0.0552 ]T
~ [ 0.0007 —0.0002 0.0100 —0.4982 0.0004 —0.0179 ] °
[0 1.0 0 1 0
C— 01 0 0 1 1
10 01 0 0O
000100
- (7.3)
The input and output constraints are
—8=<y1=8 —B=;=8 B=y;=8,
(7.4)

—8<y4<8 —05<u; <05 -05<u;=<05

Algorithm 5.1 in Sect. 5.2 will be used in this example, where the following
saturated controller u = sat(Kx),

K.o— 0.0017 —0.0160 0.0067 —-0.0227 —0.1199 —0.0012 (715)
¥ 7 [ —0.0010 0.0084 0.0070 0.0221 0.1102  —0.0333 '

is used as a global controller.
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Fig. 7.3 Illustration of the Cut through x =0.00 x_=0.00 x_=0.00
feasible invariant sets for the
controller u = K x (black)
and for the controller

u = sat(Ksx) (white)
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The local controller is chosen as a linear quadratic (LQ) controller with weighting
matrices

00 0 0 0O
2 0 00 06 00 6 4
0 400 00 2 000 0.01 O
T — —
0=c 0 0 2 0 €= 000 20 0}’ R_|: 0 0.0li|
0 0 0 2 06 00 6 4
0400 4 4

(7.6)
giving the state feedback gain,

K — 0.0057 0.4661 0.8373 0.0194 0.3996 0.6023 a7
T 10.0291 2.1493 2.6772 1.8025 4.5305 3.1107 ’

Using Procedure 2.2 and Procedure 2.4 the sets £2p,0x and £2; are respectively,
computed for the control laws u (k) = Kx (k) and u(k) = sat(Ksx(k)). The set §2
is found after 5 iterations in Procedure 2.4. £2,,x and £2; are illustrated in Fig. 7.3.

For the MPC setup, we take MPC, based on quadratic programming, where an
LQ criterion is optimized, with the same weighting matrices as in (7.6). Hence the
set £2max for the local unconstrained control is identical for the MPC solution and
for the implicit interpolating controller. The prediction horizon for the MPC was
chosen to be 40 to match the set £2;.

For the initial condition

x(0) =[—185.6830 9.1019 1.1120 8.0000 —1.1019 —4.9729],

Fig. 7.4 and Fig. 7.5 show the output and input trajectories as functions of time for
the interpolating controller (solid) and for the MPC controller (dashed).
Using the tic/toc function of Matlab 2011b, the computational burdens of inter-
polating controller and MPC were compared. The result is shown in Table 7.1.
Finally, Fig. 7.6 presents the interpolating coefficient as a function of time. As
expected, this function is positive and decreasing.
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Fig. 7.4 Output trajectories 8 3
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Table 7.1 Comparison between interpolating control and model predictive control

Solver Number of decision Duration [ms] for the on-line
variables computations during one
sampling interval

Implicit Interpolating LP 7 0.9869
Controller
Implicit MPC QP 80 28.9923

7.2 Explicit Interpolating Controller for High Order Systems

This example is taken from [122]. Consider the following discrete-time linear time-
invariant system

x(k+1)= Ax(k) + Bu(k) (7.8)
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Fig. 7.7 Illustration of the Cut through x,=0.00
feasible invariant sets for the -~
controller u = Kx (black) [

and for the controller 5 P _
u = sat(Ksx) (white) r‘“ — e R i
| 1 T\
-
20 W -‘\\ 2 R
N h |»i
N .
", \ 7
S - e

where

0.4035 0.3704 0.2935 —0.7258
—0.2114 0.6405 —-0.6717 —0.0420
0.8368 0.0175 —0.2806 0.3808 |’

(7.9)
—0.0724 0.6001 0.5552 0.4919
B = [1.6124 0.4086 —1.4512 —O.6761]T
The constraints are
(7.10)

—5<x4<5, -02<u<02

For our explicit interpolating control solution, we choose local LQ control with
the following weighting matrices

1 0 0O
0= 8 (1) (1) 8 , R=02 (7.11)

0 0 0 1

The calculated local feedback gain is then
K:[—0.0047 —0.1082 —0.0496 0.4110] (7.12)

The following saturated controller u = sat(K;x),
K= [0.0104 —0.0064 —0.0100 0.0439] (7.13)

is chosen as a global controller.

A cut of the maximal invariant set £2;,,x for the controller u = Kx and the in-
variant set 2, for the saturated controller u = sat(Ksx) are shown in Fig. 7.7. The
set £2; is computed by using Procedure 2.4 after 10 iterations.

The Explicit Interpolating Controller is computed. It covers 945 cells and is not
given here but will be sent to the reader on demand. Note that one does not need to
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Fig. 7.8 State trajectories for
the explicit interpolating
controller (solid) and for the
implicit MPC controller
(dashed)

Fig. 7.9 Input trajectories for
the explicit interpolating
controller (solid) and for the
implicit MPC controller
(dashed)

Fig. 7.10 Interpolating
coefficient as a function of
time

High-Order Examples

10

Time

20

Time

10

Time

20

10

20

Time

30

Time

20

25

30

perform step 2 in Algorithm 4.2, since the saturated controller (7.13) is chosen as a

global controller.
For the initial condition

x(0) =[5.0000 3.0625 2.5060 4.6109]7,

Fig. 7.8 and Fig. 7.9 show the state and input trajectories for the explicit interpolat-

ing controller.

Figure 7.8 and Fig. 7.9 also show the state and input trajectories obtained by
using implicit MPC with quadratic cost, with the weighting matrices as in (7.11)

and with prediction horizon = 17.
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As reported in [122], the explicit solution of the QP-MPC problem with the pre-
diction horizon 17 and with the weighting matrices (7.11) could not be fully com-
puted for this example due to the high complexity. The solution was terminated
when 50000 polyhedral cells were already computed. In [122] using adaptive multi-
scale bases, an approximate explicit MPC solution was constructed, that consists of
3633 regions.

The interpolating coefficient as a function of time is depicted in Fig. 7.10.



Chapter 8
A Benchmark Problem: The Non-isothermal
Continuous Stirred Tank Reactor

8.1 Continuous Stirred Tank Reactor Model

The case of a single non-isothermal continuous stirred tank reactor [69, 90, 111] is
studied in this chapter. The reactor is the one presented in various works by Perez
et al. [98, 99] in which the exothermic reaction & — 4 is assumed to take place.
The heat of reaction is removed via the cooling jacket that surrounds the reactor.
The jacket cooling water is assumed to be perfectly mixed and the mass of the
metal walls is considered negligible, so that the thermal inertia of the metal is not
considered. The reactor is also assumed to be perfectly mixed and heat losses are
regarded as negligible, see Fig. 8.1.
The continuous linearized reactor system [90] is modeled as,

X =A.x+ B.u (8.1)
where x = [x] x2]7, x| is the reactor concentration and x; is the reactor temperature,

u=[uy uz]", uy is the feed concentration and u5 is the coolant flow. The matrices
A. and B, are,

P __E E __E
. (—¢ —ko()e” FT5) (__RT? ko(t)e” FT C p4)
= _E ’ ,
U | ARk B UA g ) E e T C )
0C)p Vv VpC, rxn pCpRTSZ 0 As

£ 0
Be = g 2.098 x 105 L=365
—2. X VoC,

(8.2)

The operating parameters are shown in Table 8.1.
The linearized model at steady state x; = 0.265 kmol/m> and x> =394 K and
under the uncertain parameters kg and —A H,,,, will be considered. The following
uncertain system [130] is obtained after discretizing system (8.1) with a sampling
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Fig. 8.1 Continuous stirred

u
tank reactor L ]
X 1 X2
e
b
—_—
—
product
Table 8.1 The operating )
parameters of non-isothermal ~ Farameter Value Unit
CSTR
F 1 m3/min
1% 1 m?
0 106 g/m3
Cp 1 cal/g-K
AH, 107-108 cal/kmol
E/R 8330.1 K
ko 10°-10'° min~!
UA 5.34 x 10° cal/K-min

time of 0.15 min,

: x(k+1)= A(k)x (k) + Bu(k)

(8.3)
y(k) = Cx (k)

where

Ak = 0.85 — 0.098681 (k) —0.0014p8, (k)
k)= 0.986481(k)B2(k)  0.0487 +0.0140381 (k) B2(k) |’

0.15 0 10
Bz[o —0.912] Cz[o 1]

and the parameter variation bounded by,

ko
1551(16):@510
AH
1= pr) = ——57- =10

Matrix A(k) can be expressed as,

Ak) = a1 (k)Ar +aa(k)Az +az(k) Az + g (k) Ay
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Fig. 8.2 Feasible invariant 20
sets

03 02 0.1 0 0.1 0.2 0.3

where Y/_, a; (k) =1, a; (k) > 0 and

4 _[0751 —0.0014 4, — [0751 —0.0014
'=1098 0063 | 2= 19.864 0.189
Ao [ 0136 —0.014 A — [ 0136 —0.014
371 9864  0.189 |° 471 98.644  1.451

The input and state constraints on input are,

—0.5<x1<0.5, —20 <x2 <20,
(8.4)

—0.5<u; <05, —1<ur<l1

8.2 Controller Design

The explicit interpolating controller in Sect. 5.2 will be used in this example. The
local feedback controller u (k) = K x (k) is chosen as,

(8.5)

K — —2.8413 0.0366
| 34.4141 0.5195

Based on Procedure 2.2 and Procedure 2.3, the robustly maximal invariant set §2max
and the robustly controlled invariant set Cy with N = 9 are computed. Note that
Co = C|p is the maximal controlled invariant set for system (8.3) with constraints
(8.4). The sets £2max and Cy are depicted in Fig. 8.2.

The set £2max given in half-space representation is,

—1.0000  0.0129 8'?(6)(1)

1.0000  0.0151 :
Qmax = 1x € R?: x < | 0.0291
1.0000 —0.0129 0.1760

—1.0000 —-0.0151 0.0291
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The set of vertices of Cy, V(Cy) = [V —V], and the control matrix U, =
[U; —U,] at these vertices are,

Vi— 0.3401 0.2385 —0.0822 U — —0.5000 —0.5000 0.3534
=1 -20.0000 —1.8031 20.0000 |’ =1 1.0000 1.0000  1.0000

The state space partition of the explicit interpolating controller is shown in Fig. 8.3.
The explicit control law over the state space partition, see below, is illustrated in
Fig. 8.4.

"_0.50 100 0.01 ] (023 7
1.00 ] if | —1.00 —0.02 |x(k) < | —0.03
- | -1.00 0.04 | | 031
[ 1 [ 1.00  —0.047] [ 031 7]
_()063)5 8'8(3)]"("” [_106%)7 if | 1.00 001 |[x(kh)<| 021
- ' o | —1.00 —0.01 | | —0.07 |
r - [—1.00 —0.027] [—0.037]
_()66(())5 BOG%I]WH [0'?9 if | 1.00 001 |x(k)<| 0.07
- ' . | —1.00 —0.00 | | 008
I . [ 1.00  0.00 ] [ —0.08]
_70%557 _006%1]"(’“” [?2: if | =1.00 —0.02 |x(k) < | —0.07
- ' e | 000 1.00 | | 2000 |
r [ 100 —0.01] [—0.187]
303'07% 8'(5)2])“("”[_065?3] if | 100 002 |xk)<]| 007
I ' | —1.00 —0.02 | 003 |
[ 0.50 [—1.00 —0.017] [ 023 7

u(k) = 1 00] if [ 1.00 002 |x(k)<| —0.03
S | 100 —0.04 ] | 031
r [—1.00 0.04 ] [ 031 ]
_()OGZ)S 8'8(3)}”"” [_Ofgo] if | —1.00 —0.01 [x(k)<| 0.21
- ' ' 100 001 | | 007
i [ 1.00 0.02 ] [ —0.037]
566?)5 Bodgl]x(kH [78? 9} if | —=1.00 —0.01 [x(k)<| 0.07
- ' 100 0.00 | | 0.08 |
r [—1.00  0.00 ] [—0.087]
_705557 Bodgl]x(k)-l- [:(1)'2‘31 if | 1.00 002 |x(k)<|—0.07
- ' ' | 000 —1.00 | | 2000 |
[ [—1.00 0.01 ] [—0.187]
3(;'07% 8'§§]x<k>+ hogo] if | —1.00 —0.02 |x(k) < | 0.07
N ' 100 0.02 | | 0.03 |
[-1.00 001 ] C0.18
[—2.84 0.04 0 .| 100 0.02 0.03
| 34.41 0.52} x(k) + [0} if1 00 —oo1 PR =1 o8
| —1.00 —0.02 | | 0.03
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Fig. 8.3 State space partition

Fig. 8.4 Control inputs as PWA function over 11 regions
piecewise affine functions of AN
state -

0
X 02 X,
(@

PWA function over 11 regions

Fig. 8.5 State trajectories of 20
the closed loop system

10

-03 -02 -0.1 0 0.1 0.2 0.3
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Fig. 8.6 State trajectories as 0.2
functions of time
=< 0.1 J
0 L I
0 1 2 3 4 5
Time
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Time
Fig. 8.7 Input trajectories as OF S T ;
functions of time — 02} ]
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Time
Fig. 8.8 The feasible set of 20
[74] (white) is a subset of
ours (gray) 10
< 0r
-10F
20 b ‘ ‘
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Figure 8.5 presents state trajectories of the closed loop system for different initial
conditions and realizations of « (k).

Note that the explicit solution of the MMMPC optimization problem [21] with
the
oo-norm cost function with identity weighting matrices, prediction horizon 9 could
not be fully computed after 3 hours due to high complexity.

For the initial condition x(0) = [0.2000 —12.0000]7, Fig. 8.6 and Fig. 8.7 show
the state and input trajectories (solid) of the closed loop system. A comparison
(dashed) is made with the implicit LMI based MPC in [74]. The feasible sets of
our approach (gray), and of [74] (white) are depicted in Fig. 8.8. Finally, Fig. 8.9
shows the interpolating coefficient c*, and the realizations of «; (k), i =1, 2,3, 4.
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Fig. 8.9 Interpolating
coefficient ¢*, and the
realizations of «; (k),
i=1,2,3,4 as functions of
time
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