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Abstract

This thesis deals with the theoretical development of distributed and
decentralized control algorithms based on Model Predictive Control
(MPC) for linear systems subject to constraints on inputs and states.
In all the presented techniques, the basic idea consists in considering
the coupling terms among the subsystems as disturbances to be re-
jected. Part of this disturbance is assumed to be known over all the
prediction horizon, while the remaining one is considered unknown but
bounded. To reject this second term, a robust approach is implemented
using polytopic invariant sets.

A regulation problem for distributed control is initially described,
together with some practical solutions needed to deal with implementa-
tion issues. A continuous-time version of the proposed approach is also
provided. Secondly, two different distributed solutions to the tracking
problem are given. In the first one, developed for tracking piecewise
constant setpoints, a fictitious reference signal is used to guarantee
feasibility. The second one, instead, can be used for tracking constant
setpoints and relies on the description of the dynamic system in the
so-called “velocity-form”, which allows one to insert an integral action
in the closed-loop. The properties of systems described in velocity-
form are then investigated for the centralized case. Finally, the re-
sults derived for the centralized systems in velocity-form are used to
develop a completely decentralized approach with integral action for
tracking piecewise constant references. Several simulation examples
are reported to show the performances of the proposed algorithms.
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Summary and publications

In recent years, process plants, electrical, communication and traffic
networks and manufacturing systems have been characterized by an
increasing complexity. Usually, they result to be composed by a huge
number of relatively small or medium-scale subsystems interacting via
inputs, states or outputs. The design of a centralized controller for the
whole large-scale system is often a difficult challenge due to possible
limitations, for instance, in computing capabilities or communication
bandwidth. Reliability and robustness of the overall control system
could represent additional reasons for avoiding centralized controllers.

According to these motivations, remarkable efforts have been put in
the research field of hierarchical, decentralized and distributed control.
Among all the possible solutions, particularly interesting appear to be
those based on Model Predictive Control (MPC). Several reasons can
be listed to support this claim: first of all, MPC is a multivariable
optimal control technique and, among the advanced control methods,
it is probably the only one really adopted by the industrial world and
able to cope with operational constraints on inputs, states and outputs.
Secondly, in the last years fundamental properties such as stability of
the closed-loop systems and robustness with respect to several classes
of external disturbances have been proved for many different MPC for-
mulations. Lastly, when controlling large-scale systems in a distributed
or decentralized framework, the values of inputs, states and outputs are
explicitly computed over all the prediction horizon at each sampling
time by a local controller designed with MPC and they can be used as

I
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information to be transmitted to other local controllers to coordinate
their actions. This data transmission can greatly simplify the design of
a distributed control system and can allow one to obtain performances
close to those of a centralized controller.

In this thesis, we present a number of distributed control algorithms
based on the Distributed Predictive Control (DPC) approach. They
are designed for linear systems subject to constraints on inputs and
states, described in state space form and decomposable in several non-
overlapping subsystems.

The main idea of DPC is that, at every sampling time, each subsys-
tem transmits to its neighbors the reference trajectories of its inputs
and states over all the prediction horizon. Moreover, by adding proper
additional constraints to the MPC formulation, all the local controllers
are able to guarantee that the real values of their inputs and states lie
in a specified invariant neighbor of the corresponding reference tra-
jectories. In this way, each subsystem has to solve an MPC problem
where the reference trajectories received from the other controllers rep-
resent a disturbance known over all the prediction horizon, while the
differences between the reference and the real values of its neighbors’
inputs and states can be seen as an unknown bounded disturbance
to be rejected. To this end, a robust tube-based MPC formulation is
adopted and implemented using the theory of polytopic invariant sets.

This thesis also presents a completely decentralized version of DPC,
named DePC (Decentralized Predictive Control) for strongly decoupled
systems. In this case, no transmission of information is required, as all
the interactions via inputs and states are seen as unknown disturbances
to be rejected.

The thesis is structured as follows. Chapter [1| provides an overview
of the most common centralized MPC algorithms for regulation, track-
ing and disturbance rejection, as well as a short description of the main
solutions for distributed and decentralized control, with particular at-
tention to those based on MPC.

In Chapter[2], the basic formulation of DPC for regulation of discrete-
time systems is presented |[BC1|. Efficient techniques for the compu-
tation of polytopic robust invariant sets, for the initialization of ref-
erence trajectories and for the online solutions to possible large and
unexpected disturbances are also shown [J4], in order to provide both
the theoretical results and some practical hints useful for real industrial
applications. Since the discrete-time domain does not allow to consider
the process inter-sampling behavior in the MPC optimization problem,

II
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in Chapter 3| a continuous-time version of DPC is illustrated [J3].

Chapters [ and [5] present two extensions of DPC for the solution
of the tracking problem: the first one, see [C3, J3|, can be used to
track piecewise constant targets. The main improvement with respect
to the standard DPC formulation consists in including among the opti-
mization variables of the MPC problem the value of the reference point
that each subsystem really tracks at each sampling time. An additional
term in the cost function is also considered to penalize the distance of
this extra optimization variable from the desired external set point.
The second solution [C1] is based on inserting an integral action in the
closed-loop by rewriting the initial system in the so called “velocity-
form”. This formulation guarantees rejection of constant disturbances
and can be used to track constant targets: in fact, recursive feasibility
can not be proved if the value of the reference signal is changed.

In Chapter [0, to overcome the limitation of being able to manage
only constant references for systems in velocity-form, a thorough study
of their properties for centralized control is described for both the case
of nominal [C2] and disturbed [J1] systems. The obtained results allow
one to use the velocity-form also in presence of varying set points.
Once again, time-varying external references are handled adding as
optimization variable the set point really tracked at each time instant.
The cost function term weighting its distance from the external one
guarantees an asymptotic convergence of the first one to the latter.

The outcomes of the previous developments for centralized control
of systems in velocity-form have been exploited to develop a decen-
tralized control method for tracking, called DePC [C4], and presented
in Chapter [7] It is able to manage piecewise constant set points and
to reject external disturbances, asymptotically deleting their effects in
case they are constant.

Eventually, some conclusions are drawn in Chapter
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Introduction

This chapter introduces the basic ideas underlying robust MPC based
on polytopic invariant sets and a short review on distributed and decen-
tralized predictive control. The goal is to provide in a simple and com-
pact form the main techniques used in the following chapters, as well
as to clearly describe the scientific context of this thesis. To improve
the readability of the thesis, all the information about the adopted
notation has been listed at the beginning of this Chapter.

1.1 Notation

The symbols and recurring terms used throughout the thesis are listed
below.

e The discrete-time index is denoted by k, and the dependence on
time of the variables of discrete-time systems is denoted by a
subscript, e.g. xk, ury1. The continuous-time index is denoted by
t, and the dependence on time of the variables of continuous-time
systems is represented in brackets, e.g. x(t), u(t).

e For a discrete-time signal s and a,b € N, a < b, we denote
(85 Sa+1;---:8) With s For a continuous-time variable s(t)
and a given time interval 7 C R (7 can be open or closed), the
trajectory s(t) with ¢ € T is denoted by s(7T).

e The short-hand v = (vy,...,vs) denotes a column vector with s
(not necessarily scalar) components vy, . . ., v;.

3
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CHAPTER 1. INTRODUCTION

e Only when distributed or decentralized techniques are discussed,
the large-scale system (centralized) matrices and vectors are writ-
ten in bold. In all the other cases, standard fonts are used to
indicate also possibly non-scalar elements.

e The expression ||z| stands for 2/T]Qz, where z is a column vec-
tor and 7 is the transpose of z.

e [, stands for an identity matrix of order . Where clear from the
context, 0 is used to represent a matrix of proper dimensions with
all its elements equal to zero.

e All the eigenvalues of a Schur matrix have absolute value strictly
less than 1. A matrix is said to be Hurwitz if all its eigenvalues
have negative real part.

e \y(+) and A, (+) are the maximum and the minimum eigenvalues
of a matrix, respectively.

e A polyhedron is a subset of R defined by the intersection of a
finite number of closed half-spaces, i.e. a polyhedron X is a set
defined by a finite number of inequalities: X £ {z € R"|flz <
gi,i € I} where f; € R" ¢; € R and I is a finite index set. A
polytope is a bounded polyhedron.

e Given two sets A and B, their Minkowski sum (set addition) is
A®B 2 {a+bla € A be B}. Their Minkowski, or Pontryagin,
difference (set subtraction) is ASB = {ala ®B € A}. We denote
by @M, P; the Minkowski sum of the sets { Py, ..., Pyr}.

e A generic p-norm ball centered at the origin in the R¥™ space is
defined as follows: BY%™(0) := {z € R%m . |||, < e}

e Given a generic compact set IL, H = box(LL) is the smallest hyper-
rectangle containing I with faces perpendicular to the cartesian
axis.

e int(X) denotes the interior of set X.

e A continuous function o : Rt — R* is a K, function if and only
if i) a(0) = 0, i) it is strictly increasing and i) a(s) — 400 as
§ — +00.
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1.2 Model Predictive Control

In this Section the fundamentals of Model Predictive Control are il-
lustrated. MPC is probably the most widely used advanced control
technique for control of industrial plants (see, e.g., [127,/128]). Its main
features, that made it particularly suited for several applications, are:

e the control problem is reformulated as an optimization one, in
which it is possible to include different and possibly conflicting
goals.

e In the control problem formulation it is possible to explicitly con-
sider constraints on inputs, outputs and states. This is achieved
by predicting the evolution of the system as a function of an ad-
missible sequence of future control inputs.

e [t is possible to design the controller also using empirical process
models obtained, for instance, through step or impulse responses
of the system.

An in-depth presentation is beyond the scope of this thesis: for detailed
discussions, the reader is referred to the textbooks [20}95]136] and to
the survey papers [564/105].

1.2.1 Standard MPC formulation

Consider a time-invariant, linear, discrete-time system described by

where z; € R" is the state vector, v, € R™ is the input vector and
the pair (A, B) is assumed to be reachable. The states and the in-
puts have to fulfill the constraints x, € X C R™ and u, € U C R™.
Given a prediction horizon of duration equal to N € I time steps, the
goal at time step k is to compute the sequence of N control variables
Uk N—1] = (Uk, Ukg1, - - -, Uppn—1) that minimizes the finite horizon
cost function
N—
V(@ uperin-1) = O ([osswlly + oo lf) + lzeenlp  (1:2)

v=0

where ) € R™", R € R™™ and P € R™*" are positive definite ma-
trices. Note that the definite positiveness of matrix () is not strictly

—_
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required [136], and here is asked only to simplify the following proofs.
The term [|2p4,[|§ + [trr || % represents the stage cost where matrices
@ and R are design parameters, while matrix P appearing in the ter-
minal cost ||z, n]|% has to be carefully selected in order to guarantee
the convergence of the control algorithm. For the same reason, an ad-
ditional terminal constraint x,n € X; is required as well, where the
properties of the set X; C X will be specified later on.

If the sets X, U and Xy are polytopes, it is easy to verify that, given
the current value of the state zj, the optimization problem

min V(2 Upken—1))

Uk:k+N—1]
s.t.
Ty €EX Vv=0,...,N—1 (1.3)
U, €U Vv=0,...,N—1
Tpen € Xy

Tpp1 = Ay, + Buy,

can be written as a quadratic programming problem, i.e., as an opti-
mization problem of the form

1
min §z’Tz + 'z

s.t. (1.4)

Az <o

whose solutions can be computed with well known and computationally
efficient algorithms [19].

Let us denote by Ulk:k+N-1]|k = (Uk““ Uk+1|ks - - - ,uk+N_1‘k) the Opti—
mal control sequence computed at time k. According to the receding
horizon (or moving horizon) principle, the rationale underlying MPC
is to use only the first element of the optimal sequence, i.e. wug, and
to solve again the optimization problem , referred to the horizon
[k+1,...,k+ N + 1], at the next time step.

As the control input is the outcome of an optimization procedure
solved at each time step k, the control law is an implicit state-feedback
one. In order to prove that:

i) the optimization problem results to be feasible also at time step
k+1;

ii) the convergence of the closed-loop system is guaranteed;
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an auxiliary state-feedback control law K,x, not used to compute the
control law, but necessary for the mathematical proofs and for the
design of the controller, together with a proper pair of weighting matrix
P and terminal set Xy, must be selected. The most common choices
are the following ones:

1. Zero Terminal Constraint (ZTC): P =0, K, =0 and X; = {0}.

2. Quasi-Infinte LQ (QILQ): P is the unique positive definite solu-
tion of the Riccati algebraic (stationary) equation
P=APA+Q—APB(R+ B'PB)"'B'PA; K, is the infinite
horizon LQR (linear quadratic regulator) gain:
K,=(R+ B'PB)"'B'PA; X; is chosen such that X; CX,
KaXf g U and (A + BKa)Xf Q Xf.

3. Arbitrary Stabilizing Gain (ASG): K, is selected as an arbitrary
stabilizing gain (using, e.g., eigenvalue assignment techniques); P
is the solution of the Lyapunov equation
(A+ BK,)P(A+ BK,) — P =—(Q + K,RK]); X; is chosen such
that Xf cX, KaXf C U and (A -+ BKQ)Xf - Xf.

Note that a possible way to select X; in QILQ and ASG is to define
it as the ellipsoidal invariant set Xy = {x|z’Px < o} with the positive
scalar o small enough to guarantee Xy C X and K,X; C U. Then, it
can be transformed in a polytopic positively invariant set as explained
in [5].

A sketch of the recursive feasibility and of the convergence is now
provided for all the three proposed choices. Let assume to be at generic
time instant %&£ and that the optimal control sequence is
Ukt N— 1]k = (Ukjls Wet1lk, - - - > U N—1|k), associated to the optimal
value of the objective function V, (). Applying the control input ugjy,
the system reaches the state xyy1, = Az + Buy,. If at time k£ 4 1 the
sequence ug41:.x+N—1)jx of the control sequence computed at time k is
applied to the system, the state at time k + N is zpnpp € X and
a feasible trajectory is followed. Therefore, thanks to the properties
of Xy, the control sequence U i1.64+N] = (Wkt1jks Ukt2lks - - - » KaThpNk)
is an admissible solution to the optimization problem at time % + 1.
The corresponding cost function value V($k+1|k> Ult1:k+ N}) is subopti-
mal, i.e. by definition it holds that ‘/;($k+1‘k) S V(xkdrl‘k-, a[k‘+1:k‘+N}).
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Considering all the terms of the cost function, it is possible to see that

V(@psaips dpsning) — Volow) = =llaldy — luwsllh
Fllzrenille + 1 Kawreniel g = o vielly + (A + BE)wsviellp =
- kauzQ - ||Uk:\kH%?, + ka-i-N\k’||2Q+K(’LRKQ7P+(A+BKQ)’P(A+BKa) (1.5)
Since ZTC guarantees zpyn = 0 while QILP and ASG,
recalling that the stationary Riccati equation can be also

written as P =Q+ K,RK,+ (A+ BK,)'P(A+ BK,), lead to
Q+ K RK,— P+ (A+ BK,)P(A+ BK,) =0, in all cases we have

V(@i Ui n)) — Vo) = —llzallsy — lluwllz (1.6)

The suboptimality of V(mk+1|k, Ufi41:1+n)) allows one to write

Vo(@rsap) = Volzr) < —(llzxll§ + lurgell %) (1.7)
When the state is different from zero, the cost function is therefore
a monotonic strictly decreasing positive function. Therefore,

Vol@r) = Vo(@psa) = 0. But Vo(ar) — Volzeraw) = znlld + lunrlZs
thus (|lzxll3) + [Jurel|R) — 0 as well. The definite positiveness of ma-
trices () and R implies that inputs and states converge to the origin.

1.2.2 Robust tube-based MPC

If the system to be controlled is affected by an external unknown (but
bounded) disturbance, using the standard technique on the nominal
system [85,/148|, i.e. the system obtained by the real one neglecting
the disturbance, could easily lead to the loss of the stability prop-
erties and/or to constraints violation [125]. As it has been clarified
in [63], nominal MPC can be nonrobust even with respect to arbitrar-
ily small disturbances. For this reason, attention has been recently
focused on the development of MPC algorithms ensuring desired ro-
bustness properties, see, e.g., |11}79,[80,103}[129]. This activity has led
to the development of two broad classes of algorithms: one is based on
a min-max formulation of the optimization problem that defines MPC,
see [86,/100,,129,(147]. The other one relies on the a priori evaluation of
the disturbance effect over the prediction horizon and the enforcement
of tighter and tighter constraints to the predicted state trajectories,
see 30/62,[82,84]. Among the latter ones, the so-called “tube-based”
method discussed in [81,/107] has received much attention for its sim-
plicity and in view of the fact that it requires an on-line computational
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load comparable to that of nominal MPC. In the reminder of this Sec-

tion, the approach described in [107] will be presented more in detail,

since it plays a fundamental role in the DPC control scheme.
Consider a linear, discrete-time system under control described by

where x, € X C R", v, € U C R™ and w, € W C R" is an unknown
but bounded disturbance. U, X and W are polytopes containing the
origin in their interior. The nominal system corresponding to (1.8) is

Fei1 = Ady + Biy, (1.9)

Consider a control gain K selected in such a way that FF = A+ BK is
Schur and the robust positive invariant (RPI) set Z verifying
FZ ®&W C Z (details on how to compute Z as a polytopic set will
be given in Section . It can be easily proved that if xp, — 2, € Z
and if the real system is controlled with

then xp 1 — T € Z for all wy, € W. Therefore, the input uy to sys-
tem is computed as the sum of two terms: namely, by the nomi-
nal input 4, obtained as the solution of a standard MPC optimization
problem solved considering the nominal model and by the cor-
rective term K (xp — &), which has the role of keeping the real system
state as close as possible to that of the nominal system. The fact that
Tke1 — Tpo1 € Z, anyway, is guaranteed only if z; — 2 € Z: xy is the
measured, current state of the real system and therefore can not be
instantaneously changed. On the contrary, Z; is the current state of
a fictitious, non-existing system and can therefore be initialized arbi-
trarily. The tube-based MPC considers the nominal system with
tighter constraints and its main innovation relies in adding its current
state to the set of optimization variables.
The cost function to be minimized is

N-1

. . L.
D rsnlld + lnoll?) + slEeenllp  (111)
v=0

V(Zk, Uk n—1)) =

N[ —

where @ € R"*", R € R™™ and P € R™" are positive definite matri-
ces. As in the standard MPC case, the simplest choice for parameters
K and P consists in synthesizing K using the LQR criterion and com-
puting P as the corresponding solution of the stationary Lyapunov
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equation. The quadratic programming problem to be solved at each
time step is

- omin V(&g Upekrn—1])
Lk, Ulk:kt N 1)

s.t.
Tp— T €L
frw €X Vv=0,...,N—1 (1.12)
fpy €U Yv=0,...,N—1
Pren € Xy

Tpy1 = ATy, + By,

where X=X62%Z, U=UoKZ and X; is such that X;cC X,
KXf c U and FXf - Xf. It is assumed that W is small enough to
guarantee that Z C int(X) and KZ C int(U). Once the optimal pair
(:i'k|k, ﬁ[k:kJrN_l”k) is computed, the control action for the real system
is given by Equation (1.10)), i.e., up = Qg + K (zp — Tppi)-

Setting the design parameters as described, the proof of recursive
feasibility turns out to be very similar to that of the standard MPC.
Specifically, at time & + 1 it holds that xj4; — Zp41x € Z. Denoting
Ufk41:5+N] = (ﬂ[k+1:k+N:1]\k7ka+N\k) the properties of X; guarantee
that the tuple (Zxi1)k, Up+1:14n]) is @ (suboptimal) feasible solution to

the optimization problem ([1.12]).
As for the convergence proof, the corresponding (suboptimal) cost

function f/(i'kﬂ‘k, ﬁ[k-ﬁ-l:k—&-N}) is characterized by

Vo(@psr) < V(fmuk,ﬂ[kﬂ:kwv])

where V,(zj41) is the optimal value of the cost function at time k + 1
obtained using (Z41jk+1, Ufe+1:k+N]k+1)- As in the standard case,

V(i"kJrl\kvﬂ[kJrl:kJrN}) - Vo(i’fk) = _(Hli"klk“é + Hﬁklk’ﬁ%)

thus
Vo(@i1) = Volar) < —(|1Zuwlly + lawkl?)

The cost function turns out to be a monotonic strictly decreasing pos-
itive function, therefore V,(xy) — V,(2k41x) — 0. Being

Vo) = Volzesaw) > Ernlly + Nl
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we have that (||Zylly + ||trkl|) — 0 as well. Since @ and R are
positive definite, the nominal inputs and states converge to zero. Since
the real states are always constrained in an invariant neighborhood
defined by Z with respect to the nominal ones, they will be steered to
the neighborhood of the origin Z. Note that, for the same reason, the
tighter constraints represented by X and U, ensure the fulfillment of
the real constraints x € X and u € U at all the time instants.

1.2.3 MPC for tracking piecewise constant references

For practical application purposes, model predictive controllers must
be able not only to regulate the system state to zero, but also to
handle non-zero target steady states which can be provided by a steady
state target optimizer [112]. The standard solution to this problem
consists in changing the system state coordinates, i.e. shifting the
system state to the desired steady state |114]. Unfortunately, the new
target steady state could be unreachable and, moreover, after such
shifting, feasibility may not be guaranteed. The latter problem can
be solved by re-calculating the control horizon and the terminal set
for the new target steady state, but the complexity of this procedure
does not allow one to perform the recalculation on-line. This problem
has motivated several solutions proposed in the literature [10}(16,31,
58,121, [141].

Recently, an effective MPC algorithm for tracking was proposed
in [6,/52,88,)89]. The main ingredients are: i) the online computation
of the actual target to be really tracked at each time instant, i) the
penalization of the deviation between the artificial steady state and the
desired one at the optimization problem level. The controller steers
the system to any admissible target steady state while satisfying the
system constraints; if the desired target is not admissible, the system
is steered to the closest admissible steady state.

The system to be controlled is

Tpp1 = Az, + Buy,

1.13
Y = CIk + Duy, ( )

where x;, € X C R" is the state, u, € U C R™ is the input and y, € R™
is the output. The number of outputs is assumed to be equal to the
number of inputs only for the sake of simplicity: extensions to non-
square systems are shown in the provided references. Inputs and states
are subject to constraints defined by compact, convex polyhedra X and
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U containing the origin in their interior and defined by
X={zeR" : A,z <b,}

and
U={ueR™ : Au<b,}

Let y be a generic set-point with (Z, 4) representing the related steady-
state pair, i.e.

[ﬂ = [Agfn fir [[?n] g=57" {I?J j=Mj= {%J j (1.14)

where it is assumed that the system matrix S has full rank and there-
fore can be inverted. The set of all the admissible set-points is denoted
as

Y={y=Cz+Du : ze€XueU(A-1I,)z+Bu=0} CR"

As in the regulation cases, an auxiliary state-feedback control law
and a proper terminal invariant set are required to ensure recursive
feasibility. For a generic target y, the auxiliary control law is given by

u=K(@x—-2)+u=Ke+ |[-K K|My=Kuz+Lj (1.15)

which guarantees that the system is steered to the steady-state (z,u)
provided that A + BK is Schur. Since the system is subject to con-
straints, the main goal is to find a set such that the constraints are
fulfilled when the auxiliary control law is used. From now on, we de-
fine the set of all the A-admissible set points 7* as

Yy = {g* = Cz* + Da* : 7" € XX, @* € \U, (A — [,,)@* + Bu* = 0}

with A € (0, 1].

To find this invariant set, consider the extended state ¢ = (z, 7")
and its closed loop dynamics when the auxiliary control law is
used to reach z*

[ewn]  [A+BEK BL] [z]
(k41 = { 7 } = [ 0 I, | |7 = Ak (1.16)

Now select a positive scalar A < 1, and define a set Q) given by all the
values of ¢ such that: i) the steady state (z*,u*) = M#” lies inside the
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set AX x AU C X x U ; 4i) the state  lies inside X and the auxiliary
control law ({1.15]) corresponding to = belongs to U. The set

QU ={¢=(7") ;u=Ke+Ly* €U,z X,
= Mgt € XX, @t = Mg € AU} (1.17)

is a polyhedron defined by the inequalities

AK AL | [z b
0 AM| |7 S | (1.18)

The actual constraints for the system correspond to Qq, i.e. to Q,
with A = 1. The need of tightening the constraints for the steady-state
comes from the method used for computing the invariant set, as it
will be explained later. An invariant set Q¢ for the extended state ¢,
i.e. such that 4,07 C Q9 is said to be an admissible invariant set for
tracking if the extended state fulfills all the constraints, which means
Q4 C W;. The biggest among all possible admissible invariant sets for
tracking is said to be the maximal invariant set for tracking (MIST),
and it can be proved to be defined by [59|

0L ={q : AlgeQ, Vi>0} (1.19)

Unfortunately, in general it is not possible to compute OZ, because it
might be not finitely determined by a finite set of constraints. On the
contrary, choosing A € (0,1), it is possible to state that the MIST with
respect to Q)

0% ={q : AlgeQ,, Vi>0} (1.20)

is a finitely determined polytope, and therefore computable [59]. Note
that, since A can be chosen arbitrarily close to 1, the obtained invariant
set is arbitrarily close to the real maximal invariant set OZ.

After having chosen arbitrarily A € (0, 1), let’s assume that we want
to track a desired A-admissible target y™¢ corresponding to the couple
(zM uM) = My*e. The MPC for tracking considers as decision vari-
able an artificial A\-admissible reference 7, with (2%, u*) = Myhe,
and the deviation between the artificial steady state 2 and the de-
sired steady state 2 is penalized. This penalization guarantees that
7™ asymptotically reaches z*?. In order to present the control tech-
nique in the clearest possible way, we will consider only the case of



“thesis_main” — 2014/1/26 — 15:56 — page 14 — #30

14 CHAPTER 1. INTRODUCTION

A-admissible targets. Anyway it is easy to show that, if we have to track

a generic non-\-admissible target 4¢ corresponding to (2%, u¢) = My<,

possibly non-admissible for system because outside the set Y,

the penalization of the distance between 2% and z¢ makes the system

evolve to a A-admissible steady state such that its deviation with the

desired (although possibly unreachable) steady state ¢ is minimized.
The cost function over the prediction horizon N is

N-1
V (g, ™, uprin 1, ) = Z(kaw =G + lJupss — a(I7)
v=0

ke — 2B + [l2h = 2MF (1.21)

where the matrices @ € R"*", R € R™™ P € R™" and T € R™*"
are all assumed to be positive definite. The input sequence over all the
prediction horizon u[.,4n-1] and y™?, i.e., the target really tracked
at time k, are the decision variables, while the current state x, and
the desired target y*? are parameters of the cost function. The MPC
problem to be solved is
min V(ka, g>‘7da Uk:k+N—-1, ﬂA’a)
S Ulk:k+N—1]
s.t.
Uk.;,.VEU \V/V:O,...,N—l
(xren, 7)€ O

Tp1 = Axy + Buy

The proofs of recursive feasibility of the MPC problem, of asymptotic
stability of the controller and of convergence of the closed-loop system
to g™ are based on three main steps.

1. Prove that, if at the initial time instant feasibility holds for a
certain value of y™®, with standard arguments it is possible to
demonstrate that keeping y™® constant at next time steps guar-
antees recursive feasibility while the system is steered towards
g/\,a.

2. Prove that, if the system reaches an equilibrium point
M £ M there exists a suboptimal input sequence that de-
creases the value of the cost function and that steers the sys-
tem from 7 to y™¢ while fulfilling all the constraints. In other
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words, the only closed-loop stable equilibrium point compatible
with the proposed minimization problem is the one corresponding
to g}\,a — g)\,d

3. From the previous steps infer that the system asymptotically con-
verges to the unique equilibrium point for the closed-loop system,
where M = M.

The mathematical details, here skipped to avoid repetitions, can be
found in Chapter [¢] for systems enlarged with integrators.

1.3 Invariant sets

Given an autonomous system of the form

where x; € R™ and F is Schur, a set P is defined to be positively
invariant if Fxp € P for all z, € P, i.e., if FIP C P. Assume that the
system is affected by a disturbance and is described by

where w;, € W C R" is an unknown bounded external disturbance. A
set [P is defined to be robustly positively invariant (RPI) if Fap+wy € P
for all z, € P and w, € W, ie., if FP®W C P.

Invariant sets play an important role in control of constrained sys-
tems [15]. In fact, if the constraints are violated at any time instant,
serious consequences may arise: for example, physical components
may be damaged or saturation may cause a loss of closed-loop sta-
bility [8}65,157]. Considering in particular the case of MPC, as shown
in the previous Sections, invariant sets can be required to prove recur-
sive feasibility of the control algorithm or to design robust controllers.

1.3.1 Polytopic approximation of the minimal robust invari-
ant set

For a system with dynamic equation ([1.24)), it is often necessary to
compute the minimal RPI (mRPI) P, which is the RPI set in R™
that is contained in every closed RPI set of . For instance, this
need arises when a target set in robust time-optimal control has to
be computed [106], when the properties of the maximal RPI have to
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be studied [78] or when robust predictive controllers have to be de-
signed [81}[107] (as explained in Section [I.2.2).

Consider the discrete-time, linear, time-invariant system (|1.24]),
where it is assumed that matrix F' € R"*" is Schur and set W is a
polytope containing the origin in its interior. It is possible to demon-
strate that the mRPI set P, exists, is compact, contains the origin in
its interior and is given by [78§]

P = P F'wW (1.25)

Since P, is a Minkowski sum of infinitely many terms, it is generally
impossible to obtain an explicit characterization of it. However, if there
exist an integer ¢ > 1 and a scalar a € [0, 1) such that F® = al,,, then
Py = (1 —a) ' @7 F'W [78]. Therefore, if F'is nilpotent with index
¢, i.e., if F =0, it is possible to compute

$—1
P, =P Fw (1.26)
=0

In [131,132] the assumption that there exist an integer ¢ > 1 and
a scalar o € [0,1) such that F'® = al, is relaxed, and replaced by the
assumption that there exists an integer ¢ > 1 and a scalar a € [0, 1)
that satisfy F®W C aW. In this case we can no longer compute Py in
a finite number of steps, but we can solve the problem of computing
an RPI set P(«, ¢) that contains the mRPI set and that is as close as
desired to it. In fact, it can be proved that

o—1
P(a, ) = (1 —a)? @Fiw (1.27)

is a convex, compact, polytopic RPI set of containing P,.. The
approximation error decreases as « increases. Summarizing, the com-
putation of the polytopic RPI outer approximation to the mRPI can
be done as described in the next algorithm.
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Algorithm 1.1 Computation of the RPI outer approximation
of the mRPI

1. Choose arbitrarily « € [0,1).

2. Starting from ¢ = 1, increase the integer ¢ until a value ¢ > 1 is
found such that FW C aW.

3. Evaluate P(c, @) using (1.27)).

Note that, due to the need of resorting to Minkowski sums, finding
the approximation to the mRPI set can result in an extremely com-
putationally demanding procedure. Finally, it is worth recalling that
the same authors extended the approach also to continuous-time sys-
tems [133].

1.3.2 Maximal output admissible set

The standard MPC algorithms for regulation and tracking presented
above usually require the computation of invariant terminal sets re-
lated to the auxiliary state-feedback control law and guaranteeing that
constraints on states, inputs and outputs are fulfilled during the evo-
lution of the system. An important contribution to the computation
of such invariant set is presented in [59], where the notion of maximal
output admissible set (MOAS) is introduced.
Consider an autonomous, discrete-time, time-invariant linear sys-
tem
Tpy1 = Fag

1.28
yr = Cay, (1.28)

where x; € R" is the state and the output yr € RP has to satisfy
an output constraint y, € Y for all & > 0. For such a system, a
set O C R” is said to be output admissible if 2y € O implies that
yr € Y for all k > 0, i.e. if CFFzy € Y for all £ > 0. The maximal
output admissible set O, is the biggest one, namely the set of all initial
conditions zg for which CF*z, € Y holds for all £k > 0. We underline
that output admissible sets are not necessarily positively invariant,
but it is easy to show that the maximal output admissible set is always
positively invariant [95]. In addition, we stress the fact that computing

the MOAS for system (|1.28)) can solve several different problems. For
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instance, if a terminal set for standard MPC with constraints x € X
and u € U is required, one can apply the results of [59] to the system

Lpt1 = (A + BK)ZL‘k

= {[n] o (1.29)

imposing vy, = (zp,u;) € Y =X x U.

HY={yeR™ : fly<g,ie€l}isa convex polytope containing
the origin and, referring to system (1.28)), the pair (F,C') is observable
and the matrix F' is strictly or simply stable (eigenvalues with abso-
lute value equal to one are admitted), then Q. results to be convex,
bounded and a neighbor of the origin. Moreover, if F' is asymptotically
stable, then O is described by a finite set of constraints and can be
computed as follows.

Algorithm 1.2 Computation of the MOAS

1. Initialize t = 0.

2. For each i € 1, mazimize J;(z) = f/CF"™ 'z with respect to x sub-
ject to fj{C'th < g, for all j € and for all h =0,1,...,t. De-
note with J} the maximum values of J;(x).

3. If JF < g; for all v € I, then stop and let t* = t. Otherwise, set
t=t+1 and go to step 2.

4. Define the mazimal output admissible set as

Ow ={r€R" : fICF'v <g,icl,0<t<t*}

If the pair (F,C) is non-observable, it is possible to show that
O (F,C,Y) = Ox(F1,C1,Y) x R* 7 where the observable pair (F;, Cy)
can be obtained changing the state coordinates so that (F, C') takes the
form
B |0
C=[C 0], F= [F3 FJ

being Cy € RP*, Fy € R4, F, € R=9X("=9) and Fy € R9*17. Oy
turns out to be a set with infinite extent in those directions belonging
to the unobservable subspace.
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A second important case is the one where matrix F' is not asymp-
totically stable but has d simple eigenvalues in 1. In this case, one can
always find a coordinates change which transforms (F,C') in the form

Fs 0
C=[Cs O], F= {O [J
where Fg € R=4x(=d) s asymptotically stable and the partitioning
of C' and F is dimensionally consistent. Then define

5 |CL Cs
o-1G 5]

and Y(e) = {y € R? : fly < g; —¢,i € I}, where € can be arbitrarily
chosen such that 0 < € < ¢ being ¢ = —max{—g;,7 € I}. Tt can
be demonstrated that Q. (F,C,Y x Y(e)) is finitely determined and
contained in Ou (F,C,Y). Thus, O (F,C,Y x Y(¢)) can be used to
approximate Q.. (F,C,Y), and the precision of the approximation in-
creases as € — 0. It is easy to see that using the set with A < 1
for computing the MIST, as explained in Section is equivalent
to adopting the set Y x Y(e) with € > 0.

1.4 Distributed and decentralized MPC

In the last years, the size of systems to be controlled is continuously
increasing, mainly due to the advances in technology and telecommu-
nications. Common examples are smart electrical grids, networks of
sensors and actuators, big chemical plants and water or traffic manag-
ing systems [22,25,|110}/115,/116,/161}|163},164].

Since the sixties, researchers have been developing decentralized and
distributed methods with guaranteed closed-loop stability [37}[38},(94,
151}/152/154] to overcome the difficulties that arise when centralized
techniques are applied to large-scale systems. Specifically, non-trivial
problems can be caused, for instance, by possible limitations due to
computing capabilities or communication bandwidth. Reliability and
robustness of the overall control system could represent additional rea-
sons for avoiding centralized solutions and for adopting distributed or
decentralized ones. In the latter cases, in fact, the original system is
controlled by several local agents, each one taking into account only a
small portion of the whole system.
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In this thesis, we assume that the decomposition of the initial large-
scale system into several small-scale interacting subsystems is given.
In-depth analysis on how to decompose the overall input and output
vectors into input-output pairs or groups while minimizing mutual in-
fluences among subsystems can be found in |26461},66-68,75,|117,/136,
142,/156,/171]. Note that sometimes, in order to obtain a proper de-
composition, it can be useful to apply state transformations or permu-
tations to the initial system [94}|152.|154].

In the framework of distributed and decentralized control, an in-
creasing attention has been devoted to algorithms based on optimiza-
tion and receding horizon control. When using these techniques, in
fact, the values over all the prediction horizon of inputs, states and
output intrinsically computed at each sampling time by a local con-
troller designed with MPC can be used as data to be broadcast to the
neighbors. This information can simplify the design of a distributed
control system and can allow one to obtain performances close to those
of a centralized controller. In the following Sections, some control ar-
chitectures proposed for decentralized and distributed MPC will be
listed. We refer to |21,/136,144] for additional details.

Techniques for distributed solution of centralized MPC [46,55], 93|
170] will not be covered: in these cases, the optimization problem is
decomposed into smaller subproblems and, at each sampling time, the
local controllers solve the centralized optimization problem using itera-
tive decomposition algorithms (e.g., dual decomposition, price coordi-
nation). Optimality and feasibility are generally guaranteed only when
the convergence of the decomposition algorithm (within each sampling
time) is achieved.

1.4.1 Decentralized control based on MPC

Often large-scale systems are controlled by resorting to decentralized
techniques. In these cases, a non-overlapping decomposition of inputs
u and controlled outputs y is needed, in order to group such variables
into disjoint sets. Then, the obtained sets are coupled to produce
non-overlapping pairs (or groups, if multivariable local control systems
are used). Eventually, for each input-output pair (or group), a local
controller is designed with the aim of regulate its own subsystem in a
completely independent fashion. In Fig. an example of decentral-
ized control for a system constituted by two subsystems is given. It can
be seen that the dynamics of each subsystem is influenced by the inputs
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Figure 1.1: Decentralized control scheme of a system constituted by two subsys-
tems.

and the states of the other one. In designing decentralized controllers,
the interactions due to coupling inputs and/or states are neglected,
so that the synthesis of the control system becomes trivial. On the
other hand, asymptotic stability of the overall large-scale system can
be attained only when the interactions are weak. Strong (neglected)
coupling terms, in fact, can lead to poor performances and instability
of the whole system, as explained, e.g., in [41,169], where the effects of
fixed modes is studied. Conditions to obtain stability using decentral-
ized controllers can be found in [9,/40L(70H72}94} 143}, /145,/152,153,|155].

As for decentralized predictive controllers, only few contributions
can be found in the literature. This is probably due to the fact that
extending to the decentralized case the standard stability analysis of
the centralized MPC, based on the idea of using the optimal cost as
a Lyapunov function, is not an easy task. FExamples of decentralized
MPC where the local control law have been computed by neglecting
the coupling terms among subsystems are reported in |1,45]. In [102], a
decentralized MPC control method for nonlinear systems is presented.
The dynamics is assumed to be affected by an external decaying distur-
bance, and stability is guaranteed, despite the effects of the exogenous
disturbance and of the interactions among subsystems, by including a
contraction constraint in the optimization problem. Coupling terms
among subsystems are seen as disturbances to be rejected via a robust
approach in [130], where Input to State Stability (ISS) [77] is used
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to prove stability. Also in [138/139] interactions among subsystems
are considered as disturbances to be rejected using the robust tube-
based MPC algorithm. Linear discrete-time systems in a plug-and-play
framework are considered: specifically, the problem of plugging subsys-
tems into (or unplugging subsystems from) an existing plant without
spoiling overall stability and constraint satisfaction is addressed.

1.4.2 Distributed control based on MPC

In Fig. an example of a distributed controller is depicted. The dif-
ference with respect to the decentralized case is that some information
is transmitted among the local regulators. In this way, each controller
has some information about the behaviour of the neighbor systems. As
already stated, when MPC is used to design the local controllers, the
information exchange usually consists of the predicted control or state
variables over the prediction horizon.

A first classification of distributed MPC algorithms can be made
on the basis of the communication network topology: fully connected
algorithms require information transmission from any local regulator
to all the others; partially connected algorithms, on the contrary, are
based on information transmission from any local regulator to a certain
subset of the neighboring ones. In [137] a discussion of positive and neg-
ative sides of partially connected algorithms can be found: generally, it
is possible to say that they are suited for weakly coupled subsystems,
because in this case a reduction in the information exchange does not
greatly affect the performance of the system. A second classification
can be made based on the communication protocol: noniterative algo-
rithms are characterized by a single transmission of information within
each sampling time, while iterative algorithms allow local controllers
to transmit and receive information many times within the sampling
time. Obviously, local control systems working with an iterative trans-
mission protocol can take decisions using an higher amount of informa-
tion: often, iterations are even used for allowing a global consensus on
the actions to be taken within the sampling interval |166,167]. About
this point, in fact, we can distinguish between independent, or non-
cooperating, algorithms, where each local regulator aims to minimize
a local performance index, and cooperating algorithms, where each
local controller minimizes a global cost function.

Several distributed solutions based on MPC have been proposed
in the literature. State feedback non-cooperating, noniterative al-
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Figure 1.2: Distributed control scheme of a system constituted by two subsystems.

gorithms for discrete-time linear system are presented in [21], while
in [43)83] independent, iterative, fully connected methods are described
for discrete-time unconstrained linear systems represented by input-
output models. An iterative, cooperating method for discrete-time lin-
ear systems is shown in [166]: interestingly, a global optimum is reached
when the iterative procedure converges, but recursive feasibility and
closed-loop stability are anyway guaranteed also if the information ex-
change is stopped at any intermediate iteration. In [2H4] a partially
connected, noniterative, non-cooperating algorithm for discrete-time
linear systems is described. Communication failures are taken into con-
sideration, and conditions for a-posteriori stability analysis are given
also in case of malfunctions. The control technique proposed in 73| can
be classified as partially connected, noniterative and non-cooperating
as well. It is suited for nonlinear, discrete-time systems and it is based
on the idea of considering the effects of the interconnections among
the subsystems as disturbances. Each local controller transmits the
values of the predicted state trajectories so that the others can predict
the disturbances they have to reject. The control inputs are computed
using a min-max approach where local cost functions in worst-case
scenario are minimized. Convergence to a set is proved. Another non-
cooperating, noniterative, partially connected algorithm, this time for
nonlinear continuous-time systems, is presented in [44]. Proofs of feasi-
bility and convergence are based on the theory explained in [109], and
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rely on the assumptions that the interactions among subsystems are
weak and that the actual inputs and states trajectories do not differ
too much from the predicted values. The latter requirement is imposed
with a proper consistency constraint added to the optimization prob-
lem. In [50,/140] two different non-cooperating, noniterative, partially
connected algorithms for linear discrete-time systems are proposed. In
both cases, interactions among subsystems are considered as distur-
bances to be rejected, and to this end the robust MPC based on tubes
is exploited. Command governors strategies for distributed supervision
and control of large-scale systems are proposed in [23}24,162|, where
dynamically coupled interconnected linear systems possibly affected
by bounded disturbances and subject to local and global constraints
are considered. Finally, an experimental implementation of distributed
MPC is described in [108].
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Distributed Predictive Control

In this chapter the state feedback Distributed Predictive Control (DPC)
algorithm originally proposed in [50] is sketched and extended. The
overall system to be controlled is assumed to be composed by a num-
ber of interacting subsystems S; with non-overlapping states, linear
dynamics and possible state and control constraints. The dynamics
of each subsystem can depend on the state and input variables of the
other subsystems, and joint state and control constraints can be con-
sidered. A subsystem S; is said to be a neighbor of subsystem & if the
state and/or control variables of S; influence the dynamics of S; or if a
joint constraint on the states and/or on the inputs of S; and S; must
be fulfilled.

DPC has been developed with the following rationale: at each sam-
pling time, the subsystem S; sends to its neighbors information about
its future state x; and input w; reference trajectories, and guarantees
that its actual trajectories x; and u; lie within certain bounds in the
neighborhood of the reference ones. Therefore, these reference trajec-
tories are known exogenous variables for the neighboring subsystems
to be suitably compensated, while the differences z; — z;, u; — @; are
regarded as unknown bounded disturbances to be rejected. In this way,
the control problem is set in the framework of robust MPC, and the
tube-based approach inspired by [107] is used to formally state and
solve a robust MPC problem for each subsystem.

The highlights of DPC are the following.

e [t is not necessary for each subsystem to know the dynamical
models governing the other subsystems (not even the ones of its

27
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neighbors), leading to a non-cooperative approach.

e The transmission of information is limited (DPC is non-iterative
and requires a neighbor-to-neighbor, i.e., partially connected, com-
munication network), in that each subsystem needs only to know
the reference trajectories of its neighbors.

e [ts rationale is similar to the MPC algorithms often employed in
industry: reference trajectories, tailored on the dynamics of the
system under control, are used.

e Convergence and stability properties are guaranteed under mild
assumptions.

e The method can be extended to cope with the output feedback
case.

2.1 Statement of the problem and main assumption

Consider a linear, discrete-time system described by the following state-
space model:
Xk+1 = A.Xk- + Buk (21)

where x; € X C R" is the state and uy € U C R™ is the input, both
subject to constraints.

Letting x;, = (xLl], . ,xECM]), u, = (ug}, .. ,ukM}), system can
be decomposed in a set of M dynamically coupled non-overlapping
subsystems, each one described by the following state-space model:

M
=1,

where xZ] eX; CR n= Zf\il n;, and ug] elU; CR™ m= Zf\il m;,
are the state and input vectors of the i-th subsystem S; (i = 1,..., M),
and the sets X; and U; are convex neighborhoods of the origin.

The subsystem §; is said to be a dynamic neighbor of the subsystem
S; if and only if the state or the input of S; affects the dynamics of §;
ie., iff A;; # 0 or B;; # 0. The symbol N; denotes the set of dynamic
neighbors of S; (which excludes 7).

Note that the matrices A and B of system have block entries
A;; and B;; respectively, and that X = Hf\il X; and U = sz\i1 U; are
convex by convexity of X; and Uj;, respectively.
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The states and inputs of the subsystems can be subject to coupling
static constraints described in collective form by

HS<Xk,llk) § 0

where s = 1,...,n.. H, is a constraint on S; if I and/or ul! are ar-
guments of Hy, while C; = {s € {1,...,n.}: H is a constraint on ¢}
denotes the set of constraints on ;. Subsystem §; is a constraint neigh-
bor of subsystem S; if there exists 5 € C; such that zV! and Jor ul) are
arguments of Hz, while H; is the set of the constraint neighbors of S;.
Finally, for all s € C;, a function is defined h, ; (2, ul! x, u) = H,(x,u),
where 2l and ull are not arguments of h,;(a,b,-,-). When X = R,
U = R™ and n. = 0 the system is unconstrained. In general S; is
called a neighbor of S; if j € N; UH;. In line with these definitions,
the communication topology which will be assumed from now on is
a neighbor-to-neighbor one. Indeed, we require that information is
transmitted from subsystem S; to subsystem S; if S; is a neighbor of
S;.

The algorithm proposed in this Chapter is based on MPC concepts
and aims to solve, in a distributed fashion, the regulation problem for
the described network of subsystems, while guaranteeing constraint
satisfaction. Towards this aim, the following main assumption on de-
centralized stabilizability is introduced.

Assumption 2.1 There  emists a  block  diagonal  matrix
K =diag(Ky, ..., Ky), with K; € R™*™ =1, ... M such that:

i) A+ BK is Schur.

2.2 Description of the approach

In DPC, at any time instant k, each subsystem S; transmits to the
subsystems having S; as neighbor its future state and input reference
trajectories (to be later defined) :%ZLV and QZLW v=20,...,N—1,
respectively, referred to the whole prediction horizon N. Moreover,
by adding suitable constraints to its MPC formulation, S; is able to
guarantee that, for all £ > 0, its real trajectories lie in specified time
invariant neighborhoods of the reference trajectories, i.e, :175} € :ig] PE;
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and ul! aﬁj] @ E¥, where 0 € E; and 0 € EY. In this way, the
dynamics (2.2)) of S; can be reformulated as

Ty = A + Bl + Y (Aydy] + Bywl) +wl(23)
JEN;

where

= (Al - )+ Byl -y W, (2a)
JEN;
and
W, = ED{ALE; ® B,E}} (2:5)
JEN;

As already discussed, the main idea behind DPC is that each subsys-
tem solves a robust MPC optimization problem considering that its dy-

namics is given by (2.3)), where the term > jen; (Aij Eﬂru + BZJUIE%}H/) can
be interpreted as an input known in advance over the prediction hori-
zonv =0,..., N — 1 to be suitably compensated and w,[j] is a bounded
disturbance to be rejected.

By definition, w[] represents the uncertainty of the future actions
that will be carrled out by the dynamic neighbors of subsystem S;.
Therefore the local MPC optimization problem to be solved at each
time instant by the controller embedded in subsystem &; must min-
imize the cost associated to &; for any possible uncertainty values,
i.e., without having to make any assumption on strategies adopted by
the other subsystems, provided that their future trajectories lie in the
specified neighborhood of the reference ones. Such conservative but
robust local strategies adopted by each subsystem can be interpreted,
from a dynamic non-cooperative game theoretic perspective, as max-
min strategies, i.e., the strategies that maximize the worst case utility
of §; (for more details see, e.g., [150]).

To solve local robust MPC problems (denoted i-DPC problems), the
algorithm proposed in [107] has been selected in view of the facts that
no burdensome min-max optimization problem is required to be solved
on-line, and that it naturally provides the future reference trajectories
jg] and ﬂgj}, as it will be clarified later in this chapter. According
to [107], a nominal model of subsystem &; associated to equation (|2.3))
must be defined to compute predictions

i = Audy + Bt + Y (Ayi) + By (2.6)
JEN;
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while the control law to be used for §; is
ul) = ) + Ky(z)) — &)) (2.7)

where K;, i =1,.... M, must be chosen to satisfy Assumption
Letting z,[j] = xg] — .:ck , in view of (2.3), (2.6) and one has

A = Fuzl 4wl (2.8)

where wkf € W,;. Since W, is bounded and Fj; is Schur, there exists
a robust positively invariant (RPI) set Z; for such that, for all

M € Z;, then z,E;} 1 € Z;. Given ZZ, define two sets, neighborhoods of
the origin, AE; and AEY, i =1,..., M such that A]E ® Z; C E; and
AE! @ K;Z; C EY, respectively.

Finally, define the function iLS,i such that the constraint
Bs7i(§:g], ﬁg},ik, 1) < 0 guarantees that h“(a;%],u,[j],xk, u;) <0 for all
dleiloz, dledokz, xezo[[,E,  and
u € U © Hi\; .

2.2.1 The online phase: the -DPC optimization problems

At any time instant k£, we assume that each subsystem &; knows the fu-

ture reference trajectories of its neighbors xﬂu, uﬂu, v=0,...,N—1,
j € N;UH;U{i} and, with reference to its nominal system (22.6]) only,

solves the following -DPC problem.

N-1
o W B o) = D (IR eI ) HIZE o
Ulk:k+N—-1] v=0
(2.9)
subject to ([2.6)), to
21— 3l e 7, (2.10)

to

2l — @l e AR,

all, —al e AR
Ml eX CcX, 0z

uk+V€U CU; o KZ;

2.11
2.12
2.13
2.14

o~ o~ o~ o~
~— ~— ~— ~—
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for v =0,..., N — 1, to the coupling state constraints
hs (azg],u/[,c],xk,uk) <0 (2.15)

for all s € C; and to the terminal constraint
xEjLN € XF (2.16)
Note that constraints (2.10)), (2.11]) and (2.12)) are used to guarantee the

boundedness of the equlvalent dlsturbance w“ In fact in the -DPC
problem for v = 0, constraints , -, and (2.12)) imply that

2 — 7 e AR @ 7 CIE anduz]—uk EA]E“@KZ C]E“ which in
turns guarantees that wk € W,. This, in view of the invariance prop-
erty of , implies that xgj]ﬂ Q]H € Z; and, since (2.11]) and (2 -
are imposed over the whole prediction horizon, it follows by induction
that wl] €W, forallv=0,...,N —1 and %iy - ZLV € Z; for all
V= 1 ,

In ¢ R?, and P? are positive definite matrices and represent
design parameters whose ch01ce is discussed in Sect1on@to guarantee
stability and convergence properties, while XF in is a nominal
terminal set whose properties will be dlscussed in the next Section.

At time k, let the pair (fUmeﬁ@:HNfl”k) be the solution to the

i-DPC problem and define by a k| ., the input to the nominal system ((2.6]).
Then, according to ([2.7)), the input to the system ([2.2)) is

wd = ag, o+ Kiley! — 2 (217)

Denoting by xk ol the state trajectory of system ([2.6) stemming from
1] [i]

xklk and uk N1k At time k it is also possible to compute i:k+N‘k and
K@Eﬁr Nk In DPC, these values incrementally define the trajectories

of the reference state and input variables to be used at the next time
instant k£ + 1, that is

Fad A [i] ~ 4] ]
k+N xk+N|]g’ uk+N KZ k+N|k (218)

Note that the only information to be transmitted consists in the ref-

erence trajectories update (2.18]). More specifically, at time step k,
~[i] -~ [i]

subsystem §; computes T, and Uy, according to (2.18) and trans-
mits their values to all the subsystems having S; as neighbor, before
proceeding to the next time step.
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2.3 Convergence results and properties of DPC

In order to state the main theoretical contribution of the paper, define

the set of admissible initial conditions xg = (:c([)”, . :z:BM}) and initial
~[7] ~ (]

[0:N—1]’ U[ON 1 forall j =1..., M as follows.

reference trajectories T
Definition 2.1 Letting x = (zlV, ..., 2™, denote by

XN = {x: if z[i] =2 foralli=1,...,M

~[M] [1] M

tffelnﬂ( [Oﬁﬂwm Tio.n—1p); ( [O}N e Yo -ap),
1 ~

(Z00 -+ Zoy0)s (Upgy_yps -+ -5 [ON 1)) such that 22

and - D are satisfied for alli=1,..., M}

the feasibility region for all the i-DPC problems. Moreover, for each
x € XV, let

X ~[1] ~[M] ~[1] ~[M] .
Xy = {(x[O:lel]’ e 7$[0:N71])7 (u[O:Nfl]’ e 7“[0:N71]) :
ifx —xi]foralli—l,.. M then 3
oy N A[M] e A[M ) such that .

Lo/0) Lo /0 ON 1) Uio:N— 1]
and - are satzsﬁed foralli=1,..., M}
be the region of feasible initial reference trajectories.

Assumption22 Letting X = Hf\il X, U = Hf\il U; and
= TIM, XE, it holds that:

Z)H[l()<0f0’l”allX€XF forall s € C;, foralli=1,...,M,
where H is such that HS[Z]( ) = hei(2l], Kowrzlil % K‘“”‘" ) for
all s € C;, foralli=1,..., M.

i) XF C X is an invariant set for x* = (A + BK®)x;
i) u=K™x € U for any x € XF';
i) for allx € XF and, for a given constant k > 0,

VE (57) = VI (R) < —(1 + #)I(%, 1) (2.19)

& M Al oD M Al o [i
where V(%) = S, 1873 and 1%, 8) = S22, (893 + 3, ).
U
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In Section we will show how to properly select matrices Q¢, R,

and P? to guarantee stability and convergence properties. It will also
be explained how to choose the terminal set X in order to satisfy

Assumption [2.2]

Assumption 2.3 Given the sets E;, E¥, and the RPI sets Z; for

equation (2.8)), there exists a real positive constant pg > 0 such that
2B (0) C B, and K,Z; @BU(0) CEY for alli = 1,..., M, where
Bgdzm)(O) is a ball of radius pp > 0 centered at the origin in the R%™

D
space. O

Proper ways to select the design parameters satisfying Assumption
are presented in the following section.

Theorem 2.1 Let Assumptions be satisfied and let AE; and
AEY be neighborhoods of the origin satisfying AE; & Z; CE; and
AEY & K,;Z; CEY. Then, for any initial reference trajectories in Xxo,
the trajectory xj, starting from any initial condition xo € XV, asymp-
totically converges to the origin while fulfilling all the constraints. M

Proofs can be found in the Appendix.

2.3.1 Properties of DPC

Some further properties of DPC are in order.

Optimality issues. Global optimality of the interconnected closed
loop system cannot be guaranteed using DPC. This, on the one hand,
is due to the inherent conservativeness of robust algorithms and, on
the other hand, is due to the game theoretic characterization of DPC.
Namely, the provided solution to the control problem can be cast as a
max-min solution of a dynamic non-cooperative game (see, e.g., [150])
where all the involved subsystems aim to optimize local cost functions
which are different from each other: therefore, different and possibly
conflicting goals inevitably imply suboptimality. Differently from sub-
optimal distributed MPC algorithms discussed in [136], whose solutions
can be regarded as Nash solutions of non-cooperative games and which
possibly lead to instability of the closed-loop system, the convergence
of the DPC algorithm can be guaranteed, see Theorem [2.1

Robustness. As already discussed, the algorithm presented in this
chapter basically relies on the tube-based robust MPC algorithm pro-
posed in [107]. Namely, robustness is here used to cope with uncertain-
ties on the input and state trajectories of the neighboring subsystems.
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More specifically, the difference between the reference trajectories of
the neighboring subsystems and the real ones is regarded as a distur-
bance, which is known to be bounded in view of suitable constraints
imposed in the optimization problem. Anyway, the described approach
can be naturally extended for coping also with standard additive dis-
turbances in the interconnected models , i.e., in case the intercon-
nected perturbed systems are described by the dynamic equations

JEN;

where dg] € ID; € R™ is an unknown bounded disturbance and the set
D; is a convex neighborhood of the origin. In this case, we have again

JEN;

where this time the disturbance acting on subsystem ¢ is

wf = 3 {Ay ! ) + By —al)) +dl e W, (222)

JEN;
and
W, = H{A,E; ® ByES} & D; (2.23)
JEN;
The overall disturbed collective system, letting d, = (dg], e ,dLM])

with d, € D = Hf\il D; C R™ can be written as
Xg+1 = AXk + Buk + dk (224)

and can be steered to a neighboring of the origin.

Output feedback. The approach that has been previously de-
scribed for coping with unknown exogenous additive disturbances has
been employed in [49] for designing a DPC algorithm for output feed-
back control. Specifically, assume that the input and output equations
of the system are the following

Iz[ﬁl = A”IZM + BZZUE} + Zjej\/',-{Aiijm + Buu,[g}}

(7]

(2.25)
Y. = Cﬁ?k[]

where the state which is not directly available is here denoted as xz[i]

for reasons that will become clearer later on. Denote with xz] the
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estimate of xz[i], for all i = 1,..., M. To estimate the state of ([2.25))
we employ a decentralized Luenberger-like observer of the type

T = Aur 4 Buwl+ ) {Aya] + Biyul, Y- Ly —Cia)!) (2.26)
JEN;

Assume that the decentralized observer is convergent i.e., A + LC is
Schur, where C = diag(CY, ...,Cy) and L = diag(Ly, ..., Ly). Under
this assumption it is possible to guarantee that the estimation error
for each subsystem is bounded, i.e., [L’ZM - xg] €Y foralli=1,..., M.
In this way exactly corresponds to the perturbed system (2.21),
where dE] = —LiCi(xZM - xEj]) is regarded as a bounded disturbance,
ie., dZ} eD; =—-L;C;%;. From this point on, the output feedback
control problem is solved as a robust state feedback problem applied
to the system (2.21)). Details on this approach can be found in [49)],
where a condition and a constructive method are derived to compute
the sets ¥; in such a way that ¥ = Hf\il >; is an invariant set for the
interconnected observer error.

Tracking. As it will be shown in the next chapters, the DPC
method can be extended also to the problem of tracking desired output
signals.

2.4 Implementation issues

2.4.1 The discretization method

In most of the control applications, the model of the plant is developed
in the continuous-time starting from physical laws. In this framework,
the sparse structure of the model clearly represents physical connec-
tions (such as mass or energy flows) among the subsystems, each one
described by the linear (or linearized) model

#l(t) = AGall(t) + Bgull(t) + > { A5V (1) + Biubl(t)y  (2.27)
JEN;

where the notation is coherent (mutatis mutandis) with the one adopted
in (2.2). Unfortunately, the sparse, zero-nonzero pattern of the system
(zero-monzero matrices Ag;, By;) is lost when the exact ZOH (Zero-
Order-Hold), Backward Euler, or bilinear transformations are used to
discretize the system, while it is preserved only by the Forward Euler
(FE) transformation. However, it is well known that with FE some
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important properties of the underlying continuous time system can be
lost; for example stability is maintained only for very small sampling
times, which can be inadvisable in many digital control applications.
In distributed and decentralized control techniques based on MPC,
where discrete-time models are mainly utilized, the loss of sparsity can
easily result in an increase of the controller complexity. For these
reasons, in order to improve the performance of FE and to main-
tain sparsity, a new discretization method called Mixed Euler ZOH
(ME — ZOH) has been proposed in [33,[34], and its properties have
been studied in [48]. In synthesis, ME-ZOH allows one to compute
the matrices of starting from the continuous-time model

as follows

Ay(h) = Xl (2.28)
h

Aij(h):/ eA%tthgﬁ j#i (2.29)
0
h

Bij(h) = / eNidtBy;, Vi, (2.30)
0

where h is the adopted sampling time. It is apparent that the zero-
nonzero structure of the matrices Af; and Bf; is maintained together
with some important properties, see [48|.

2.4.2 Computation of the state-feedback gain and of the
weighting matrices

The design of the block diagonal matrix K satisfying Assumption [2.1]
and the computation of the positive-definite block diagonal matrix
P = diag(Py,..., Py), PP € R™*™ can be done resorting to Linear
Matrix Inequalities (LMIs) [18|, see the Appendix and [12] for addi-
tional details.

Algorithm 2.1 Computation of the state-feedback gain and of
the weighting matrices - Method 1

1. Define K = YS™! and P° = S™!, and solve for Y and S the
following LMI

S SAT +YTB”

AS + BY S -0 (2.31)
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with the additional constraints
S =0 Vi,j=1,...M (1 # 7) (2.32)
Yii=0 Vi,j=1,...,M (i#}j) (2.33)

where Sy; € RMitma)xnytmy) "y, e Rruix(i+my) gre the blocks out-
side the diagonal of S and Y, respectively. Finally, denoting by
Sii and Yy the block diagonal elements of S and Y, respectively,
the requirement that each block K; must be stabilizing for its i-th
subsystem (recall again Assumption ), translates in the fol-
lowing set of conditions

Sii Sy AL +Y.IBE

In conclusion, the computation of K and P° calls for the solution
of the set of LMI’s (2.77)),(2.78), (2.79) and (2.80)), which can be
easily found with suitable available software (e.g., YALMIP [92]).

2. Once K and P° are available the parameters Q7 and R must be
chosen  to  satisfy  (2.19). To this end, define
Q =P°— (A +BK)"P°(A + BK), choose an arbitrarily small
positive  constant k and two block diagonal matrices
Q = diag(Q9,...,Q%,) and R = diag(RS,...,R,), with
Q¢ = 0e€ R"* ™ and R? = 0 € R™>™i. Then proceed as follows:

o if ~
Q- (Q+K'RK)(1+k) =0 (2.35)
set Q°=Q and R° = R;
e otherwise set Q = nQ and R = nR, with 0 < n < 1, and
repeat the procedure until (2.35) is fulfilled. Once Q and R
satisfying (2.35)) have been found, set Q° = Q and R° = R.

Finally, extract from Q° and R° the submatrices Q)¢ and R{ of
appropriate dimensions.

A second possibility is discussed in [50], and requires that a set of
control gains K;, i = 1,..., M, verifying Assumption are given.
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Algorithm 2.2 Computation of the the weighting matrices -
Method 2

1.

Define F;; = Aj; + Bi;jK;, i,5 =1,...,M, and let v; denote the
number of dynamic neighbors of subsystem i plus 1. It is well
known that, if \/v;Fy is Schur, then for any Q; = Qf = 0 there
exists a matriz P = PT = 0 satisfying

viF BF; — P, = —Q; (2.36)

Define the matriz M@ € RM*M with entries uin
P = - An(@Q),i=1,...,M (2.37a)
18 = V| FEPFyilla, 1,5 = 1,..., M withi #j  (2.37b)

If M@ is Hurwitz, define the values of p;, i = 1,..., M as the
entries of the strictly positive vector p satisfying M%p < 0.

3. Set P? = p;P;.
4. Q7 =0, R = 0, and K; are chosen in such a way that
rank([Bi RST]) = m; (2.38)
(1+ m)(QF + (Ki)"RYR;) < Qs (2.39)
where
) M
Qi = piQi — ijVij:ngFji (2.40)
j=1
5. Set k = min(ky, ..., k).

2.4.3 Computation of the RPI sets and of the terminal sets

Two of the main issues in DPC are to verify, for all « = 1,.... M

Concerning i), remember that Z; is the RPI set for equation (2.8))
where the disturbance term w lies in the set W;, which depends on
sets Z;, j € N;. For this reason, the problem can not be tackled by
considering each subsystem separately. In this section we propose some
alternative solutions to i).
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Furthermore, to verify 4i) we simply set Xf =al;foralli=1,..., M,
for an arbitrary and sufficiently small o € (0,1). Finally, remark that
an algorithm for obtaining a polytopic invariant outer approximation
of the minimal RPI set has been presented in Chapter [1] [131}/132].

The first technique to compute the RPI sets Z; is based on an em-
pirical simplified distributed reachability analysis procedure, which has
obtained remarkable results in several applications. We will use rect-
angular sets (i.e., through the boz operation) to greatly simplify the
set-theoretical computations (e.g., the Minkowski sums), at the price of
slightly more conservative results. Anyway, the same procedure could
be performed without resorting to the box operation, provided that the
number of states of the submodels is small enough.

Algorithm 2.3 Computation of the RPI sets - Method 1

1. For allt1=1,..., M, arbitrarily choose hyperrectangles AE; and
AEY.

2. Initialize Zi = D ep,{boa(AyAE;) & box(ByAEY)} for all
i=1,... M.

8. Foralli=1,..., M, compute Z; = box(FZ;)D{ D ;cn, {bor(Ai;Z;)®
box(Bj; K;Zj)} } ® {D;cp, { bor( Ay AE;) & box( B AEY) }}.
4. If Z} C Z; for alli = 1,..., M then go to step 5: by definition,

the hyperrectangles Z,; actually correspond to the required RPI sets.
Otherwise set Z; = Z; and repeat step 3.

5. If Z; C X; and K;Z; C U; then stop. Otherwise set AE; = vAE;,
AU; = vAU;, with v € (0,1), and go to step 2.

A second possibility for computing the RPI sets Z; consists in solving
a linear programming (LP) problem. For all i = 1,..., M, we define
sets E;, E¥, AE; and AE} as hypercubes, centred on the origin, with
faces perpendicular to the cartesian axis and the scalars ¢; = ||E; ||,
e = [|[E¥||oo, Ae; = ||AE;]|o and Ae¥ = ||AEY||o corresponding to a
half of the edge of each hypercube. Define also z7° and u;° as the
infinity norms (i.e., a half of the edges) of the biggest cubes, centred
on the origin, inscribed inside of X; and U;, respectively.

If we define wi® =3\ {l|Aijlloces + [| Bijllc€}}, using the prop-
erties of norm operators it is possible to state that w® > [|W;||,
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where W; is the set containing the real disturbance affecting sub-
system ¢ and ||W;||. corresponds to a half of the edge of the small-
est hypercube centered on the origin having faces perpendicular to
the cartesian axis and containing W;. To compute the RPI set Z;
for (2.8)) (see [131, 132]) we use the hypercube W$° having infinity
norm wg®, i.e., Z; = 1~ 7V FLWe | where s and a; €10,1) must
fulfill F; W Q a; W, The latter is verified if || F;||2 < oy in view
of properties of the norm operator and of the hypercubes. In addi-
tion, remark that Z; is contained inside the hypercube having infinity
norm y;w®, where ; = 1/(1—a;) 327" || Fil|L.. These considerations
suggest the following procedure for computing 7Z;.

Algorithm 2.4 Computation of the RPI sets - Method 2

1. Foralli=1,..., M, arbitrarily choose parameters c.

2. Foralli=1,..., M, compute s; such that || F;
evaluate y; = (1 — ozl) ZS’_I | Fi| -

i < oy and than

155

3. Solve the following linear programming problem.

min p (2.41)
subject to
p>ywe Vi=1,...,M (2.42)
yiw +Ae; <e; Vi=1,...,M (2.43)
| Killooviw:® + Au; < e Vi=1,...,.M (2.44)
yiw <x Vi=1,...,M (2.45)
| Kil|oyiws® <ui® Vi=1,...,M (2.46)
where o, = (Aey, ey, Auy, e¥, ..., Aey, e, Aupg, e4y) € R con

tains only strictly positive elements. Aé; and Au; are arbitrary
positive parameters to be used in order to have sets AE; and AEY
bigger than a prescribed size.

4. Compute Z; = (1 — ;) ' @), FLWee.

In the proposed optimization problem, the objective function combined
together with constraints (2.42)) aims at minimizing the largest RPI set.
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Constraints (2.45)) and (2.46) guarantee the existence of sets X; and U;
for all the subsystems. Lastly, constraints ) and ( , if the LP
problem turns out to be feasible, allow one to ﬁnd the hypercubes E;,
AE;, Et and AEY such that E; D Z; & AE,; and E} O K,Z; & AEY.

Note that these first two methods, with trivial modifications, can
be also applied to systems where the subsystems are affected by an
exogenous disturbance dz] € D; C R™ and have a dynamics described
by equation [2.20]

Specifically, Algorithm has to be modified by initializing
Zi = D jcn {box(A;AE;) © box(B; AEY) } @ box(DD;) and computing

Z:— = bOX(.FmZZ) () {@{bOX(AZ]ZJ) ) bOX(BZJKJZ]>}}@
JEN;
{ED {box(A;;AE;) @ box(B;AEY)}}) @ box(D;)
JEN;

foralli=1,... M.

As  for  Algorithm [2.4] it is sufficient to define
w® =3 oy [ Aijllc€s + || Bijllo€f t + d5°, where df° = ||| is equal
to a half of the edge of the smallest hypercube with faces perpendicular
to the cartesian axis and containing the set D).

A last option is the following [50].

Algorithm 2.5 Computation of the RPI sets - Method 3

1. Assume that E; can be equivalently represented in one of the fol-
lowing two ways:

B = {e € R = S whore 5 < 1)
= {e e R"|flei < 1; for all 1}

(2.49)

where §; € R™:i | 2, € R"*™  f, € R™, andr =1,...,7; for all
t=1,..., M. The constants l; € R, appearing in both equivalent
definitions, can be regarded as scaling factors.

Define the shape of the polyhedra with a proper setting of matrices
E; and vectors fi,, i=1,..., M.

2. Assuming that Fy; is diagonalizable for all © = 1,..., M (which
15 always possible since K;s are design pammeters) define N;,
i = 1,...,M, such that F; = N;7'A;N;, where
A = diag(Niq, ..., Nin,), where X;; is the j- th eigenvalue of Fj;.
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Define also
T
i1
fi=1
T

i77:i
i =1,...,M. Then, compute the matric M € RM*M yhose
entries uf; are

ph=—1,i=1,....M (2.50a)
1
e —1 = =
pij = Wi oo (1NiAG = lloo + | NiBis K Zjlloc ) 17— max,
i j=1,.... M withi+ (2.50b)

3. If M¥ is Hurwitz, define the values of l;, i = 1,..., M, as the
entries of the strictly positive vector 1 satisfying MF1 < 0. For
its computation use the following procedure:

o [f the system is irreducible [47], 1 is the Frobenius eigenvector
of matriz MP.

o [f the system is reducible:

a) Since the system is reducible there exists a permutation
matriz H (where H' = H™') such that MP = HMPH?
is lower block triangular, with block elements M;;, whose
diagonal blocks M;; are irreducible. Let w; (strictly positive
element-wise) be the Frobenius eigenvector of My;, associ-
ated to the eigenvalue \; < 0.

b) Set oy = 1 and define recursively o, for i > 1, such that
a; | \vi| > |Z;;11 a;M;jvi| element-wise (v; is the number
of dynamic neighbors of subsystem i).

¢) Define w = [oqw?, ..., aywl T, and vy, = H'w. From

the definition of «;s, it follows that/\;lpw < 0, and so

MPvy =H'THM H"Hv ) = H ' MPw < 0.

4. Compute EY = KGE;, foralli=1,..., M.
5. Compute W; = ®jeM {A;E; @ ByEY}, foralli=1,..., M.

6. For alli = 1,..., M, compute Z; as the polytopic RPI outer 0-
approximation of the minimal RPI (mRPI) set for (2.8), as shown
in [1532].

Aijl’



“thesis_main” — 2014/1/26 I 15:56 — page 44 — #60

44 CHAPTER 2. DISTRIBUTED PREDICTIVE CONTROL

7. For alli=1,..., M, the sets AE;, can be taken as any polytope
satisfying AE; @ Z; C E;, and finally AEY = K,AE,.

If MF defined in is not Hurwitz, the previous algorithm can not
be applied.

We remark that the algorithms presented for computing the sets
only provide sufficient conditions, meaning that other criteria and al-
gorithms can be devised and adopted, which can be even more efficient,
especially when applied to specific case studies. In addition, the effec-
tiveness of the proposed methods strongly depends on some arbitrary
initial choices, i.e., in Algorithmmatrices =; (or equivalently vectors
fi), i=1,..., M, defining the shape of sets E; and in Algorithm
the shapes and dimension of the sets AE; and AEY, i =1,..., M. If
the selected method results to be inapplicable for a given choice, a
trial-and-error procedure is suggested, in order to find a suitable ini-
tial choice (which is nevertheless not guaranteed to exist) guaranteeing
the applicability of the selected method.

2.4.4 Generation of the reference trajectories (for systems
without coupling constraints)

The DPC algorithm assumes that an initial feasible solution or, more
specifically, an initial reference trajectory, exists. This problem can be
cast as a purely offline design problem.

On the other hand, disturbances of unexpected entity could occur
during the ordinary system operation, alterating the system’s condi-
tion (i.e., by producing constraint violation, e.g., xﬂl — :%Z]H“C ¢ 7Z;)
with possible serious consequences on the future solution (e.g., con-
cerning feasibility) of the control problems. Once this condition is
detected by a given system §;, it must be broadcast to all other sub-
systems through an event-based emergency iterative transmission, and
an extra-ordinary reset operation requires the recalculation of new suit-
able state and output reference trajectories for all subsystems.

The simplest solution consists (according with the approach sug-
gested in [44]) in generating these trajectories using a centralized con-
troller. This has the drawback that a centralized controller must be
designed together with the distributed ones, and that it must be kept
activated while the system is running in order to recover the proper
functioning of the process if unpredicted external disturbances affect
the plant. Obviously, the need of a centralized “hidden” supervisor
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greatly reduces the advantages of utilizing a distributed control scheme.

In this section, we present two different methods for the generation
of the trajectories, useful both for offline reference trajectory genera-
tion (i.e., performed at time k& = 0) and for extra-ordinary reset op-
erations, requiring number of iterative information exchanges among
neighbors. The first method (i.e., Algorithm [2.7) is applicable when
x € XF , while the second one (i.e., Algorithm can be used when
X ¢ XF. Therefore, at each time step k, we first need a procedure to
check whether x;, € XF, i.e., that IZ] eXFforalli=1,...,M.

To this purpose we define some useful notation: denote with
G = (V,A) the connected, undirected communication graph support-
ing the distributed control architecture for system (2.1)). V is the set of
M nodes, each corresponding to a subsystem, while A is the set of undi-
rected arcs connecting the nodes (given two nodes i, j € V, there exists
an undirected arc - of unitary length - 7 <+ j € A if and only if j € N
ori € Nj). We denote by P3, . the longest among all the shortest paths

max

linking all the possible pairs of nodes in V. P?  can be computed, for

instance, using the Floyd-Warshall algorithm [17,54,/124]. P2, .. rep-
resent the maximum number of hops required for sending information
from a node to all other vertices. The following procedure has to be

executed.

Algorithm 2.6 Algorithm for evaluating whether x; € XF

1. For all i=1,..., M, initialize u; =1 if JJZ] eXF or p; =0 if
x%lgéXZF Set v = 0.

2. Recewe pj from all j € N; and from all j i € Nj. Setv=v+ 1.

3. For all v = 1, cey M, set i = man(ZHJ)eAU{l}(u]) [f v < P?f?,
go to step 2. If v = P2 . go to step 4.

axr

4. Foralli=1,..., M, if uy; = 1, then controller i can conclude that
x; € X', Otherwise, it holds that x;, ¢ XF.

Note that, after P; . iterations, it holds that pu; = p; for all
t,7=1,..., M.

We now present the two distributed techniques for generating the
trajectories 97;{;] Ft N—1] and ﬁ&] ft N 1] that each subsystem has to trans-
mit to its neighbors. The first one, to be used when the whole state
x;, is inside XF', is based on the auxiliary control law, and guaran-

tees to find a solution. It requires N transmissions of information
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from each subsystem to its neighbors. The second one, instead, is an
optimization-based procedure which has been proved to be very effec-
tive when x;, ¢ X%, If a solution is found, the latter provides also the
minimum prediction horizon length N such that a reference trajectory
exists for all subsystems.

Algorithm 2.7 Computation of the reference trajectories
- Method 1 (x € XF')

1. Foralli=1,..., M, initialize 5{:5} = :1:%} and an] = Kiig}.

2. Receive ;EL and um from the neighbors (j € N;). If N =1 stop.
If N> 2, setv= O and then go to step 3.

3. For all 1=1,..., M, update the state reference trajectory as
:L)E;L_y_}_l Ayt Ez]ﬂ, + By, k+,, + D jen: {Aljxﬂy + Bmum } and set
iy — k.5l

k+v+1 — il k+v+1-

4. Recewve xﬂ 41 and a,[jlyﬂ from the neighbors (j € N;). If

v=N —1 stop. Else, setv=v+1 and go to step 3.

This first algorithm is very intuitive, because it exploits the properties
of the invariant terminal set X*. The N transmissions of information
allow a distributed state evolution equal to the one that would result
from applying the centralized auxiliary state feedback law to the entire
system.

Algorithm 2.8 Computation of the reference trajectories
- Method 2 (x ¢ XI')

1. Foralli=1,...,M, set v =0, arbitrarily define sets B, contain-
ing the origin (their role will be later specified), initialize :‘éEj = ZBLZ]

and receive :cm for all j € N; and for all j such that Bj; # 0.

2. Foralli=1,..., M, initialize a}jl_l solving the following quadratic
programming (QP) problem

s B5il3 20
min 507+ > RIS (2.51)
Uy j:Bji#0 17112
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subject to
A = A8+ Bl |+ > Ayl (2.52)
JEN;
Ag[ﬁ Al + Bal |+ Ayl (2.53)
all e, (2.54)
wi e X, (2.55)

3. For allizl,...,M
- if v =0 receive ﬁk | forall j € Ni;
-if v > 1 receive a;m , Jor all j € N;.

4. For all 1=1,..., M, for all g BZJ %0  compute
)\in]u = A“ E]Jrz/ + B“ul['ﬁ»u 1 + Zzej\f \{]}{Alzkarz/ + BlZ~E<:ZJ]rV 1

5. Foralli=1,...,M, for all j: Bj; # 0, recetve /\Eng]u
[i]

6. Foralli=1,..., M, compute u, ., , solving the following QP prob-

] k+v
em
win 54,2+ 30 WEilhan 2 s
k+v+1 HBH2 Lhtv+1 :
k+V j:Bj;#0 "
subject to
‘”Eﬁuﬂ A” k+l/ “ k+1/ + Z{AU k+1/ ZJ Ech]erl (257)
JEN;
‘%Egﬁu-i-l - Aﬂjgﬂku + Bﬂugﬂi—u )‘Egj-]u (258>
il e, (2.59)
iy, — i,y € B; (2.60)
Bt € Xio P ByB; (2.61)

JEN;

7. For alltv=1,..., M, receive ugﬂw for all j € N;.

8. For all 1 —1 , M, update the state reference trajectory as
'r/[kz]+u+1 Aw k+1/ + Bwuk+u + Zje/\/ {A'ngi]i»l/ + Bwul[ciy}
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9. If vppy1 € XE foralli=1,...,M, then N =v+1 and stop.
Else, set v =v + 1 and go to step 3.

The second algorithm aims at iteratively finding feasible inputs using
one-step predictions. Each controller minimizes a cost function includ-
ing lgoth the norm of the state variable of subsystem S; and the term
Eg,
subsystem &; on the state of subsystem S;, for all j such that Bj; # 0.
The importance of this factor becomes greater as the coupling strength
through inputs increases. The one-step prediction equation is
affected only by the errors on its neighbors’ current inputs but, at the
same time, such error is bounded using constraint (and the un-
certainty drops with the decrease of the size of the arbitrary set B;).
The fulfillment of constraints on future states is required to each sub-
system only with respect to its own states, see constraint , which
is coherent to the idea of having weak coupling terms among the sub-
systems, such that a robust approach for managing their interactions
can be used. Finally note that the check of the stopping criterion in
step 9) requires Algorithm to be applied; to reduce the iterations
required, one can check x;4,11 € X only after N iterations and, in
case, only periodically.

||?, limiting the possible negative effect of the inputs of

2.5 Simulation examples

In this section, we present some simulation examples concerning widely-
used and standard case studies in the context of distributed control.

2.5.1 Temperature control

We aim at regulating the temperatures Ty, Tz, T and T of the four
rooms of the building represented in Figure 2.1 The first apartment
is made by rooms A and B, while the second one by rooms C and
D. Each room is equipped with a radiator supplying heats ¢4, ¢35,
gc and gp. The heat transfer coefficient between rooms A - C' and
B - Dis ki =1 Wm™2K™!, the one between rooms A - B and C -
Dis ki = 25 Wm 2K, and the one between each room and the
external environment is k! = 0.5 Wm™2K~!. The nominal external
temperature is Tp = 0 °C and, for the sake of simplicity, solar radiation
is not considered. The volume of each room is V' = 48 m?, and the wall
surfaces between the rooms are all equal to s, = 12 m?, while those



“thesis_main” — 2014/1/26 — 15:56 — page 49 — #65

2.5. SIMULATION EXAMPLES 49

of the external walls are equal to s, = 24 m?. Air density and heat

capacity are p = 1.225 kgm ™ and ¢ = 1005 Jkg~! K1, respectively.

—————m>

> € — ===

T

Figure 2.1: Schematic representation of a building with two apartments.

Letting ¢ = pcV, the dynamic model is the following:

¢ﬂ = 5,k5(Tp — Ta) + Srkf(Tc —Ta) + seki(Te — Ta) + qa
%@ = 5,k3(Ta — Tp) + 5,.ki(Tp — T) + scki(Te — Tp) + qB
¢LC = s,k (Ta — Tc) + s,k (Tp — Tc) + skt (T — To) + qc
dzl;D Srkt (TB — TD) + ST (TO — TD) + SekZ(TE — TD) +ap
(2.62)
Letting ¢ ={A, B, C, D}, the considered equilibrium point is:
¢ = q = 20s.k! W, with T; = T = 20 °C in correspondence of T = 0 °C.
Let 6T; =T; — T, 0Ty = Tg — Tg, 0¢; = (¢; — q)/$. In this way, denot-
ing o1 =skl/p, o092=sk/p, o3==5.kl/p, o =01+ 09+ 03,
X = (5TA,5TB,(5T0,5TD), u = (5qA,5qB,5qc,5qD) and
d = [03 03 03 03] 6Tg the previous model is rewritten in the continuous-
time state space representation x(t) = Acx(t) + Bcu(t) + d(t), where

—0c o9 o7 0 1 0 0 O
o —o 0 o {00100
Ac = opr 0 —0 o9’ B = 0010
0 o1 o9 —0 0 0 01

The discrete-time system of the form (2.24) (with n =4 and m =4) is
obtained by mE-ZOH discretization with sampling time A = 10 s. The
partition of inputs and states is:

2l = 074 6Ts]", ul = [6qa dg5]"
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50
= (0T oTp]", u? = [5gc dan)"
The constraints on the inputs and the states of the linearized system
have been chosen as
=[5 —5]", 2l =[5 5"
T =[5 5] 2l =[5 5]
1", ull = [0.030 0.030]"

— [-0.038 —0.038]", wlll
2 =0.030 0.030]"

L,
ull = [-0.038 —0.038]", w2
The real external temperature has been assumed to randomly vary
between —10 °C and 10 °C. Matrices K; and P; representing a feasible
0 :

—0.0986
—0, 0986

solution to (2.77)),(2.78]), (2.79) and - are
—0.0005}

Ko = K= 0005
2.17 - 108 1
h = h= 1 2.17-106}

B The  weighting matrices wused in the simulations are
Q) = Q% = R} = R} = I,. Algorithm for computing the RPI sets
has been used, while the initial reference trajectories have been gener-

ated using Algorithm 2.8 The results of the simulations, performed
0.5 0.5

Lo _v 0 .",'I'/T

| -05 i

6-1'5 ;',,:/

S

25 ':.

-3 ":
sl

200 300 400 500 %0 q00 200 300 400 500
Time (s)

2% 100
Time (s)
Figure 2.2: Trajectories of the states (1 (lef) and z[?! (right) obtained with DPC
(black lines) and with ¢cMPC (gray lines) for the temperature control problem

Solid lines: 6T4 and §T¢; dashed lines: 67T and dTp
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Figure 2.3: Inputs ul!l (left) and ul? (right) obtained with DPC (black lines) and
with ¢cMPC (gray lines) for the temperature control problem. Solid lines: dg4 and
dqc; dashed lines: dgp and dqp.

using the continuous-time process model, are shown in Figure[2.2] while
the values of the input variables are depicted in Figure [2.3] To show
the capability of Algorithm to recover the reference trajectories, a
sudden decrease of temperature T4 is forced at ¢ = 350 s (it could repre-
sent, for instance, the opening of a door). In both figures a comparison
between DPC and centralized MPC (¢cMPC) is provided, showing only
a small performance degradation.

2.5.2 Four-tanks system

A benchmark case often used to assess the effectiveness of distributed
control algorithms is the four-tanks system schematically drawn in Fig-
ure [2.4] originally described in [74] and then utilized, for instance,
in [7,[108].

The goal is to regulate the levels hq, ho, hg and hy of the four tanks.
The manipulated inputs are the voltages of the two pumps v; and
vg. We assumed that a bounded unknown disturbance w = (wy, ws)
affects the applied voltages, i.e., that the real input to the plant is
u = (v; +wy, vy + wy). The parameters v; and v, € (0,1) represent
the fraction of the water that flows inside the lower tanks, and are kept
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¥ ]
‘ Tank 2
Tank 4

O
©

Pump 1 1

Figure 2.4: Schematic representation of a four-tanks system.

fixed during the simulations. The dynamics of the system is given by

Bi =~y + 42kt + 2
G = —5vaghy + 150y (2,69
s — 8. /2ghs + 2200y + 220, '
a —2)k
Go= —EV2h+ 2y

where A; and a; are the cross-section of Tank 7 and the cross section of
the outlet hole of Tank i, respectively. The coefficients k; and ks rep-
resent the conversion parameters from the voltage applied to the pump
to the flux of water. The values of the parameters, taken from |74, are:
Al =A,=28 cm? Ay=A3=32 cm? a; =as=0071 cm?
as = az = 0.057 cm?, k; =335 ecm®V~ls™! ky =333 cm®Vls!
v1 = 0.7, 72 = 0.6. The considered equilibrium point is ¥; = v, =3 V,
hy = 12.263 cm, hy = 1.409 cm, hg = 12.783 c¢m and hy = 1.634 cm.
Letting dhy=h —h;, (=1,2,34 and 6v;=v;,—7;, i=1,2,
x = (0hy, dhg, 6h3, 0hy), u = (dv1, dvy), d = B(wy, wy), linearizing sys-
tem ([2.63) around the considered equilibrium point and discretizing it
using mE-ZOH with sampling time h = 1 s, we obtain a linear system
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of the form (|2.24]), where

0984 0 0 0.044 0.083 0

A— 0 0967 0 0 B_ 0.031 0
0 0033 0989 0 |~ 0 0.062
0 0 0 0957 0 0.047

Inputs and states are partitioned as:

2V = [ohy ohy]", ul') = §u,

2@ = [shs ohy]", W = Suy

The constraints on the inputs and the states of the linearized system
have been chosen as:

min mazx min

o= [-12.263 —1.400]", 2l = [40 40]" + [}

o2 = [-12.783 —1.634]", 22 = [40 40]" + 2

min mazx min

N —— -3, ull =Pl =3

min min mazx max

The disturbances w; 2 on the applied voltages are assumed to randomly
vary between —0.01 V and 0.01 V. Matrices K; and P; satisfying the
LMI conditions are:

Ky =[-0.772 —0.181], K,=[-0.778 —0.250]
P, _ [48.3 —1}’ p, — | 1668 1.94

-1 59.3 | 194 70.7

The weighting matrices are QQf = )9 = I, and R} = R = 1. To com-
pute the RPI sets, the Algorithm has been used, and the initial ref-
erence trajectories have been designed using Algorithm[2.7,  The simu-
lation results, obtained using the continuous-time nonlinear model, are
reported in Figure [2.5] while in Figure the applied real voltages are
shown. In addition to the external disturbance (w;,ws), included in
the robust controller design, at time ¢ = 100 s an unpredicted impulse
equal to 2 V has been applied to the first pump. Then, the reference
trajectories have been re-generated online to recover the nominal op-
erating conditions with algorithm [2.71 The performances are close to
the ones obtained with centralized MPC.
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Figure 2.5: Trajectories of the states ! (lef) and x[?! (right) obtained with DPC
(black lines) and with cMPC (gray lines) for controlling the four-tanks system.
Solid lines: x1 and z3; dashed lines: x5 and 4.
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Figure 2.6: Inputs ul!! (lef) and u? (right) obtained with DPC (black lines) and
with cMPC (gray lines) for controlling the four-tanks system.
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2.5.3 Cascade coupled flotation tanks

Consider the level control problem of flotation tanks discussed in [158].
The system consists of five tanks connected in cascade with control
valves between the tanks (Figure . A flow of pulp ¢ enters into
the first tank. The goal is to keep the levels y;, i = 1,...,5, stable in
all the tanks. The manipulated inputs are the signals to the valves v;,
t=1,...,5. The mathematical model describing the dynamics of the

Figure 2.7: Schematic representation of the flotation tanks.

levels inside the five tanks is [158]:

TP = g =k =gt
T2 = ko — o by — kova/ys — Y3 + e
7Trzitg kovan/yo — Y3 + ho — k3vs\/ys — ya + hs (2.64)
7T7’2it4 k3vs\/ys — ya + hs — kava/ys — ys + ha

TP = kyusn/ys — s + ha — ksus/ys + s

where r is radius of the tanks, k;, ¢ =1,...,5 are the valves coeffi-
cients and h;, i = 1,...,5 are the physical height differences between
subsequent tanks. We set 7 = 1 m, k; = 0.1 m*®/Vs, i=1,...,5
and h; =05 m, :=1,...,5. The nominal value for the inlet flow
is ¢ = 0.1 m®s™! and we assume that it is affected by an uncer-
tainty w = £0.5% randomly varying with the time. We consider the
equilibrium point where ; =2 m, ¢ = 1,...,5, and, correspondingly,
U, =1.4142 m, i=1,...,4 and v5 =0.6325 V. Let dy; =y — ui,
i=1,...,5, dvy=v;—0v;, i=1,...,5, x=(dy1,0U2,0Ys3, Y4, 0Ys5),
u = (dvy, dvg, dvs3, 0vy, dvs) and d = Byw. The discrete-time linearized
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system corresponding to system (12.64)), with mE-ZOH discretization
and a sampling time h = 5 s, has the form (2.24)), where
B, =[1.4714 0 0 0 0]" and

0.853 0.147 0 0 0
0.136 0.727 0.136 0 0
A= 0 0136 0.727 0.136 0 |,
0 0 0136 0.727 0.136
0 0 0 0.157 0.969

—0.104 0 0 0 0
0.096 —0.096 0 0 0
B = 0 0.096 —0.096 0 0
0 0 0.096 —0.096 0
0 0 0 0.111 —0.248

The partitions of inputs and states, for i = 1,...,5 is:
2l = 0Yi, ull = o

The constraints on the inputs and the states of the linearized system,
for i =1,...,5, have been set as:

max min max

L

terms K; and P; solving the LMI conditions are:
Ky =0287, Ky=K3=K,=0.143, K;=0.776

P1 :118, P2:107, P3:105, P4:]., P5:1

The weighting matrices, fori =1,...,5, are Q7 = R? = 1. To compute
the RPI sets the Algorithm 2.4 has been used, while the initial reference
trajectories have been designed using Algorithm 2.8, In Figure we
show the simulation results, obtained using the continuous-time nonlin-
ear model, i.e., depicting the state and input of the first tank, directly
affected by the external flow ¢. Figure 2.9] and Figure [2.10| report, re-
spectively, the states and the inputs of the remaining four tanks. Also
in this case, only minor differences arise between the centralized and
the distributed solutions. At time ¢ = 300 s, a disturbance of magni-
tude w = 0.1 m?®s~! is applied to the plant, and the distributed control
system reacts generating from scratch the reference trajectories (i.e.,

with Algorithm .



“thesis_main” — 2014/1/26 — 15:56 — page 57 — #73

2.5. SIMULATION EXAMPLES 57

0.04
0 R e
s
20,02
w
-0.04
-0.06
% 200 400 600 800 -0.08 200 400 600 300
Time (s) Time (s)

Figure 2.8: Trajectories of the state z[! (left) and of the input ul! (right) obtained
with DPC (black lines) and with cMPC (gray lines) for the control of the floating
tanks.
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Figure 2.9: Trajectories of the states z[?! (solid lines), 2! (dashed lines), z[% (dash-
dot lines) and z/° (dotted lines) obtained with DPC (black lines) and with cMPC
(gray lines) for the control of the floating tanks.
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Figure 2.10: Inputs ul? (solid lines), ul* (dashed lines), u/*! (dash-dot lines) and
ul® (dotted lines) obtained with DPC (black lines) and with cMPC (gray lines) for
the control of the floating tanks.

2.5.4 Reactor-separator process

The DPC algorithm has been used for control of the reactor-separator
process already considered in [91}[159] and shown in Figure [2.11} The

F,, 0.01 F,

Figure 2.11: Schematic representation of the reactor-separator process.

plant consists of three subsystems, i.e. two reactors and a separator.
The reactant A is inserted in the two reactors, where it is converted
to product B, with a side product C'; a significant recirculation from
the separator to the first reactor makes the system heavily coupled .
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The model, whose equations can be found in [91], is derived under the
assumption of hydraulic equilibrium, so that each subsystem has three
states: zll = (ai, ©pi, T;) where x4; and xp; are the mass fractions
of A and B in the vessel 7, while T; is its temperature; each subsystem
has the heat input @); as control variable. Referring again to the model
reported in |91], the plant parameters used in the experiments reported
below are summarized in Table 1.

Table 1: Parameters used in the reactor-separator process.

Parameter Description Nominal value
Fio effluent flow rate vessel 1 8.3 kgs~!
Foo effluent flow rate vessel 2 0.5 kgs™!
Fr recycle flow rate 40 kgs~1
| volume vessel 1 89.4 m3
Vs volume vessel 2 90 m3
Vs volume vessel 3 13.27 m3
k1 pre-exp. value for react. 1 0.336 s~ !
ko pre-exp. value for react. 2 0.089 s~ 1
Ei/R norm. act. energy for react. 1 -100 K
Ey/R norm. act. energy for react. 2 -150 K
T A10 mass fract. of A in ext. streams 1
TB10 mass fract. of B in ext. streams 0
T10,20 feed stream temperatures 313 K
AH; heat of reaction for reaction 1 -40 kJ kgt
AH, heat of reaction for reaction 2 -50 kJ kg!

Cp heat capacity 2.5 kJkg™!

P solution density 0.15 kgm™3

a4 relative volatility of A 3.5

ap relative volatility of B 1.1

ac relative volatility of C 0.5

Correspondingly, with Q1’273 = 10 kJ s, the equilibrium Z 4; = 0.6,
T =0.352, Ty =327 K, ZTao=0.536, Tp, =04, Th=23284 K,
Tas = 0.285, Tps = 0.565, T3 = 328.5 K has been computed and the
linearized model around this steady state has been derived and dis-
cretized with sampling time A = 0.1 s (see Figure . For the design
of DPC, first the gains K;, ¢ = 1,2, 3 have been designed for the pairs
(A, Bi;) according to the LQ criterion with Q; = I3 and R; = 1076
for all ¢, which allows to verify Assumption 2.1} The weighting matri-
ces and the sets have been chosen in order to satisfy Assumptions [2.2]
and 2.3l We set N = 10.

The capability of regulating the state trajectories of the linearized
system to the origin has been tested in simulation, in face of a pertur-
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bation of magnitude Azl = (Az4;, Axp;, AT;) where Az q; = —0.05,
Axpg; = —0.05 and AT; = —5 for all ¢ with respect to the equilibrium
condition at time ¢t = 0 s. Note that the constraints on the absolute
input variables @; € [0,50] for all i, see [159], result in the following
constraints on the deviation of @; with respect to Q;: AQ; € [—10,40].

-0.05

40

30

20

0 5 10 0 5 10

Time (s) Time (s)

Figure 2.12: State and input variables with DPC (black lines) and with cMPC (grey
lines) for all subsystems (¢ = 1: solid lines; ¢ = 2, dotted lines, 4 = 3: dashed lines).

The dynamics of Ax 4;, Axp;, AT; and the inputs AQ); with respect
to the equilibrium conditions are shown in Figure [2.12 and compared
with the ones obtained applying a centralized MPC controller (cMPC).
Note that AQ); saturate at values which are not on the boundary of
the feasibility set, since the robustness arguments used to define DPC
make the constraints more conservative than the ones used in cMPC.
This slightly degrades the performance of DPC with respect to cMPC
in the regulation of T;.

2.6 Conclusions

In this Chapter, starting from the theoretical results presented in [50],
the DPC algorithm has been presented in a shape useful for practical
implementation. All the offline design phase has been carefully studied,
in order to propose algorithms as simple as possible. Some techniques
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for facing faults due to unpredicted external disturbances have been
described as well. Several simulation results based on processes taken
from the literature have been presented, showing the effectiveness of
the approach, which leads to performances close to the ones obtained
using a centralized solution. In the next chapters, we will extend the
proposed approach to continuous-time systems and to the tracking
problem.

2.7 Appendix

2.7.1 Proof of Theorem [2.1]

For the sake of completeness, we report the proof of Theorem [50].

The collective problem

Define  the  collective  vectors — Xj = (fvg], e ikM}),
e = @M. @M w, = @ dM), a = @Y alMh,
Wy = (w,[cl],...,w,&M]), zZ, = (z,[cl},...,zlﬁM]), and the matrices

A* = diag(AH, R ,AMM), B* = diag(Bu, e B]\/[]w)7 A=A— A*,
B = B — B*. Collectively, we write equations (2.3) and (2.6]) as

Xg4+1 = A*Xk + B*uk + Af(k + Bflk + Wi (265)
Xpp1 = A*Xy, + By, + A%y, + Bay, (2.66)

In view of (2.7), ux = 0y + K(x, — Xx), from (2.8)),
Minimizing (2.9) for all : = 1,..., M is equivalent to minimize

VN*(Xk) = min VN()A(;C, ﬁ[k:k—i—N—l]) (268)

Xk, Uikt N—1)
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subject to the dynamic constraints (2.66]) and
M
xi—%: €Z=]]2% (2.69a)
Y
Xy — X €E =[] B (2.69D)
M
Uy — Wy, € U= [ U (2.69¢)
R € X (2.69d)
Uy, €U (2.69¢)
H(}A(k—i-w ﬁk—i—uaik—&—m ﬁk—‘ru) S 0 (269f)
forv=0,..., N — 1, and the terminal constraint
Xpn € XF (2.70)
In (2.69)), H collects all the constraints (2.15)) and, by ¢) in Assump-
tion [2.2] H(x, Kx, %, KX) < 0 for all X € X¥. The collective cost func- —
tion V* is defined as
N-1
VY (X, Qperrn—1)) = 1(Xpt, Qptw) + VF (Rigw)
v=0
We also define
VN’O()A(k) = min VN()A(]C, ﬁ[k:kJrN,l}) (271)
Ulk:k+N—1]
subject to (2.66)), (2.69b)-(2.70)).
Feasibility
From Definition [2.1] it collectively holds that
{x: if xp = x then 3IX[0. N~ 1], Ujo:N 1], X0/0, Ujo,N 1]
such that (2.66), (2.69) and (2.70) are satisfied }
and that, for each point of the feasibility set x € XV,
X, = {(Xj0:n=1]5 Qjo:n—1] ) : 1f Xg = X then Ix0, jo,N—1]
such that (2.66), (2.69) and are satisfied }
e
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At time k, x;, € XV and (Xprsn_1) Qperin—1) € Xy, The opti-
mal nominal input and state sequences obtained by minimizing the
collective MPC problem are Oppin—1)/5 = {Ok/ks - - > Qpgpn—1/x} and
X[k BNk = {Xkk,-- - Xppnyk), respectively.  Finally, recall that
XptN = Xk+N/k and uy v = KXp vk

Define Gy n/i = KXp1n/x and compute Xy y41/ according to
from X4 v/ Where Gy = Upyn/i. We obtain

XpenN+1/k = A'Xpon/e + B Oy + A%y + By

since Xgin = Xgpin/k and Ugyy = uk+N/k In view of constraint -

and Assumption U Nk € U and Xp4N+1/k € XF. Therefore,
they satisfy (2. 69d (2.69¢]) and - Also, according to Assump—
tion , (2.19) holds. We also define the input sequence Wi 1.4-n)/k
and the state sequence X[g41.x+n+1]/% stemming from the initial condi-
tion X1/ and the input sequence U414 8/ In view of the feasibil-
ity of the :-DPC problem at time k, we have that x,1 — Xp41/k € Z,

Xitv/k — Xk € E, and Opypyp — Upyy € U for all v = 1,....,N —1.
Note also that X, n/k — Xpqyn = 0 € E and Gpyn/p — Uppny = 0 € U
by . Furthermore, since Xj4ny = Xppn/k € XF, from (2.70) it
holds that H(Xpin/k, Uktn/k, XetnN, Uepn) < 0 from 4) of Assump-
tion 2.2 Therefore Xju1 1.4+ n+1)/% and U4 1.4n)/% are feasible at k+1,
since (2.69)) and are satisfied. This proves that x; € X» and
(X[kiktN-1], Ukt N—1]) € Xxk implies that x,.,; € XV and
(Xt 164N Uit 1:k48]) € Xigysy -

Convergence of the optimal cost function

By optimality, v (Xk+1/k) < VN(PACkH/k, u[k+1:k+N}/k)a where

VN (Xjet1/k, Q164N /) Zl (Rito ks W) + V5 (R vs1/)

Therefore we compute that

V(R 0) =V (Riok) < —1Xyms Qi) + 1Kios vy Qi)+
+ V (XkJrNJrl/k) — VF (XkJrN/k) (272)
and, in view of (2.19)), it follows that

V0 Gn) =V ) < —(I%iellQe + Mwllze) — (2.73)
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Since Q? and R are positive definite matrices X/, — 0 and uy/, — 0
as k — oo.
Finally, recall that the state x; evolves according to

By asymptotic convergence to zero of the nominal state and input
signals X, /1, and 0y respectively, we obtain that B (ﬁk/k — Kf{k/k) is
an asymptotically vanishing term. Since also (A + BK) is Schur by
Assumption 2.1 we obtain that x; — 0 as k — +o0.

2.7.2 Proof of Algorithm

In this Section, the approach based on Linear Matrix Inequalities [18],
for computing the state-feedback gain and the weighting matrices is
described in detail.

First recall that the closed-loop system composed by and by
the state feedback u, = Kx;, control law is stable if and only if there
exist a matrix P° € R"*" such that

)
{ (A + BK)"P°(A + BK) - P° < 0 (2.74)

Now define the positive definite matrix S, such that P° =S~! and
rewrite conditions (2.74)) as

S>0
{ (AT + K"B")S (A + BK) - S~! <0 (2.75)

Pre- and post-multiplying (2.75) by S, and defining matrix Y € R"™*"

such that K = YS!, 12.75: can be written as

S>0
{ (SAT + YTBT)S-1(AS + BY) — § < 0 (2.76)

By using the Schur complement transformation [173|, this expression
can be transformed in the following LMIs
{ S SAT + YTB”

AS + BY S =0 (2.77)

whose solution S and Y allows to compute K = YS™! and P° = S~ 1.
Moreover, since P? is required to have a block diagonal structure, the
additional constraints have to be included into the LMI problem:

Si;=0 Vi,j=1,...,M (i#j) (2.78)
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where S;; € R"*™ are the blocks of S outside the diagonal, and
S;i € R™*™ are the diagonal blocks.

Analogously, in order to have also K block diagonal, Y must be
block diagonal as well:

Y, =0 Vi,j=1,....M (i #j) (2.79)

where Y;; € R™>" are the blocks of Y outside the diagonal.

Finally, each block K; must be stabilizing for its i-th subsystem (re-
call again Assumption , which translates in the following condition
for each subsystem:

S Sy AL + Y BT
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Continuous-time DPC

With some notable exceptions, see e.g. |32,/44}90,/146|, the majority
of the distributed control algorithms proposed so far have been de-
veloped for discrete-time systems, possibly obtained from an underly-
ing continuous-time model, see also the Distributed Predictive Control
(DPC) technique presented in Chapter 2] The discrete-time frame-
work is particularly suitable for the design of distributed MPC, since
it also allows to easily develop methods based on distributed optimiza-
tion approaches, see e.g. |7,27,28,42,(76,[134], or on agent negotiation,
see e.g. [97,98]. On the other hand, it does not allow to consider the
process inter-sampling behavior in the optimization problem underly-
ing any MPC algorithm; for this reason, the development of new and
effective MPC methods for continuous-time systems is of interest.

In this Chapter, the DPC algorithm is formulated in a continuous-
time framework. Also the continuous-time DPC is based on a non-
iterative scheme where the future state and control reference trajec-
tories are transmitted among neighboring systems, i.e. systems with
direct couplings through their state or control variables, and the dif-
ferences between these trajectories and the true ones are interpreted
as disturbances to be rejected by a proper robust control method. The
continuous-time approach is characterized by a higher complexity, but
it has the positive side of considering in the optimization problem the
system behavior at all time instants.

67
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3.1 Partitioned continuous-time systems

Consider a process made by M interacting systems described by the
continuous-time linear model

x(t) = Ax(t) + Bu(t) (3.1)

where x(t) € X C R" and u(t) € U C R™ are the state and input vec-
tors, respectively, both subject to constraints.

Letting x(t) = (zl(¢),..., 2™(¢)) and u(t) = (ul(2), ..., uM(t)),
the dynamics of each subsystem is given by

(1) = Aua(t) + Bl () + Y {Ayal(6) + Byub (1)} (3:2)

JFuLIEM

where zl1(¢) € X; C R™ and ull(t) € U; C R™ are the state and input
vectors, respectively, of the i-th system (i =1,..., M), and it holds
that n = M, n; and m = M, m,. The sets X; and U; defining the
constraints are convex neighborhoods of the origin and we have that
X =Y, X; and U = [[, U;, which are convex due to the convexity
of X; and U;. The subsystems’ matrices A;; and B;;, ¢,7 =1,..., M
are the block entries of the matrices A and B describing the dynamics
of the large-scale system . In the following, subsystem j will be
defined as a neighbor of subsystem ¢ if and only if A;; # 0 and/or
B;; # 0, and N; will denote the set of neighbors of subsystem 7 (which
excludes 7).

Concerning systems , the following stabilizability assumption
is introduced.

Assumption 3.1 There exist matrices K; € Rm>™ 4 =1,...,M,
such that Fy; = (A + By K;) are Hurwitz. O

We define K =diag(Ky, ..., Ky).
As for the collective system (3.1)), the following assumption on de-
centralized stabilizability is made.

Assumption 3.2 There exists a block-diagonal matriz K¢, defined as
K¢ =diag(KY,...,K,) with Kf € R™>™ i=1,..., M, such that:

i) A + BK°¢ is Hurwitz.
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Note that Assumption implies Assumption which can be triv-
ially satisfied by setting K; = K¢. However, since K; and K¢ play
different roles in the design algorithm to be presented, it can be useful
to allow them to be different for performance enhancement.

3.2 DPC for continuous-time systems

The continuous-time distributed control law described in the follow-
ing is composed by two terms, the first one is a standard state feed-
back, while the second one is computed by an MPC-based distributed
control algorithm running with sampling period 7" and at sampling
times ty = kT, k € N. For simplicity of notation, given the sampling
instant t;, the time instant ¢, + AT will be denoted by tj.p.

3.2.1 Models: perturbed, nominal and auxiliary

In order to set up the proposed distributed control method, it will
be assumed that at any time instant t, each subsystem ¢ transmits
to its neighbors its continuous-time future state and input reference
trajectories #0(¢) and @l(t), t € [ty,tprn_1). Moreover, by adding
suitable constraints to the MPC formulation, each subsystem will be
able to guarantee that its state and control trajectories lie in specified
time-invariant neighborhoods of the reference trajectories, i.e, for all
t € [titron_), 2(t) € 7l(t) @ & and ull(t) € all(t) @ U;, where
0 € & and 0 € U;. It is possible to rewrite as the perturbed

model

#0(t) = A (1) 4 Bl (1) 4 3 (Aa0)(0)+ Byl (1)) +uli (1) (3.3)
JEN;
where the term Y.\ (Ai;@0)(t) + By;abl(t)) can be interpreted as a
disturbance, known in advance over the future prediction horizon of
length (N — 1)T (i.e., for all t € [tg, tx+n—1)), to be suitably compen-
sated. On the other hand,

wl(t) =3 (Ay(a(8) — 30(8)) + By (ubl(t) — @b (1)) € W, (3.4)
JEN;

is a bounded unknown disturbance (i.e., W; = @,y {Ai;& ® BiUi})
to be rejected.

For the statement of the individual MPC sub-problems, hereafter
denoted i-DPC problem, we rely on a continuous-time version, see [51],
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of the robust MPC algorithm presented in [107] for constrained discrete-
time linear systems with bounded disturbances. As a preliminary step,
define the i-th subsystem nominal model obtained from equation ((3.3))
by neglecting the disturbance w(t):

i (t) = Ayl (t) + Biﬂl[l] )+ Z (A; 5’7[]] )+ B; um< t)) (3.5)

JEN;
The control law for the i-th perturbed subsystem (3.3) is given by
ull(t) = a(t) + Ki () — 2(1)) (3.6)

where K is the feedback gain satisfying Assumption [3.2] Letting

(1) = 2l (¢) — 21(t), from equations (3.3]) and (3.6]), one obtains
A1) = Fizl(t) + wl(t) (3.7)

where wll(t) € W;. Since W; is bounded and Fj; is Hurwitz, it is
possible to define the robust positively invariant (RPI) set Z; for (3.7))
(see, for example, |160] and [133]) such that, for all zll(¢,) € Z;, then
Zll(t) € Z; for all t > t;.. Here, we assume that the sets Z; are such that
there exist non-empty sets Xz CX,;, 6 Z;, and @Z CU;, e K{Z;. Given
Z;, define the neighborhoods of the origin £; and U;, 7 = 1,..., M such
that E; & Z; C & and U; & K{Z; C U, respectively.

Assume also that it is possible to guarantee that, for suitably defined
sets & and U; and for t € [ty n_1,tren), 20(t) € & and all(t) € U;.
Then, with reference to the time interval ¢ € [ty n_1, trn], it is worth
defining an auxiliary “decentralized" model, obtained from equation
by neglecting the known disturbance term:

2l(t) = Auzl(t) + Byall(t) (3.8)
Similarly to (3.6]), the term al!(#) is set as follows
atl(t) = al(t) + Ki(@" () — 2(1)) (3.9)

where K; is the feedback gain satisfying Assumption E Letting
sll(t) = 20(t) — zl(¢), from (3.5 . ) and (| one has

slil(t) = Fystl(t) + wl? (t) (3.10)
where @'l(t) = 3 {AyaP(t) + Byal(t)} € W, and
W, = @jGM{AiJ’gJ @ B;;U;}. Since W; is bounded and F}; is Hurwitz,
it is possible to define a further robust positively invariant (RPI) set S;
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for . The sets & and U; must satisfy &®S; C Xi, UdK,;S; C I[j,-,

Although not strictly necessary for the derivation of the properties
of the proposed DPC method, for simplicity in the following it will
be assumed that the feed-forward term al(t) is a piecewise constant
signal, i.e., ﬂ[l] (t) = l_b[z] (tk+N71> for all t € [tk+N*17tk+N)'

3.2.2 Statement of the i-DPC problems

A‘p any time instant 5, given the future reference trajectories zV! (1),
ﬁ[J](t), t € [ty train—1), 7 € N;U{i}, for system i = 1,... M we define
the following -DPC problem

min VN (3.11)

. . ) . 1
&0 (tg),ald ([t tot n—1)),2 8 gy n—1),8 (bpv—1)

subject to (3.5)), (3.8), to

2t — &t e z, (3.12)
2(t) — zl(t) € B (3.13)
all(t) — all(r) e U; (3.14)
() e X, (3.15)
afl(t) e U; (3.16)
for all ¢t € [tk,tk+]\/,1), to
2 (ten—1) — T (tpen_1) € S; (3.17)
zl(t) € & (3.18)
a(t) e U (3.19)
for all t € [tyrn—1,tk+n), and to the terminal constraint

where XI' is a terminal set related to the i-th nominal subsystem (3.8)),
specified in the following section.
The cost function VV is

R A NOYPANIE: NOYPNIE: Lo 2
Vit =5 t (125N, + 12" O, )dt + S -1 I3+
k
L[5 2 o el g2 L 2
+Alg Iz @G, + @ Ol7,)dt + 512 Eeen) 7,
therN—1

(3.21)
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where A is a positive constant and the symmetric, positive definite
matrices Q;, Q;, R;, R;, P;, and P, are design parameters and are
chosen as specified later.

Denoting by

Xi(te) = (@(t), @ ([t trrv—)), 2 (trv—a), @t va)

the arguments of the cost function V;, the optimal solution to the

i-DPC problem at time %, is the 4-uple
Xi(tultn) = @ (t5ltn), @ ([th, tren—1)[tr), 2D (Erpn—1tn), @ (trg -1 [ts)

The signal 2(t|ty), t € [th,tren_1] (respectively zl(t]t;),
t € [tirn—1,trrn]) is the solution to (3.5 (respectively to (3.8))) ob-
tained with 2(#;|t;) as initial conditionand @([ty, txsn—1)|tr) as in-
put sequence (respectively with Z!(¢,, xy_1|tx) as initial condition and
U(tkyn—1lty) as constant input). According to (3.6), the control law
for the system , for t € [tg,try1), is given by

ull(t) = al (tfty) + K5 (2(t) — 29 (t]ta)) (3.22)

Finally, the reference trajectories /() and @ll(¢) are incrementally
defined as follows. Specifically, for ¢ € [txin_1,tx1n), We set

S|

#li(t) =
all(t) =

W (t|tr,) (3.23a)
W (tt5,) (3.23b)

2l

Then, these pieces of trajectories are transmitted to the subsystems
J such that ¢ € N, ie., which need their knowledge to compute
the future predictions #V!(t). Remark that, by solely transmitting
ii'[z] (tk+N—1’tk) and ﬂ[l] (tk—i-N—l‘tk); the whole .Cf[z] (t’tk), t e [tk+N—l> tk+N)7
can be exactly reconstructed by subsystem j provided that 7 knows the
dynamical model governing the subsystem 1.

3.2.3 Properties of DPC

In order to establish the main stability and convergence properties of
the proposed distributed control law, the following definition and as-
sumption must be introduced. The set of admissible initial conditions
x(to) = (zM(ty),...,2™M)(ty)) and initial reference trajectories #U(¢),
abl(t), forall j =1...,M and t € [to,ty_1), are defined as follows.
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Definition 3.1 Letting x = (2", ... 2™M)  denote by

XN = {x: ifall(ty) =2l foralli=1,..., M then 3
(@U@, ..., 2M@)), (@), ..., al™(t))
for allt € [to,tn-1), Xi(to|to) such that , ,
and - are satisfied for alli=1,..., M}

the feasibility region for all the i-DPC problems. Moreover, for each
x € XV, let

Xyei= @), ..., #M()), @V(t),...,alM()) for all t € [to, ty-1) :
if 2ll(to) = ol for alli =1,..., M then 3X;(tolto) such that
(13.5), (3-8), (3.12)- (3.20)) are satisfied for alli =1,..., M}

be the region of feasible initial reference trajectories.

Assumption 3.3 Given the sets &, U;, and the RPI sets Z; for equa-
tion (3.7)), there exists a real positive constant pg > 0 such that Z; ®

ng)(O) C& and K¢Z; & ngi)(O) CU; foralli=1,...,M. O

Then, it is possible to state the following result (see the Appendix
for the proof).

Theorem 3.1 Let Assumptions and be satisfied; then,
there exist computable design parameters /\,~Qi,Qi,Ri,Ri,PZ~,E such
that, for any initial reference trajectories in Xy, the trajectory x(t),
starting from any initial condition x(ty) € XV, asymptotically con-
verges to the origin. [ |

A detailed discussion on how to select the design parameters and the
sets of interest is reported in the following section.

Remark 3.1 In the optimization problem it has been assumed
that 0% ([ty, teen—1)) is a generic function of time. However, for com-
putational reasons, it is usually more convenient to resort to param-
eterized functions and to optimize with respect to the corresponding
parameters.

3.3 Tuning of the design parameters

In this section we show how to compute design parameters which guar-
antee that Theorem [3.1] holds.
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3.3.1 Choice of the control gains K¢, K,

The control laws , re 1re the knowledge of the gains K
and K; satisfying Assumptions 1| and [3.2) . While the terms K; can
be computed with any standard synthesis method provided that the
pair (A;;, B;) is stabilizable, the computation of K¢ =diag(KY, ..., K§,)
is more difficult, since both a collective and a number of local stabil-
ity conditions must be fulfilled. For instance, this problem can be
easily tackled in a centralized fashion by defining two block diagonal
matrices S =diag(Sy,...,Su), S; € R"" and Y =diag(Yi,...,Yu),
Y; € R™™ and by solving the following set of LMI’s, see [172]

S>0
Si=0,i=1,... M
SAT + AS+Y'BT +BY <0

(3.24)

Then, K¢ = YS! is the required stabilizing block diagonal matrix.

3.3.2 Choice of Q;, R;, P, XF

In order to define matrices @Q;, R;, P, and the invariant set XI
we must preliminarily define the aux1hary control law for the sys-
tem (3.8)), which must be consistent with the simplifying assumption
that u'(t) is piecewise constant. Assuming that the terminal con-
straint

7 (tyy ) € XF is verified, we define the auxiliary control law, to be

applied to system (3.8)) for all ¢ € [txin, tprni1), as
all () = (b n) = KO () <3.25>
where the gain K¢ must stabilize the continuous- time system ([3.8). De-

noting, for all n € [0, T], A%"(n) = e4i" and B (n f” Aii(n—v B dv
and given 70 (¢, y), for all t € [ty n, thsni1] OnE has

() = Fph(t —tyyn) 2 (tsw)
W (teinin) = Fial(tin)

where Fz°h(n) = Az"(n) + Bh(n)K® and F¢ = Fz°"(T). Therefore,
the gains K¢ can be computed with any standard stabilization method
to guarantee that F? is Schur. This procedure allows also one to re-
sort to the results reported in [101], Lemma 1, which turn out to be
useful in the following developments. Specifically, given the symmetric

(3.26)
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weighting matrices Q; > 0 and R; > 0 appearing in (3.21)) and which
can be chosen as free design parameters, define two constants ~;; > 0,
~i2 > 0 in such a way that

Y1 > A (Qi) (3.27a)
Yia > T K& P A0 (Ry) (3.27b)

Furthermore, define a matrix @ in such a way that A, (Q;) > vi1. Let
the symmetric matrix P; be the unique positive definite solution of the
following Lyapunov equation

(F)"PFi—P+Qi=0 (3.28)
where Q; = fo (Fzh ()T Q* F2°"(n)dy + ~izI. Then, for each pair of

sets &, U;, it is proven in [101] that there exist a sampling period
T € ]0,+00) and a constant ¢; > 0 such that the set
XF(Kd, 1) = {71 ||x[Z , < i} (3.29)

satisfies, for all z(ty, ) € XF and for all t € [tpyn,treng1), the
conditions

( ) € g@, KdI (tk-i-N) € Z;[l (330&)
177 (ten )13, = 1127t [, <
et N1 ) ) ) )
[ e Py~ el )
tk+ N
(3.30b)
Letting

K@) =5 [ 1l + a0l (331a)

VE @) = S0

[

(3.31b)

from the definition of 7;1 > 0, v;2 > 0 and V¥, and recalling (3
3.31D)) implies that z (¢, N+1) € XI" and

V(@ (thenn) = Vi (2% (b)) <
AP 2 £ at
=5 [ A i, + 1)

%)dy <
th4+N

— (@t n), @ (L) (3.32)
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Therefore, since properties (3.30a))- (3.32]) are required to establish the
main properties of the method (see the proof of Theorem |3.1)), for any

pair Q;, R; it is required to choose the weights P; in (3.21]) according
to (3.28) and the terminal set X! in (3.20)) according to (3.29).

3.3.3 Choice of Q;, Ri, B, \

The symmetric, positive definite matrices Qi, R; can be freely chosen
according to specific design criteria, while, in order to guarantee the
stability properties of Theorem [B.1] given an arbitrary constant a > 1,
the matrix P; must be computed to satisfy the following Lyapunov
equation:

ST PN T) — P+ Q) + oI, =0 (3.33)

where

T
Qli = / ()T Qu08 () + B ()" R,BL ()l
0

and, for all n = [0,T7, ol (n) = e and ol (n) = K3l (n). For the
tuning of scalar A, there exists a positive number A > 0 such that,
if A > ), then the convergence of the scheme is guaranteed. For a
numerical assessment of ), see the discussion in Section

3.4 Simulation example

Consider the problem of regulating the levels y;, 2 = 1,...,5 of the five
flotation tanks system discussed in [158], see also Chapter [2, where
a flow of pulp ¢ enters into the first one. The tanks are connected in
cascade with control valves between subsequent reservoirs (Figure ,
and the manipulated inputs are the signals to the valves v;, 1 = 1,...,5.
We refer the reader to Chapter 2] for details about the dynamic model
of the system, its parameters, the considered equilibrium point and the
constraints on inputs and states. For the sake of simplicity, in this case
external disturbances are not considered.

Let 5yz=y@—ﬂ1, izl,...,5, 51)@':1)1‘—'1_11', ’izl,...,5,
x = (0y1, 0y2, 0y3, 0ys, 0ys) and u = (dvq, dvg, dvs, duy, dvs).

The partitions of inputs and states, for i =1,...,5 is zl1 = dy;,
ulll = Su;,.
~ The weighting matrices, for i =1,...,5, are Q;, = R, = 1 and
Qi =R; = 1.



“thesis_main” — 2014/1/26 I 15:56 — page 77 — #93

3.5. CONCLUSIONS 7

Figure 3.1: Schematic representation of the cascade coupled flotation tanks.

Note that, since the subsystems have all one state, the RPI sets
can be computed easily. In fact, for a scalar system having dynamics
(t) = Ae(t) +w(t) with w € W = {w € R|—b < w < b}, we have that
the RPI set Z is defined as Z = {x e R | b/A < x < —b/A} [133]. In
this way, the computation of the RPI sets Z; can be solved via a linear
programming problem. The terms of the cost function, moreover, can
be computed easily solving standard integrals. For subsystems with
more than one state, symbolic calculus tools should be used.

In Figure the states trajectories, obtained using the continuous-
time nonlinear model in simulation are depicted. Figure shows the
applied inputs. In both cases, a comparison with a standard centralized
discrete-time MPC algorithm is provided.

3.5 Conclusions

In this Chapter we have presented a non-cooperative distributed pre-
dictive control algorithm for continuous-time systems based on robust
MPC, whose convergence properties have been proved. A realistic case
study has been used for testing the performance of the algorithm. Af-
ter the in-depth study of the regulation problem presented in first two
chapters, in the next ones we will present some solutions to the tracking
problem.
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Figure 3.2: Trajectories of the state z!* (solid lines), z[? (dashed lines), on the
left, and z®! (solid lines), z!* (dashed lines), % (dash-dot lines), on the right,
obtained with DPC (black lines) and with cMPC (gray lines) for the control of the

floating tanks.
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Figure 3.3: Inputs ul'l (solid lines), u®? (dashed lines), on the left, and u[*! (solid
lines), ul*! (dashed lines), ul®! (dash-dot lines), on the right, used with DPC (black
lines) and with cMPC (gray lines) for the control of the floating tanks.
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3.6 Appendix

3.6.1 Recursive feasibility

First we prove that, given for all ¢ = 1,..., M, an optimal feasible
solution X;(tg|tx) to (3.11)) at time ty, the 4-uple

Xi(thraltn) = (@ (Ergaltr), (@ ([thr, trpn ) [te), @l (¢ft)+

+ K (@0 () =2 (t[t)), t € [tren—1,tiin), 20t [tn), K22ty n [tr)
(3.34)

is a feasible solution to (3.11) at time ¢;,.;. Recall that, according
to , after the solution to is computed at time t;, each
subsystem j transmits U [ty n—1, tern)) = 29 ([tern—1, teen)|te) and
A ([then—1, then)) = @ ([t n_1, tren ) |te) to all the subsystems 7 sat-
isfying j € N;.

Importantly, in , for t € [t n_1,trin), the trajectory 21 (¢|t;)
is computed, by subsystem i, according to system (3.5), with
all(t) = all(¢]ty) + Ki(20(¢]ty) — 2 (¢[t,)). Therefore it results that,
for all t € [tk+N—17 tk+N)

2B(tlty) = Auzl(tty) + “ (ald(t]ty) +
+ 2 e (A 7! <|t +B JuV(

= (Au + ByK)iW(t|ty) — By Kzt

B

+ 20 jen; Ay (t|tk)+Zj:1
(3.35)

On the other hand, the trajectory zll(t|t;), for all t € [tpyn, trernil,
is computed according to with all(¢)t,) = K320t n|te), and
therefore zU(¢[t),) = F7"(t — tjqn) 29 (L n|ts).

From (3.12) «0(t,) — 2ll(ty) € Z; and, from q - for
t € [tk,tkr1), it is guaranteed that ZL‘[]] v
all(t) — abl(t) € E; for all j € N; and wlil(t) € W Therefore in view
of the invariance of Z; with respect to , it holds that a:m (tgs1) —
ﬁﬁ[l] (tk+1|tk> € Z;.

For t € [tks1,tkrn—1), constraints (3.13)), (3.14]), (3.15) and (3.16)
are verified in view of the feasibility of (3.11) at time ¢.

For t € [tpyn—1,tksn), recalling (3.35) we have that
2Vt t) — 2 (tlty) = (Aa+ BiK) (@ (tfty) — 2([tr))

+ 3 ene (A (tlty) + Byall(t]t)
(3.36)

(20 () — 20 (2ftr))) +
1))

(ttr)+

UV (tltr)

|t
(2]
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and recall also that #Ul(¢t) = zll(tt,) and all(t) = all(t|t;) for all

zl

1=1,. M In view Of ‘- .fj' thrN 1‘tk H(therl‘tk) € .S; and
from i guaranteed that
> jen; (Aij tk +B (t|tr)) EW forallj € N;. In view of the
invarlance of S; w1th respect  to , it  holds that
il (tlty) — zW(t)ty) = 2W(¢|ty) — 3l(t) € Si. Furthermore, since
alll(t[ty,) — a[il(tytk) = a[il(t|tk) — all(t) € K;S; and S; C E; and
K;S; C U;, then (3.13) and (3.14)) are also verified for t € [tpyn_1,tpsN)-
This also proves that x”(thrN\tk) — al (tk+N|tk) € S; and that (3.17)
is satisfied. Moreover, being & @ S; C X; and U; @ K;S; C U;, con-
straints (3.15) and (3. 16|) are verified for ¢ € [trin_1,tkin)-

Finally, note that z/(t;,n) € XI in view of (3.20) and of the
definition (3.29) of X! and (3.30D)), the constraints (3.18)), (3.19)), (3.20)
are also verified at time t5,;. In view of this, the 4-uple X;(¢yy1|tx) is
a feasible solution to at time tj 1.

This implies that, given the optimal solution X} (¢x.1) to the prob-

lem (3.11)) at time t;,;1 (which is proved to exist, provided that (3.11)
is feasible at time t), for all ¢ = 1,..., M it holds that, by optimality

VN (@(tegr)) = VN (X (tegr)) < ViV (X (g [t) (3.37)

3.6.2 The collective problem

To prove the convergence to zero of the solution, we now define the
collective problem, equivalent to the one considered in the previous
sections. Define the vectors

x(t) = (@(t),....aM), x(t) = (@), 2" (1)
x(t) = (@(t),....a"), a(t) = (@),...,a" )
ﬁ(t)Z(ﬂ[”(t), M), a(t) = (@"),...,a" )
w(t) = (w(t),.. 7w[M}(t))7 w(t) = (@(t),...,a"(1)
a(t) = (M), (D)), s(t) = (s"(t),....s"(1))

Then define the  matrices A= diag(A11, ..., Avm)s
B* = diag(Bi1,...,Bum), A=A —A* B=B—-B* Collectively,

we write equations ({3.3)), (3.5]), and (3.8)) as

x(t) = A*x(t) + B u(t) + Ax(t) + Bu(t) + w(t) (3.38)
x(t) = A*%(t) + B* a(t) + Ax(t) + Bu(t) (3.39)
x(t) = A*x(t) + B*u(t) (3.40)
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In view of (3.6) and (3.9), u(t) = u(t) + K¢(x(t) — x(¢)) and
u(t) = u(t)+K(x(t)—x(t)). From this, and in view of (3.7)) and (3.10)),
)

)
z(t) = (A" + B*Kz(t) + w(t) (3.41)
s(t) = (A* + B*K)s(t) + w(t) (3.42)
Minimizing (3.11)) at time ¢, for all i = 1,..., M is equivalent to solve

the following collective minimization problem
V¥ (x(t;,)) = min VY (X()) (3.43)
X(tr)

where X(tx) = (Xi(tx),..., Xm(tx)), subject to the dynamic con-

straints (3.39)), (3.40]) and

M
x(ty) — %(tx) € Z =[] Z (3.44a)
=1
M
x(t) - x(t) e E =[] E; (3.44D)
=1
~ M
a(t) - i) e U=[] U (3.44c)
i=1
A~ M A
x(t) eX=][%X (3.44d)
=1
A M A
a(t) eU=[]U (3.44¢)
=1
for all ¢t € [tg, tisn_1), to
M
K(then-1) = X(teen) €S =[] 5 (3.45)
=1
M
x(t) e E=]]é& (3.46)
i=1
M
x(t) et = [[th (3.47)
=1
and the terminal constraint
M
)_((tk+N) e XF' = H )EZF (348)
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The collective cost function V¥ is

Z W& (i), Qltern)) + VF R(tran-1)) +

1X(trsn-1), @(tipn—1)) + VI (X(tern))  (3.49)
where, from (3.31):

i@ =3 [ s+ ey @50
ix0.00) =3 [ (x0I3 + i 650)
VF(%() = IO (3.500)
VE() = S %03 (3.500)

and Q dlag(Ql, . QM) R dlag(Rl, ...,Ry),P dlag(Pl, .., Py),

Q =diag(Q;, .. QM) =diag(Ry,..., R ) and P =diag(P, ..., Py).

3.6.3 Proof of convergence

Denote with X(tx|tx) = (X1(tk|tr), - .., Xa(te|tr)) the optimal solution
to at time t1,, and with X (51 |te) = (X1(trralte), - - - Xar(trg1ltr))
the feasible (non-optimal) solution to at time fx,1, where
Xi(tgy1|ty) is defined in , forall s = 1,...,M. From we
have that

V¥ (x(th1)) = VY (x(t) < VIV X(tpealtr)) = VY (X ()
< = U(x(Exltr), ultelte) + (a) + (b)

(3.51)

where

(@) = 1&(trevalte), 0treylte) = I (Eeg v lte), 0tk v b))
VI (trnlte) — VI (K (trin—at)) )
0) = Ux(ternlte), ulternlte)) + VI (trynilte)) — VI (X (tern|te)
Consider first term (b). If matrices P, i = 1,..., M, are chosen as the

solutions to the Lyapunov equations (3.28)) then, from (3.32)), for all
i=1,.... M

V(i (v te)) — Vi (Zi(tran[tn)) < =63 (Eran[tr), Ti(Eren[tr)
(3.52)
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which, collectively, implies that (b) < 0.

Considering now term (a), define the following collective quanti-
ties: F* =diag(Fi1,. .., Fuu), A% (n) =diag(A2"(n),..., A3, (n)),
B*°h(n) =diag(B"(n), ..., Bi%",(n)). Since u(t|ty) is constant for all

t € [tkan—1,trin), and recalling (3.35)), for ¢ € [ty n_1, k] it Tesults
that

X(t|tr) =A%t — o n—1)X (bprn—1]tr) + B (t — tran—1)U(tern—1[ts)
(3.53a)

and, from ([3.35|)

x(t|tx) + (A — B'K)x(t]tx) + Bu(t|t;)
X(t|tr) + (A = BK)A™ M (t =ty y—1)X(tp v [te)+
( (A — BK)B*"(t — tyyn_1) + B) a(tlt,)  (3.53b)

X (t]tx)

=F*
F*
+

Therefore, solving (3.53b|), we obtain

X(tty) =@ (t — tren—1)X(treen—1]tr) + T1o(t — tron—1)X(tern—1]tr)
+ Tou(t — teon—1) Ut n—1tr) (3.54)
(tty) =Pu(t — trrn—1)X(tern—1]tr) + Tra(t — teen—1)X (e n—1te)
+ Tou(t — tppn—1)0(teyn_1lte) (3.55)
Where ®,.(n) = eF*", Li(n) = [0 “J(A - B K)A 7& v)dv
Lo(n) = fo ¢ (A = B'K)B*"(v) + B)dv, ®,(y ) K& (77)
Fm(ﬁ) K(T1:(n) — A*"()), Tau(n) = T+ K(Tau(n) — B*"(n)).
Denote, for brevity, Xy N_1 = X(tk+N_1|tk),

Virn—1 = (X(tern-1lte), W(tisn_1ltx)), and

C.(n) = ljlx(n) 1_” ()
A.(n) = AZOh(n) BZ"h(n)]
A,(n) = [0 1]
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Then, in view of (3.55) we compute the elements of term (a) as
. R 1. )
WGy lti) tevalti)) = 51kl g, yr a1 dun s,

1 2
T3 Vi1 ”fOT Lo(n)T QL (n)+Tu () TRTw (n)dn

oT T TAT
+Xk+N—1( ; ®.(n)" QL.(n)

+@,(n) "Ry (n)dn) Vi n -1 (3.56a)

N 1.
VI &(tkenlte) = 515813, ryrpa,

1 2
—|—§ ||Vk+N—1 ||1‘~z (T)TPTo(T)

A —

+ X4 N1 P (1) P (T) Visn—1

(3.56h)
(X (ks n—1]te), Ultpen—1ts)) = §HVk+N—1||?OT A ()T QA (1)) 4+ Ao () TR A )y
(3.56¢)
Define, for simplicity: -
T — A — — A —
Q.= [ (R QL) + L) RE() dy (35T
0
T A — — —
So= [ (B0 QL) + B0 RE)) dn (357)
0
T
Ro= [ (A:(0)"QAL(M) + Au(n) RA,()) dn (3.57c)
0
Therefore
(@) = 3l%uex _1||_?i’r(T)T151i>Z_(T)—f’+Qz +3[Vien _1“%‘I(T)T15I_‘Z(T)+Qv—/\72u
%5 1 (L (T) ' PTo(T) + Suo) Vit N-1
(3.58)

Recall that P is the block-diagonal matrix whose blocks P satisfy (3-33))
forall2=1,...,M, ie., such that P satisfies

&, (T)"P®,(T)—P+Q,+al=0 (3.59)

where a > 1is an arbitrary scalar. The following procedure is proposed
for defining a suitable scalar A and matrix P.
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1. Define Sp,, = @m(T)Tlf’f‘x(T)+Sm and an arbitrary scalar § > 0
such that

BI >S}. Spew (3.60)
or equivalently

2. Define \ as the smallest value of A\ > 0 satisfying
AR, — T, (T)TPT,(T) — Q, > A1 (3.62)
Note that, given P and B >0, since R, > 0, it is always possible
to define A > 0. finally, set A > A.

According to the sketched procedure and in view of (3.59)) and (3.62)),
from (3.58)) we can write

(@) < =§%envall® = SIvienal® + Xy 1 Spavviin 1 (3.63)
Since . T )
0 1§ §||Xk+N_21 - SvaVk:JrTN_lH = 2[Rk |+

it follows that
KL,y 1 SpanVien-1 < HRern il + HIVienoil2
E+N—19PzvVE+N-1 = 5 |[Xk+N-1 2IVE+N-1lsT  Sp.,

and, from ([3.63))
(@) < S¥Revl? + 51viev-aliz s o (3.64)

Therefore, since (3 satisfies (3.60) and a > 1, then (a) < 0.
From ({3.51)), and having proved that both (a) < 0 and (b) < 0, we
obtain that

V¥ (x(tr1)) = VY (x(tr)) < —1&(Eeltr), 0teltr)) (3.65)
)

A~

Therefore 1(x(tx|tx), 0(tx|ts)) — 0 as k — oo. Under suitable smooth-
ness assumptions on a(t|t;) and X(t|t;) and since Q > 0 and R > 0,
it follows that x([tx, txr1)|ts) — 0 and a([tx, txr1)|ts) — 0 as k — oo.

Recalling now system where, for all & € N, t € [ty tp1),
u(t) = a(tlty) + Ke(x(t|tx) — x(t)). We can write

X(t) = (A + BK)x(t) + B(a(t[ty) — Kex(t]t)))

Since B(u(t|ty) — K°x(t|tx)) is an asymptotically vanishing term, and
since A + BK¢ is Hurwitz in view of Assumption [3.2] we obtain that
x(t) - 0 as t — oo.
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Part 111

Solutions to the tracking
problem
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Introduction to the tracking problem

Most of the contributions in the field of model predictive control are
referred to the so-called regulation problem, i.e. asymptotically steer-
ing the state of the system to zero [105,/135,/136]. On the contrary,
minor attention (see, e.g., [53,88]) has been placed in the design of
control schemes for the asymptotic tracking of constant reference out-
put signals, that represent an important issue from the industrial point
of view.

In the development of efficient industrial MPC algorithms, two main
issues must be considered: i) the offset-free problem and i) the unfea-
sible reference problem. The offset-free problem requires to develop
methods which can guarantee asymptotic zero error regulation for
piecewise constant and feasible reference signals, while the unfeasible
reference problem aims at finding suitable solutions when the nominal
constant reference signal cannot be reached due to the presence of state
and/or control constraints.

Regarding the offset-free problem, many solutions have been pro-
posed so far. The most popular one consists of augmenting the model
of the plant under control with an artificial disturbance, which must
be estimated together with the system state. This disturbance can ac-
count for possible model mismatch or for the presence of real unknown
exogenous signals. Depending on its assumed dynamics, many algo-
rithms have been developed, such as those described in [96][111}/113,
118//120,/123|. Another approach directly relies on the Internal Model
Principle [39], where an internal model of the reference, i.e. an inte-

89
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grator, is directly included in the control scheme and fed by the output
error. Then, the MPC algorithm is designed to stabilize the ensem-
ble of the plant and the integrator. This strategy has been followed
in [99,/104] where also more general exogenous signals and nonlinear,
non square systems have been considered. A third solution to the
offset-free problem consists of describing the system in the so-called
“velocity-form”, see [122,|168|, where the enlarged state is composed
by the state increments and the output error, while the manipulated
variable is the control increment.

The unfeasible reference problem has been discussed in e.g. [29,119]
135]. More recently, a bright solution has been proposed in [6,87-89)|,
see Chapter[I] In these papers, the MPC cost function is complemented
by a term explicitly penalizing the distance between the required (pos-
sibly unfeasible) reference signal and an artificial, but feasible, refer-
ence, which turns out to be one of the optimization variables. Stability
and convergence results are proven both in nominal conditions and for
perturbed systems.

As for the contributions in the field of distributed control, only
few papers on distributed MPC for tracking have been published (see,
e.g., [53|, where a cooperative distributed MPC scheme is proposed).
Indeed, in a distributed setting, the standard approach, based on the
reformulation of the tracking problem as a regulation one by computing
at any set-point change of the output the corresponding state and
control target values, cannot be followed due to the decentralization
constraint.

Often, in industrial applications, hierarchical structures are used [149],
e.g. including i) a Real Time Optimization (RTO) for computing the
optimal operating conditions and 1) a centralized regulator with Model
Predictive Control (MPC) for tracking purposes.

Two-layer structures, although very efficient in many practical ap-
plications, pose great difficulties when a distributed control is used
at the lower layer. In fact, the references computed at the higher
layer can ignore the presence of dynamic constraints among the sub-
systems and, as such, can lead to infeasible local optimization prob-
lems. This prevents one from directly applying the many decentralized
and distributed MPC algorithms recently developed (see the examples
reported in Chapter [1)) for the regulation problem. In addition, in a
distributed setting, the decentralization constraints do not allow to fol-
low the standard approach, based on the reformulation of the tracking
problem as a regulation one by computing at any set-point change of
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the output the corresponding state and control target values. An alter-
native approach is described in [23]|162]|, where a distributed sequential
reference-governor approach is proposed.
O— —@
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DPC for tracking

In this Chapter, a distributed MPC method based on Distributed
Predictive Control (DPC) for the solution of the tracking problem is
discussed. It is based on a hierarchical structure, depicted in Figure[4.1]
that consists of three layers: /) a standard RTO optimization layer; 1)
an intermediate layer which transforms, for each local subsystem, the

Lﬂt_pomt computed with RTO into feasible trajectories !,

references y
@l and gl for the state, input and output variables, respectively; III)
in the lower layer local MPC regulators C; can communicate according
to a prescribed information pattern and are designed with the state-
feedback DPC algorithm originally developed for the solution of the
regulation problem.

Notably, in the intermediate layer the reference trajectories are com-
puted according to the same information pattern adopted at the lower
layer, and the overall scheme guarantees that state and control con-
straints are fulfilled. Moreover, the controlled outputs reach the pre-
scribed reference values computed with RTO whenever possible, or
their nearest feasible value when feasibility problems arise due to the

constraints.

4.1 Interacting subsystems

Consider the collective dynamical model

X1 = Axy + Buy (4.1a)
yi = Oxy (4.1b)

93
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Centralized optimization (RTO)

(1] [(M]

\,yset—point vyset—point

Distributed reference generator

=[M] = [M] < [M]
S[1] ~[1] (1] Xp “Up Yy
Ui Yy
\4 eM €
¢
1 s, R
S| s, T

Figure 4.1: Overall control architecture for distributed tracking.

in which x;, € R" is the collective state vector, u, € R™ is the collective
input vector and y; € R™ is the collective output vector.

The dynamic system can be decomposed in a set of M dynam-
ically interacting non-overlapping subsystems which, according to the
notation used in [94], are described by

y = Cial) (4.2b)

where xg € R™ and ug] € R™ are the state and input vectors, re-

spectively, of the i-th subsystem, while y,[:] € R™ is its output vec-
tor. According to the non-overlapping decomposition, it holds that
X = (xgj],...,xgﬁM]), nzz,?ilni, that uy = (UE],...,UQM]),
m =Y m;, and that y; = (y,[j], . ,y,E:M]). In line with the interaction-
oriented models introduced in [94], the coupling input and output vec-
tors s%] and z,[f], respectively, are defined to characterize the intercon-
nections among the subsystems; in a collective form, they are defined

as sy = (sg], e SLM}), Zp = (z,[fl], . ,ZI[CM]), and the interconnections
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among subsystems are described by means of the algebraic equation
S — LZk (43)

where L is called interconnection matrix. More specifically, the cou-
pling input 3[] to subsystem ¢ depends on the coupling output z,[C of

the j-th subsystem according to

st = Z L2 (4.4)
=1

We say that subsystem j is a dynamic neighbor of subsystem ¢ if and
only if L;; # 0, and we denote as N; the set of dynamic neighbors of
subsystem 7 (which excludes 7).

The input and state variables are subject to the “local" constraints

le U, € R™ and :v e X; C R™ respectively, where the sets U; and
X are convex.

The state transition matrices A;; € R™*™ . Ay € RPN of
the M subsystems are the diagonal blocks of A, whereas the dynamic
coupling terms between subsystems correspond to the non-diagonal
blocks of A, ie., A;; =FE;L;C,;, with 7 # . Correspondingly,
By, i=1,..., M, are the diagonal blocks of B, whereas the influence of
the input of a subsystem upon the state of different subsystems is repre-
sented by the off-diagonal terms of B, i.e., B;; = E;L;; D.;, with j # 1.
The collective output matrix is defined as C = diag(Cy, ..., Cyr)-

Concerning system and its partition, the following main as-
sumption on decentralized stabilizability is introduced:

Assumption 4.1 There exists a block-diagonal matriz K, 1i.e.
K = diag(Ky, ..., Ky), with K; € R™*™ §=1,..., M such that:

i) F = A + BK is Schur.
0

We recall that the design of the stabilizing matrix K can be performed
according to the procedure proposed in Chapter [I}

Moreover, in order to solve the tracking problem for constant refer-
ence signals, the following standard assumption is made.
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Assumption 4.2 Defining

I,-—A -B
=[het )

then rank(S) = n + m. O

4.2 Control system architecture

We want to design a distributed state-feedback control law, based on
gt—point S Rmi’
where ygt_pomt can be obtained, e.g., by means of any RTO method,
see again Figure More specifically, our aim is to asymptotically
steer the system output yf} to a constant desired value ygt_pomt for
all i =1,..., M. The main idea behind the proposed algorithm is to

consider a three-layer control architecture, see Figure 4.2]

MPC, for the tracking of a given constant set-point signal y

REFERENCE
REFERENCE OUTPUT STATE/INPUT ROBUST MPC LARGE-SCALE
TRAJECTORY LAYER  TRAJECTORY LAYER LAYER SYSTEM
1 [1]
1 Xk |
[ ! i : [ [
yset—point )7[1] 1 . k 3 yi
5 Output k 5| State/input 1-DPC Subsystem 5
ref. 1 ref. 1 o

1

K (i
~[1] N N / 1 1
(ST s g

~[M]T l~[M1 5 z" e

Zy S s k k k
) ~ -

State/input w2

ref. M

~[M]
el
] K

set—point Output Vi
ref. M

2

[M]
Subsystem [N
7 M

X
] S

Figure 4.2: Control system architecture for distributed tracking.

1) The reference output trajectory management layer. For
each subsystem 7 = 1,..., M, a local reference trajectory management

unit is required, which defines the reference trajectory gj,[ﬂru of the out-

put y,[ﬂry Although it would be natural to take gj,[ﬁry = ygt_pomt for
all v >0, this choice could easily lead to infeasible standard MPC op-

timization problems, even in the centralized framework. Furthermore,
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in the distributed context this point is particularly critical, since too
rapid changes in the output reference trajectory for a given subsys-
tem could greatly affect the performance and the behavior of the other
subsystems. Therefore §1¥ will be regarded as an argument of an opti-
mization problem rather than a fixed parameter, and constraints lim-
iting the time variation of the local reference signals will be defined
and computed. This layer is completely decentralized, i.e., the trans-
mission of information between local reference trajectory management
units is not needed.

2) The reference state and input trajectory layer. For each
subsystem ¢ =1,..., M assume that at any time instant k the fu-

ture reference trajectories g],[ﬂry, v=20,...,N —1, are available for all

1=1,..., M. In order to define the reference trajectories :Z'Z], &E:}, and

5,[;] of the corresponding state, input, and coupling output variables,
we design a suitable algorithm, using the output reference information
as data.

3) The robust MPC layer. For each subsystem i =1,..., M, a
robust MPC unit is designed to drive the real state and input trajecto-
ries a:g] and qu} as close as possible to the reference ones :"f:g}, aZ], while
respecting the constraints on the same variables. As in the case of the
reference state and input trajectory layer, information is required to
be transmitted from reference trajectory management units of neigh-

boring regulators, in a neighbor-to-neighbor fashion.

4.2.1 The reference output trajectory management layer

For each subsystem ¢ = 1,..., M, a local reference trajectory manage-
ment unit defines, at any time k, the reference trajectory gj,[ﬂry of the

output y,[ﬂry. Similarly to the approach taken in [88|, the values g will
be regarded as an argument of an optimization problem itself, rather
than a fixed parameter.

In the distributed context, too rapid changes of the output reference
trajectory of a given subsystem could greatly affect the performance
and the behavior of the other subsystems. Therefore, the main require-
ment for guaranteeing good performance and constraint satisfaction of
our control scheme is to limit the rate of variation in time of the output
reference signals. Therefore we will require that, for all t =1,..., M,
forall k>0

gi € o @ BIm(0) (4.5)
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This layer is completely distributed, i.e., the reference trajectories g,[j]
of any subsystem ¢ are computed only on the basis of local information
and of the information provided by the reference trajectory manage-
ment units of its constraint neighbors.

4.2.2 The reference state and input trajectory layer

Two different methods can be used to obtain the signals (xk uk ) based

on the desired output trajectory y” The first one relies on the use of
an integrator to expand the system (4.2al), while the second one makes
use of an observer. In this Section, we provide detailed descriptions
of both. As they are two alternative options, we will use the same
notation for the two cases in order to improve the readability of the
remainder of the Chapter. Anyway, it is important to recall that,
depending on the technique chosen for this layer, the same symbols
can take different meanings.

Computing the reference state and input trajectories using an integrator

For each subsystem ¢ = 1, ..., M assume that at any time instant k the

future reference trajectorles yLlry, v=_0,...,N—1, are available. In

order to define the reference trajectories (igj, all ]) based on the desired

output trajectory y“, we expand the system , referred to the
reference trajectorles with an integrator, i.e.,

b= A5 + Byl + B3 (4.6a)
eg]ﬂ = 6%] + ?Jk+1 - Cix xk (4.6b)

where, similarly to ( and ((£.4)
A = 07 4+ Dl (4.6¢)
N[’] =Y Lz (4.6d)

JEN;
Define y!! = (#7, &y,
_Ci [mi A B.. 0

Az] — 7sz |: 0”:| 7gi — |:]-m :| (4 66)

A 0 e
[OJ 0] if j #£1
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and consider the control law
iy = Kixi) (4.6¢)

where IC; = [ z Kﬂ‘ Letting F;; = A;; + B;;KC;, the dynamics of the

[

variable ' is therefore defined by the following dynamical system

XZ}—&-l = szEs] + Z »szXk + gzyk+1 (47>
JEN;

The gain matrix K; is to be determined as follows: denoting by A and
B the matrices whose block elements are A;; and B, respectively, and
K = diag(Ky, ..., Ku), the following assumption must be fulfilled

Assumption 4.3 The matriz F = A+ BK is Schur. O

Note that the synthesis of the IC;’s can be performed according to the
procedures proposed in Chapter [I]

Define, for all i =1,..., M and for all £ > 0, XMSS = (xz]ss, eg]ss),
i.e., the steady-state Condltlon for . correspondmg to the reference
outputs g,[ﬂ assumed constant, i.e., y,E]H = yk , and satisfying for all
i=1,....M

X[l]ss _ nXk + Z EJXLJ]SS + gl~[z (48)
JEN;

In view of ([4.0), Ciz; lss gj,[ﬂrl and F is Schur stable (see Assump-
tion . Then a solutlon to the system (4.8)) exists and is unique.

Collectively deﬁne Xy = (XE]SS, . ,XLM}SS) Xk = (XLH, o ,XLM}), and
Vi = (y,gl], o ,yk ) From ([4.6€))-([4.8) we can collectively write
Xio1 — X5 = (Insp — F)'G(Yis1 — ¥i) (4.9)

where G = diag(Gy, ..., Gur). Therefore

Xkt+1 = X1 = F Xk — X57) + G(Frr1 — Y) + X5 — X
= F(xx — X2) + Unsp — ngp — F) )G Tk — Ii)
=F(xx = X) — Unip — F) " FG(Frs1 — ¥i) (4.10)

We can rewrite (4.10) as

Xi+1 = X1 = F(Xk — X&) + Wi (4.11)
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where wj can be seen as a bounded disturbance. In fact, in view

of (4.5)
Vi1 — Vi € HB mi) (4.12)

and therefore wy, € W = —(I,,., — F) " FG [V B},f';")(()).

Under Assumption E 4.3] for the system @ there exists a possibly
non-rectangular Robust Positive Invariant (RPI) set AX such that, if
Xk — Xj € AX, then it is guaranteed that x4, — X;%, € AX for all
v > 0. This, in turn, implies that there exist sets AY, i =1,..., M,
defined in such a way that AX C Hf\il AY, such that it is guaranteed
that, for any initial condition xo — x¢° € AX, then

Xi = xe” € A (4.13)
for all kK > 0.

Computing the reference state and input trajectories using an observer

Denote
0 I, if j =1
Aij = ,Ci=[Cy 0] (4.14)
Aij Bij AP .
l 0 0 ] if j#£1

Define, foralli = 1,..., M and for all k > 0, l]ss = (ng]ss, u%]ss) where

Ej]ss and ugj}ss are the steady—state state and 1nput values correspond-

ing to the reference outputs g],[j} and satisfy the following steady-state
equations .
Xg]ss _ A“ kz]ss + Zjej\/' AZ] [7]ss
gl = ol

It is easy to verify that Assumption guarantees that a solution
to the system (4.15]) exists and is unique. In view of this, letting

(4.15)

Xzs — (:ULHSS’ “ e 7x[M Ss) uk = (ug]ss7 A 7ULM]SS)’ and
Vi = (y[ 7 I[c from - one has
X55 _ x5S 0 M
E T Xkt Q-1 (my)
LZS — uiij €S Lm} [[5:20) 10

i=1
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from which it follows that, for all ¢ = 1,..., M, there exists a set A}*
such that, for all £ > 0

X =yl e A (4.17)

An observer is now designed to provide an estimate XH (xg], uz]) of
[i]ss

the collective variable ™" using the output reference information as

data. We let
=Y Lz (4.18)

JEN;
The dynamics of the variable Xg] is defined by the following dynamical
system

JEN;

G? : : :
where G, = GZ are gains to be determined as follows: denoting by
A the matrix whose block elements are A;;, C = diag(C;), and G =
diag(G;), the following assumption must be fulfilled

Assumption 4.4 The matriz A — GC is Schur. O

Note that the synthesis of the G;s can be performed according to the
procedures proposed in Chapter [T}

From (4.14)-(4.15)), it follows that

Xier = Xht = (A — GG (! = xi™) (4.20)
3 AN - “ )+ (A = GG = i)
JEN;
+ 3 A g™ = Xl
JEN;
In view of (4.17]) we can rewrite (4.20) as
XE]H Xg]ﬁ = (Ai— QiCi)(XLZ]. - XE]'SS) (4.21)

+ e A (i = X)) + @)

where

B = (Ais = GC) 0™ = i) + D A (™ = i) € W,
JEN;
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can be regarded as a bounded disturbance in view of (4.17) and

W, = (Ai — GC)AF & (D AiAY) (4.22)
JEN;

Under Assumption , for the system there exists a possi-
bly non—rectangular Robust Positive Invariant (RPI) set AX such
that, if (xx —xJ°, 0, —u}®) € AX, then it is guaranteed that
(X1 — X351, Uy — uj% ) € AX. This, in turn, implies that there ex-
ist sets AY, i=1,...,M, such that, for any initial condition
(X0 — X§°,0p — uf®) € AX it is possible to guarantee that

() = x) € AY (4.23)
for all £k > 0.

4.2.3 The robust MPC layer

For each subsystem ¢ =1,..., M, a robust MPC unit is designed to

drive the real state and input trajectories :BE and qu] as close as pos-

sible to the reference ones :%LZ}, il,[;], while respecting the constraints on
the same variables. As in the case of the reference state and input tra-
jectory layer, information is required to be transmitted from reference
trajectory management units of neighboring regulators, in a neighbor-
to-neighbor fashion. Similarly to the regulation case, by adding suit-
able constraints to the MPC problem formulation, for each subsystem
and for all £ > 0 we will be able to guarantee that the actual cou-
pling output trajectories lie in specified time-invariant neighborhoods
of the reference trajectories. If z,[j € 5,[;] @ Z;, where 0 € Z;, in view
of (4.3) and (4.6d) (or (4.18)) we guarantee that SE € S[Z] @ S;, where

Si = @jcn;, LijZ;. In this way, (4.24) can be written as
o, = Al + B + B3 + Ey(s) - 3) (4.24)

where Ei(s,[j] — ELZ]) is a bounded disturbance and the term Eﬁﬂy can
be interpreted as an input, known in advance over the prediction hori-
zonv=0,..., N —1.

For the statement of the individual MPC sub-problems, henceforth
called -DPC problems, we define the ¢-th subsystem nominal model
associated to equation (4.24)

= A8 + Byl + B3 (4.25)
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or, if the observer is used
= Agil) + Byl + B + Gr(gl | - CuEl) (4.26)
Then we let
2 = Ll + Da) (4.27)

The control law for the i-th subsystem (4.24)), for all £ > 0, is assumed
to be given by

ul = o + K (2 — 2 (4.28)

where K; satisfies Assumption H We also define EE] = xg] @Ej].
If the integrator is used for the reference state and inputs trajectory

layer, from equation (4.24)), (4.25) and (4.28) we obtain

g%hl = Ezg[z] ][;] (429)
where
wy! = Ei(s = 3)) (4.30)

is a bounded disturbance since SE] — §Z] € S;. It follows that

wll e W, = E,S, (4.31)

On the other hand, if the observer is used for the reference state

and inputs trajectory layer, from (4.24)), (4.26]) and (4.28]) we obtain
again the expression (4.29)) where, in this case,

wil = By(sf) — &) — G2(gll, — il (4.32)

is a bounded disturbance since sg] — EE} € S; and, in view of (4.5))
and (1:23)

s Cul) =il o)+ 3 — i

=G = B+ (=G0 — ™) € BI(0) @ (~COAY
(4.33)

It follows that

wl € Wi = E:5; & (~G})(BI2(0) ® (~C)AY) (4.34)
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In both cases, since w,[f] is bounded and Fj; is Schur, there ex-

ists an RPI &, for such that, for all 521 € &;, then e[l] €é&.
Therefore at time k + 1 in view of and -, it holds that

Zl[cl—]l-l - 21[;—]1-1 (Ci + DK, )5£g+1 € (Cm + DzzK )E:.
In order to guarantee that, at time k + 1, z,[jrl ,[ﬂrl € Z; can be

still verified by adding suitable constraints to the optimization prob-
lems, the following assumption must be fulfilled.

Assumption 4.5 For all i =1,..., M, there exists a positive scalar
pi such that

(C.i+ D,K)E @ By, (0) C Z (4.35)
]

If Assumption [4.5]is fulfilled, we define, for alli = 1,..., M, the convex
neighborhood of the origin A7 satisfying

A: C 2,6 (Cui + DK)E: (4.36)

and we consider the constraint z,[glrl 2,[; 11 € Af, in such a way that
A=A =G Bl E e L+ DLK)E @ A C Z

(4.37)
as required at all time steps k > 0.

4.3 The distributed predictive control algorithm

It is now possible to state the i-DPC problem, to be solved at any time
instant. The overall design problem is composed by a preliminary
centralized off-line design and an on-line solution of the M -DPC
problems. These two steps are detailed in the following.

4.3.1 Off-line design
The off-line design consists of the following procedure:

1. if the integrator is used for the reference state and inputs tra-
jectory layer: compute the matrices K and K satisfying Assump-
tions@E.Iland 4.3 If the observer is used for the reference state and
inputs trajectory layer: compute the matrices K and G satisfying

Assumptions [4.1) and [4.4]
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2. If the integrator is used for the reference state and inputs trajec-
tory layer: define B,(,f’;i)(o), compute AX (a RPI for (4.11))) and
AX. If the observer is used for the reference state and inputs

trajectory layer: compute AP with (4.16]), (4.17); compute W,

with (.22) and W = Hf\il W;; compute AX, which represents a
RPT for the collection of subsystems (4.21]), and compute AY.

3. Compute the RPI sets & for the subsystems (4.29)) and the sets
A? satisfying (4.36]) and (4.37);

4. compute X, CX; 8¢, [fJZ CU; © K;&;, the positively invariant
set 3; for the equation

dxll | = Foal] (4.38)

such that
(Ci + Do K)% C A7 (4.39)

5. If the integrator is used for the reference state and inputs trajec-
tory layer: compute the convex sets Y; such that

I, 0 )
|:K;p Kle:| (Fz(-[n-i-p - ‘F) 1g H]A/il YJ > A?) 2

| 7 (4.40)
&) {Kj 2 € X, xU;

where I'; is the matrix, of suitable dimensions, that selects the
subvector XLZ] out of xx. Specifically, Y; is the set associated
to ;&E] such that the corresponding steady-state state and input

satisfy the control and state constraints defined by X; and U;.

If the observer is used for the reference state and inputs trajectory
layer: compute the convex sets Y; such that

M
H;S™ { [O 1 [[Y,eare [ﬁg} ¥ C X, x U (4.41)

j=1

where H; is the matrix, of suitable dimensions, that selects the
vector (2!, ull) out of (x,u),i=1,..., M.
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4.3.2 On-line design

At any time instant the on-line design is performed in two steps, both
based on the solution of a suitable distributed and independent op-

timization problem. First, the output reference trajectories g],[ﬂ are

recursively updated. Then, the real control input u%] is computed with

MPC.

Computation of the reference outputs

The output reference trajectory gjﬂN is computed by the reference
output trajectory management layer to minimize the distance with the
set-points and, at the same time, to fulfill the constraints. The opti-
mization problem to be solved at each time instant k& is the following

min V2 (g1, . k) (4.42)
YpirN
subject to
Bion — Bhin € B2 (0) (4.43)
gy €Y, (4.44)
where
V(@) = 10 = Tl 155 — Yoeepornel
The weight T; must verify the inequality
T, > y1I,, (4.45)

while 7 is an arbitrarily small positive constant.

At time k, gj,[ﬁr Nk 18 the solution to the optimization problem (4.42)).

Remark 4.1 In the implementation described in this Chapter, cou-
pling constraints are not considered for simplicity. However, it is pos-
sible to include in the problem constraints involving the state of more
than one subsystems. This, for instance, can be handled by impos-
ing suitable constraints at the reference output trajectory management
layer level. This implies that trasmission of information must be sched-
uled between local output trajectory management units. This issue has
been explored in details in |60] and applied for controlling unicycle
robots with collision avoidance capabilities.
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Computation of the control variables

The -DPC problem solved by the i-th robust MPC layer unit is defined
as follows:

omin VY@L ARy (4.46)
T oW gik+ N -1
where
ViN(fH [k k+N— 1] Z H%w - a:k—&-u‘ QT H“k+u - “%Lu :
+ ||xk D (4.47)
subject to (4.25)) (or to (4.26))) and, for v = O, .., N—1,
12l e g, (4.48a)
2]&1—1/ - I[ﬂl-l/ S AZ (448b>
ZLV eX, (4.48c¢)
all e, (4.48)
and to the terminal constraint
Al -3l e (4.49)

Note that, in case the observer is used for the reference state and input

trajectory layer, the value :cL]Jr y has to be computed with

xEjLN(y;E]JFNW) AuIELN 1+ BZ”LUELN |+ Eis Eﬂi-N—l

+Gx<yk+N|k Cnx%]JFN 1) (4.50)

The weights (); and R; in the performance index (4.47)) must be taken
as positive definite matrices of appropriate dimensions while, in order
to prove the convergence properties of the proposed approach, it is
advisable to select the matrices P; as the solutions of the (fully inde-
pendent) Lyapunov equations

F PFy — P, = —(Qi + K{ RiK) (4.51)
At time k, the tuple (xZHk,qu LN 1”k,y][€LN|k) is the solution to the

i-DPC problem and uk| . is the input to the nominal system (4.25) (or
to the nominal system (4.26])).
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Remark 4.2 [t is important to note that the problems (4 and -

are independent from each other. In fact on the one hand it 1S easy
to see that ([1.42)) does not depend on :Bk and u&] kpn—1- On the other

hand note that, both the cost function V¥ and the constraints (4.48))
are independent of yj,[jLN‘k.
Then, according to (4.28]), the input to the system (4.2a)) is

= i+ K] — 3)),) (4.52)
Moreover, we set Z/H-N = y,[ﬂr nix and the references eLL Ny and xE]JrN 41

are computed from (4.6b) and -, respectively. Finally

EJ]JFN Krz ELN + K eek N from (4.6f) (in case Eg}he observer is used,

x%lr ~ and uglr N are computed with (4.19) once g, y is given).
Denoting by z xk ok the state trajectory of system (4.25)) (or of sys-

tem (4.26))) stemming from azuk and u[k keN_1p> &b time k it is also

possible to compute mLL NIk

The properties of the proposed distributed MPC algorithm for track-
ing can now be summarized in the following result (the proof is reported
in the Appendix).

Theorem 4.1 Let Assumptions [f.1H{.5 be verified and the tuning pa-
rameters be selected as previously described. If at time k = 0 a feasible

solution to (4.42)), (4.46|) exists then, for alli=1,... ., M
I) Feasible solutions to (4.42)), (4.46|) exist for all k > 0, i.e., con-
straints (4.43), (4.44), (4.48) and (4.49), respectively, are veri-

fied. Furthermore, the constraints (xk, , [Z]) € X, x U; and for all
1=1,..., M are fulfilled for all k > 0.

II) The resulting MPC' controller asymptotically steers the i-th sys-
[i] [i]

feas.set—point’ where yfeas.set—poznt

tem to the admissible set-point y
1s the solution to
[i]

yfeas set—point

(3]

7 (4.53)

—argmin ||y

Note that when coupling static constraints (not considered in this
Chapter) are present, the convergence to the nearest feasible solution
to the prescribed set-point may be prevented for some initial condi-
tions. These situations are denoted deadlock solutions in [162].
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4.4 Simulation examples

We consider the problem of controlling the temperature of the apart-
ment depicted in Figure and constituted by two parts both with
two rooms: rooms A and B belong to the first one, while rooms C'
and D to the second one. Each room is characterized by its own tem-
perature (T4, T, Tc and Tp) and is endowed with its own radiator
(supplying heats qa, ¢p, qc and ¢p). For a detailed description of the
model, of the used parameters and of the considered working point,
we refer to Chapter ] The discrete-time system of the form (4.1]),

[

i A

T

[

Figure 4.3: Schematic representation of a building with two apartments.

with n = 4, m = 4, is obtained by zero-order-hold discretization with
sampling time 7" = 30 s, and it is described by the matrices

0.9731 0.0148 0.0059 0.0001
A 0.0148 0.9731 0.0001 0.0059
~10.0059 0.0001 0.9731 0.0148

0.0001 0.0059 0.0148 0.9731

29.594 0.2243 0.0897 0.0009 1 000
B 0.2243 29.594 0.0009 0.0897 C— 0100
0.0897 0.0009 29.594 0.2243|° 0010
0.0009 0.08973 0.2243 29.594 0 001

The observer-based method has been used in the reference state and in-

put trajectory layer. The matrices K; and G; fulfilling Assumption

and Assumption have been computed as suggested in Chapter [2]
The weights used in the simulation are and Q= Qs = Io,
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Ri=Ry=15, T =T,=1,, v=1075 and a prediction horizon of
N = 3 was used.

T
i
o ! g
< ] <
< 1] @
S0 t < s \ l
\ : \ 0.02
|
1 \\/ \
% 5 10 15 -0.04 5 10 15
Time (min) Time (min)
x10*

0.015
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0.005 /\ﬁ
° \Y
0.00! \ /

R eI R

-0.015

5T (°C)
5T, (°C)

5
0 5 10 15 0 5 10 15
Time (min) Time (min)

Figure 4.4: Trajectories of the output variables y!l (above) and y[? (below) ob-
tained with DPC (black solid lines) and with ¢cMPC (dashed gray lines). Think

[1.2] ; black dash-dot lines: reference trajectories

black lines: desired set-points yg ;= s

~1,2
yoo.

0.1 3
2
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1
@ A @ 1 //\
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Figure 4.5: Trajectories of the inputs variables ulll (above) and ul? (below) ob-
tained with DPC (black solid lines) and with cMPC (dashed gray lines).

In the simulations, the reference trajectories for yﬁ]tfpomt are both
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always equal to zero, as well as the one related to Tz, while the first
output of the first subsystem, T4, should track a piece-wise constant
reference trajectory, which values are 2 and —1. The results achieved
are depicted in Figure [4.4] while the trajectories of the input vari-
ables are shown in Figure [4.5] In both these figures, a comparison
between the outputs obtained with DPC and with centralized MPC is
provided: it is possible to see that the transients obtained with DPC
are slower, due to the limitation imposed to the set-point variations
by constraint (4.43). Moreover, the distributed approach can lead to
a reduction of the admissible set-point due to constraint , where

the sets Y; must satisfy (4.41)).

Y

Tank 2
Tank 4

ek— %"

Tank 1

Tank 3

Pump 1 I ‘Pump 2

Figure 4.6: Schematic representation of the four-tanks system.

As second example, we consider now the four-tank system (see Fig-
ure[L.6) described in [74] and in Chapter 2 where we aim to control the
water levels hy and hg of tanks 1 and 3 using the command voltages of
the two pumps v; and vy. In this case, we assume there are no external
disturbances affecting the system.

The obtained linearized and discretized system with sampling time
T = 0.5 s and zero-order-hold discretization has the form (4.1]) with
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n =4, m = 2 where

0.9921 0 0 0.0206
A_| 0 09835 0 0
0 0.0165 09945 0
0 0 0 0.9793
0.0417  2.47-107*
0.0156 0 1000
B=1150-10% o031 | €7 {0 0 1 0}
0 0.0235

We first show the results obtained with a controller in which an
observer has been used in the reference state and input trajectory layer.
The matrices K; and G; fulfilling Assumption and Assumption
have been computed by means of suitable LMIs (see Chapter .

Water level of Tank 1 (cm)

0.06 : : : ;
0.02

b N
0.04

Wyater level of Tank 2 (cm)

Tirne (s)

Figure 4.7: Trajectories of the output variables 3!l (above) and y[? (below) ob-
tained with DPC (black solid lines) and with ¢cMPC (dashed gray lines). Think
black lines: desired set-points yiﬂpoim; black dash-dot lines: reference trajectories
g2,
The weights used in the simulation are Q1 = Q2 = I, Ry = Ry = 1,
Ty =Ty, =1, v = 107%, while the chosen prediction horizon is N = 3.
In the simulations, the reference trajectory for yﬁ]t_pomt is always
equal to zero, while the output of the first subsystem should track a
piece-wise constant reference trajectory, which values are —0.25 and
0.5. The results achieved are depicted in Figure [4.7] while the trajec-

tories of the input variables are shown in Figure [4.8]
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“oltage applied to Pump 1

05 S S N N S S
i

“woltage applied o Pump 2

1 1 i i | i
50 100 150 200 250 300 350 400 450 500
Tirne (s)

0.1 i
o

Figure 4.8: Trajectories of the inputs variables ul'! (above) and u? (below) ob-
tained with DPC (black solid lines) and with cMPC (dashed gray lines).

In both these figures, a comparison between the outputs obtained
with DPC and with centralized MPC is provided: it is possible to see
that also in this case, the limitation imposed to the set-point variation
leads to slower transients.

The same system has been used for testing the integrator-based
method for the reference state and input trajectory layer. The ma-
trices K; and K; fulfilling Assumption and Assumption have
been computed as described in Chapter [2J The used weights and the
prediction horizon are the ones shown for the previous case.

In the simulations, the reference trajectories yﬁt_pomt, i =1,2 are
piece-wise constant (see Figure , grey dash-dotted lines). The results
achieved are depicted in Figure 4.9, while the input trajectories are

shown in Figure [4.10, Notably, the set-point yLle}t_pOmt = 2.5 results

infeasible to our algorithm, and hence the system output yll] converges

to the nearest feasible value. The system result to be faster than
in the case where the observer was used, so important performance
improvements can be obtained using the integrator for managing the
reference state and input trajectory layer.
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Water level of Tank 1 (cm)
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Figure 4.9: Trajectories of the output variables y!!l (above) and 3! (below) (black

solid lines) and reference outputs 3! (above) and §? (below) (black dashed lines).
(1,2]
set—point*

Grey dash-dotted lines: desired set-points y

Voltage applied to Pump 1

50 100 150

Voltage applied to Pump 2

0 50 100 150
Time (s)

Figure 4.10: Trajectories of the inputs variables ul'l (above) and u[?! (below).
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4.5 Conclusions

In this Chapter, a distributed MPC method for the solution of the
tracking problem has been discussed, consisting in a hierarchical archi-
tecture based on Distributed Predictive Control. The overall scheme
guarantees that state and control constraints are fulfilled and that the
controlled outputs reach the prescribed reference values whenever pos-
sible, or their nearest feasible value when feasibility problems arise due
to the constraints. The algorithm has been tested on two benchmark
problems. In the next chapters, different solutions to the tracking prob-
lem including an integral action in the closed-loop will be presented.

4.6 Appendix

4.6.1 Proof of recursive feasibility and convergence of the
reference management problem

Assume that, at step k, a solution gj,[ﬂerk to (4.42)) exists for all

i=1,...,M. Then a solution to (4.42)) exists at step k + 1 for all
1=1,...,M. In fact, taking yl[CLNH yLLN‘k = gj,[er one has

y,[iN‘k y,[ﬁrN =0c BI(;:EO and yk+N‘k € Y;, hence verifying (4.43))

and (4.44 , respectively.

To prove convergence for the reference management layer note that,
since at time k + 1, y,[ﬂL Nil = y,[clr  is a feasible solution, we have that,

in view of the optimality of the solution gj,[jr Nt1lkt1

[i]

V;y(gl[ﬁf—N—f—Hk-i-l’ k+1) < VIGnp b+ 1) < ||§1EL]+N|1€ a

2

(4.54)

In view of the fact that glﬂN+1|k+1 = y,[ﬂrNH for all k, we write

Vi l[cl]+N+1\k+17 k + 1) = 7||y1[§]+N+1 yk+N||2 + ||yl[cl]+N+1 o 7,

and we rewrite as
[1]

H

’V”yk+N+1 yk+N”2

Hyk-i-N-i—l

From this we infer that y,[jLNH gj,[jLN — 0 as k — oo, and that

150 5 — Yl poinel 2 — const (4.55)
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as k — +oo.
Assume, by contradiction, that Hyk N
¢ > ¢, where

M 2

C? = ||y£§]eas.setfpomt ygﬂt pozntHTi (456)

Note that this implies that yk+N =+ yfeas set—point for all i =1,... M.

Assume that given k, for all k > k the optimal solution to (#.42) is
1]

YNk = gy where [|gl? — yﬁﬂt point||7, = Gi- It results that
V;y(gl[ﬁi-NUc’ k) =¢

=[1]

On the other hand, an alternative solution is given by ¥, n, where

gl[ﬂl—N = Algm + (1 =\ )ygzc]aas set—point

with \; € [O, 1). This solution is feasible provided that
I) §;+N yl! € B)i(0) which can be verified if (1 — ;) is sufficiently
small, 11 ) y,C “n €Y; which is also satisﬁed if (1 —);) is sufficiently

small (since Y; is convex and gl # yfeas set—point)-
According to this alternative solution

2

viy@,iim o Rl | [

Now if (| is verified, then Vy(y,[jLN,k) < V¥(y k). This con-

tradicts the assumptlon that ||yk+N yggt point |7, = Cis Wlth ¢ > ¢
Therefore, the only asymptotic solution compatible with (4.42)), is that

corresponding with y,[i N= ygf]eas set—point tOT all .

It is now proved that y,[j] — ygflas s pomt for k: — 00. In view of As-

sumption , this implies that Clx = (2 xk — ygf]eas set—point 0T all
i=1,..., M

4.6.2 Proof of recursive feasibility of the i-DPC problem

Assume that, at step k, a solution to (4.46|) exists for alli =1,..., M,

ie., (:L‘Lﬂk, Bj b N— 1“k) Next we prove that, at step k& + 1, a solution
dl 46))

to exists for all ¢ =1,...,M. To do so, we prove that the
tuple (xgirllk, {Z]H renjs) Satisfies the constraints (4.25) (or (4.26))
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and ((£.484)-([1.49) and is therefore a feasible (possibly suboptimal)

solution to (4.46). Here UE]_H: 1+ 18 obtained with
~[1] [2] + Ki(& - [] ~[1] ) (4.57)
Upey Nty = Uy TNk — ThtN .

First note that, in view of (4.6a)), (4.25) and (4.57) (or, if the observer
is used, in view of (4.26]), and (4.57)))

$Z}+N+1|k xg]JFNH Fu(lermk xZ]JFN) (4.58)

and therefore igﬁr N1k~ E]Jr N +1 € Y; in view of the definition of X; as

a positively invariant set for (4.38), hence verifying (4.49). Therefore
the constraint (4.49) is Veriﬁed at step k + 1.
Moreover, in view of the robust positive invariance of sets &; with

respect to equation (4.29),:i=1,..., M, :ELZ]JFI xglrl‘k € &;, and there-

fore (4.48al) is verified. Furthermore, in view of the feasibility of (4.48b))-
(&.23d)

at step k, it follows that constraints (4.48bj)-(4.48d]) are satisfied
at step k+vforv=1,...,N —1 and, from (4.49) and (4.39),

él[ﬁi-Nu Zl[c+N = (C.i + D, K;)(2 EL—NV{: m%LN) (Cui + D Ki)%; C Af
(4.59)

Hence constraint (4.48b)) is verified at time k + V.

Suppose now that the integrator is used for the reference state and
input trajectory layer. In this case we have that

- [] [4]
Ik—l—NUc Ty N Iy,
ol [ o[e]s o
Uy Nk k+N
where, from (4.13])
~[i]
X ]ni O 1lss
[aﬁrN] € {K?ﬁ K.e] (XQ]JFN@Af) (4.61)
k+N ¢ v

In turn, in view of (4.8)) and similarly to (4.9)),

Xien € DTy — 1QHY (4.62)
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This eventually implies that, in view of (4.40)

[7]
i L. 0 )
[ ﬁrN"“] e[f ] (M- Fot v 05

Ukt Nk (4.63)

L, .

which verifies constraints (4.48¢c|) and (4.48d)) at time k 4+ N.
Assume instead that the observer is used for the reference state and
input trajectory layer. In this case we have that

I[cl]-&-N|k 56%} N I
+ ni |y
4l € |5l @ {KJ i
k+N|k k+N
where, from (|4.23))
,fj‘m x[l}ss
j;]“v € ﬁ]ss o A (4.64)
U U
k+N k+N

In turn, in view of the definition of the sets Y, —

[i]ss
[“’Mgfj] c HS! LO} I, v, (4.65)
Uy N m
This eventually implies that, in view of (4.41]
i’g] NIk 0 M I, Lo
[Z]+ | < (Hisil {[ } Hj:l Yj) ¥ Afu D [lgl} 2 € X, x U
Uy Nk m v

which verifies constraints (4.48¢c|) and (4.48d) at time k 4+ N.

4.6.3 Proof of convergence for the robust MPC layer

At time k the pair (i;ﬁk, Q{Q:HN—l]w) is a solution to (4.46|), leading to
the optimal cost

N
‘/;* Z ” k;—|-1/|k; k’+l/|

+ |12 k+N\k k+N||P (4.66)

~ 1]

2
@t H k+u|k = Upyy
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Since (iﬂruk, ﬁ@H:HN”k) is a feasible solution to (4.46|) at time k + 1,

- 1i]

by optimality V"N (k + 1) < V;N(:z:Z]H'k, Uik 1.4 k)> Which is equal to

(4] ~[d]

@t H“k+y\k — Upy, IR, +

[4] i
vy (i’f;z+1|k> [Z+1 k+N]|k Z ||9Ck+y\k - xk+u\

~ (7]

» (4.67)

+ ||xk+N+1|k -

Adding and removing the terms H:L‘Zﬂk - xk]\

QT Huk\k - ukz]HR , and

|z EE]JFN‘,C LZ]JFNH from the right hand side of (| -, we obtain that
VN (k+1) <
Z i — Tk I, 18 — B 3, + 18 v — T 13+
k+vlk k—f—l/ Qi k+vlk k+v k+Nlk —

(4.68a)

+ ||$k+N|k $k+N|lQ, + ||Uk+N|t U%LNHRl (4.68Db)

+ || k+N+1|k ngrNJrlHP || EZLN\k Ecl]JrNHP (4.68¢)

(kalk Z]HQI + ||uk|k k ||Ri) (4.68d)

Note that (4.68al) is equal to V;*V (k) in (4.66)). On the other hand, in
view of (|4.58]), we can write (4.68b))-(4.68¢c)) as

([E6SE)- (@68 = 12y —

k+N HFTPiFii—Pi-i-QH-KiTRiKi

which, in view of (4.51]), implies that
(4.68b)- (4.68¢) =0 (4.69)

Therefore, for alle=1,..., M
VN (k1) < VN (R) = (lag, — 30013, + g, — @ 13,)  (4.70)

and, according to standard arguments in MPC [105], we prove that,
foralle=1,...,M

x%ﬂk — .CEZ] (4.71a)
i, — (4.71b)

as k — oo.
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Suppose now the integrator is used for the reference state and input
trajectory layer. In this case, consider the model (4.1a)) and, collec-

tively, the model (4.6a)) and equation (4.28]). We have that

Xg+1 = AXk +B (flk‘k + K(Xk — ik;|k))

%o = A%y + Biy, + BK(Xg — %) (4.72)
for all k£>0. Denote Axy = xj — Xp, AXp = Xp — X and
Aty = Uy, — Uy From (4.72)

Axk+1 = FAX]C + B (Aﬁk - KA}A(;C) (473)

Since, in view of ([£.71), B (A, — KA%;) — 0 as k — oo, in view of
Assumption [£.1] it holds that Ax; — 0 as k — oo, which implies that
asymptotically C’Z-argj] — Cijg].

On the other hand, suppose we are in the case where the observer
is used for the reference state and input trajectory layer. Consider the

model (4.1a)) and, collectively, the model (4.19) and equation (4.28]).
We have that

Xpp1 = Axy + B (G + K(x, — X))

~ ~ - - . - ~ 4.74
Xk+1 = AXk + Buk + G$<yk+1 — CXk) + BK(Xk — Xk> ( )

for all k£ > 0, where G* = diag(GY,...,G%,). From (4.74))

Since, in view of and of the convergence of the reference tra-
jectory layer, B (Auy — KAXy) + G*(yrr1 — Cxi) — 0 as k — oo, in
view of Assumption [4.1|it holds that Ax; — 0 as k — oo, which implies
that asymptotically Cl-i:c%] —— C’ii’g].
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DPC for systems in velocity-form

In this Chapter, DPC is extended to include an integral action in the
closed-loop for the tracking of constant reference signals. Specifically,
according to the approach proposed in e.g. [122,16§]|, integrators are in-
serted into the loop and the corresponding enlarged system is described
in velocity-form. If the process is affected by constant disturbances,
this solution allows one to guarantee offset-free steady-state regulation
for constant reference signals without the need to compute the corre-
sponding steady-state values of the state and control vectors. Under
standard assumptions in MPC, the closed-loop system enjoys stability
properties, in the sense that the subsystems’ state trajectories starting
from given sets in the state space converge to the required equilibrium.

5.1 The system

5.1.1 System under control

Consider a discrete-time, linear system, which obeys to the linear dy-

namics
Xpr1 = Axp + Buy

v = Cx; (5.1)

where x;, € R” is the state, u, € R™ is the input, and y;, € R™ is the
output. The constant output reference target value to be tracked is
denoted by y € R™. To guarantee the existence and the uniqueness
of the steady-state pair (x,u) € R™"" such that the system output
corresponds to y, the following standard assumption is made.

121
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Assumption 5.1 The input-output system (5.1)) has no invariant ze-

ros in 1, i.e.,
K I,-A -B|\ n
ran C 0 =n4+m

The state and input vectors are constrained to lie in prescribed sets,
ie. x € X, u € U, where X, U are compact and convex sets. As it will
more formally specified in Assumption [5.4] constants x and u must lie
in suitable subsets of X and U, respectively, which in turn implicitly
define a set of admissible constant output references Y. The sets X
and U are here defined as the cartesian product of suitable subsets,
according to the decomposition of the system into subsystems (see the
next section).

OJ

5.1.2 Partitioned system

The system (5.1) is partitioned in M low order interconnected non
overlapping subsystems, where a generic sub-model has x%] € R™ as

state vector, i.e., X = (x%,”, . ,xLM]) and Zf\il n; = n. Accordingly,
the state transition matrices Ay € R™*™ . Ay € R™M>™M of the

M subsystems are the diagonal blocks of A, whereas the non-diagonal
blocks of A (i.e., A;;, with 7 # j) define the dynamic coupling terms
between subsystems. Also the input vector uy is assumed to be parti-
tioned in M non-overlapping sub-vectors ug] e R™  where
u, = (ug], e ,ULM]) and uZ] is denoted as the ¢-th subsystem input.
Correspondingly, B;;, ¢, = 1,..., M, are the blocks of B defining the

direct influence of input qu] upon the state ;vg]. Finally, the output

Yy is partitioned into M non overlapping output vectors y,[;] e R™i,
withs=1,..., M and Zfil m; = m, where yl[:] is assumed only to de-
pend on :I:Z], for all +=1,..., M. This implies that C has a block
diagonal structure C = diag(C1,...,Cy), where C; € R™*™ for all
1=1,...,M. In accordance with the output partition, the output
reference target y can be seen as decomposed into M local output ref-
erence targets 7’, consistent with the definition of ytm. From now on,
the subsystem j is said to be a dynamic neighbor of subsystem i if and
only if the state and /or the input of j affect the dynamics of subsystem
i i.e., if and only if A;; # 0 and/or B;; # 0. By N; we denote the set
of dynamic neighbors of subsystem i (which excludes 7).
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According to these partitions, the i-th subprocess obeys to the linear
dynamics
o = Auty + B! + 3 ep {Ayal + By}

1 7 (52)
A =

where mz] € X; CR™ and ug] € U, € R™, being X; and U; convex sets
consistent with the adopted partition, i.e. X = Hf‘il X;, U= Hf\il U;.
We assume that each subsystem enjoys the following property.

Assumption 5.2 For each subsystem ((5.2)):
i) the pair (A, By;) is reachable.

1) ran C. 0 =n; +m;.

5.1.3 System with integrators

In order to solve the tracking problem, the partitioned system is now

enlarged with m integrators and, according to [122,/168|, is described in
Velocity form”. Specifically, letting (5:52} = xL} - xg] iy 8%1 = yM — gld

and (Suk = ug} — uz] 1» system ([5.2) is written as

sall | = Auoall 4 B“(Su[l] + 3 " {AU(S:L*[]] + Bioully

el = CiAud) + & + OB + O Y o\ { Aol +Bw?u )}
5.3

Letting §k = (536%],% ) and

Ais = [CiAii Imi] » Ba = {CZBZJ A = [(J Ajj 0]

B;
Bij = {O Bw] C;i=[0 In]

system (5.3) can be written in compact form as
= Al mad Sethd 80y
b= g

For system (5.4) the following property holds (see the Appendix for
the proof):
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Proposition 5.1 Under Assumption the pair (A, B;;) is reach-
able. |

The set of M models ([5.4) can be written in the collective form

&1 = AL+ Béu,
o _ ce, (5.5)
where &, = ( ]E1]7 e ,LM]), € = (551, . ,eeL,M]), ou, = (6u£], . ,5uECM]),

while A, B and C are the matrices whose block entries are A;;, B;;,
and C;;, respectively.

Concerning system and its partition, the following main as-
sumption on decentralized stabilizability is introduced.

Assumption 5.3 There exists a block-diagonal matriz IC, i.e.
IC = diag(Ky, ..., Ky) with K; € Rmix(atmi) i — 1 M, such that

i) The matriz F = A+ BIC is Schur.
ii) The matrices Fy; = Ay + BuIKCi are Schur.

5.2 The DPC algorithm for tracking

5.2.1 Nominal models and control law

DPC is developed under the assumption that, at any time instant k,
each subsystem ([5.4) transmits its state and input reference trajecto-
ries f,[ﬁrl, and (MEW, v=20,...,N —1 to its neighbors. Moreover, by
adding suitable constraints to its formulation, each subsystem is able
to guarantee that, for all £ > 0, its true state 5,[51 and input 5u£§] tra-
jectories lie in specified time-invariant neighborhoods of éjl and 511%]
respectively, i.e, 5,[:] — é,[;} € E; and 5ug] — 5&2} € EY, where 0 € E; and
0 € E. In this way can be written as

&0y = Al + Baoup) + > { A€ + Boul'y + w)! (5.6)
JEN;
where

wp = 3 {Au (e = &) + Byoul —sahy ew, (5.7)
JEN;
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is a bounded disturbance, specifically

JEN;

and Zje Ni{Aij ~l[€j] + Bijéﬁg]} can be seen as an input, known in ad-
vance over the prediction horizon, which can be treated in the MPC
formulation as a known disturbance.

With reference to the subsystems (5.6)), it is possible to define the

1-th subsystem nominal model as

§h = Al + Bioig) + > { A€ + Bioug'y (5.9)
JEN;

According to the robust MPC approach based on tubes [107], the con-
trol law for the true i-th subsystem (5.6 is defined, for all £ > 0,
as

ouy = day) + K — &) (5.10)
Letting Z[Z] [Z] §k], from (.6)-(5.10) we obtain
Zl[ﬂl—l = (.Am + B“ICl)z,Ef} + U)]E;ﬂ (5.11)

where w,[j] € W,. Since W; is bounded and F;; = A;; + B;;K; is Schur,
there exists a robust positively invariant (RPI) set Z; (which is as-
sumed to be symmetric with respect to the origin) for such
that, for all z le Z;, then zk}H € Z;. Note that, correspondingly,

sull — sall e /cl-zi.

5.2.2 Input and state constraints

The reformulation (5.4)) of (5.2) requires to transform the original con-
straints on the state and control variables zl and u[! in terms of con-
straints on 6zl (i.e., on £[1) and dull. To this end, first define the sets
AE; and AU;, for alli = 1,..., M, containing the origin and satisfying
AE,®Z; CE; and AE} & IC Z C E¥, respectively. Then, note that,

77



“thesis__main” — 2014,/1/26 T 15:56 — page 126 — #142 GF

126 CHAPTER 5. DPC FOR SYSTEMS IN VELOCITY-FORM

forv=1,...,N, it holds that
ol = ol Yol + (0, el
e all + Z(S 2 @ [1,,,0] Z, (5.12a)
r=1
ug]w 1= “%] 1t Z‘s“kw 1t zi: 6u£§+r | — 0 EJrr 1)
cull | + Z saf é K Z: (5.12b)

Therefore, the constraints x[] , € X; and ul! elU;,forv=1,...,N

k+v—1
translate in the following:

o+ Z gl e =X o {EP [I.. 0]z} (5.13a)
r=1

r=1

In the following, these constraints on 521 will be transformed into
equivalent constraints on £ (see (5.18)) and ([5.19) below). Note that,

in view of the definition (5.13)), U;(v + 1) C U;(v) and X; (v + 1) C X;(v)
for all v.

5.2.3 i-DPC problems

The minimization problem for subsystem ¢ (-DPC) at instant k is
now stated starting from the knowledge of the stabilizing gain ma-
trix KC;, of the sets E;, E¥, Z;, AE;, and AE} of the future input

and state reference traJectorleS for ¢ and its neighbors f p and 5uk I

v=0,...,N —1,j €N, and of the output reference target yl. With
these ingredients, the i-DPC problem consists in the following:

o[

mi [i] 5l

30 mm (5k 0t Ulgeskor N — 1 E H5k+y
5a
S [k:k+N—1]

Qz + ”5 k"rll

(5.14)
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subject to the dynamic constraints , to the constraints

[i] _ [Z] €7 (5.15)
&, - s,ii,, € AE, (5.16)
5ﬁL;wM£V6AEL (5.17)
7y + [, 0] ZEEL € Xi(v) (5.18)
u%] L+ Z(Suﬂr L€ Ui(v) (5.19)
with v =1,..., N, and to the termlnal constraint
&y el (5.20)

where the sets ZF (assumed to be symmetric with respect to the origin)
are defined in the following.

Remark 5.1

I) If is satisfied and ( - q are verzﬁed forv =0, then

£ —§k €AE, ®Z; CE; and du, 5% € AE! © K;Z; C EY,
which Zmplzes that w[ 1e W;. This, in view of the invariance prop-

erty of (b.11)) with respect to Z“ @mplzes that f[z] §k+1 € Z;.
C’onszdemng that constraints (| and are imposed over
the whole prediction hom’zon zt follows by induction  that

w,[;lrl, e W, and &ﬂw — f,[;lw € Z; forallv=1,...,N. Therefore,
the initially stated requirement on the boundedness of the distur-
i s verified.

bance wy,

II) In the quadratic cost function (5.14)) the positive definite matri-
ces Q;, R; and P; are suitable tuning parameters to be properly
selected by the designer.

IIT) The final cost V. = ka-&-NHPi must be selected (see the following
Section) to guarantee suitable decreasing properties of the cost
function.

The solution of the i-DPC problem (5.14) at time k is the pair

(€ ,[;}k, F,;] K N_1] /k); therefore, according to 1} and a receding hori-
zon implementation, the input to the system , at instant k, is

duy) = diy), + K& — &, (5.21)
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Finally, letting é,[ﬂry/k be the trajectory stemming from f,[;}k,

(MZHN /K and (5.9), the reference trajectories to be used in the
next time instant k 4+ 1 are incrementally updated by appending the
values

Eiw =l (5.22a)
U Z]—&-N = ’Cifl[ﬂrjv/k (5.22b)

to the reference trajectories previously defined for k +v < k+ N — 1.

5.3 Convergence results

The convergence properties of the proposed algorithm can be proved
according to the results reported in Chapter [2{and in [50]. First define

the set of admissible initial conditions &y = ( ([)1], ce ([)M]) and initial
reference trajectories 6[[(])] N_1]’ 5u[0 N_1]’ forall j =1..., M as follows.

Definition 5.1 Letting & = (£, ..., M), denote the feasibility re-
gion for all the i-DPC problems by

=N = {e: if e =W for alli=1,. ..,Mthen
il (M 1] .
3(5‘[011\[ 1]7“' 5[[0111 1]) (0 {ON 1]71\‘4' 5 ON 1])
(00""7600 Nl’ 6A0N1 SUCh
that - and h are samsﬁed
forallt=1,.

Moreover, for each & € =V, let

B¢ = {(5[01\/ 1) "’g[ON i) (0 {(l)]N e 5“{<]JWN nE
if §[Z] W for alli=1,..., M then 3
( ([Jl]o,..., ([)]%] (5 [1N e 5u[éwN 1 such
that . and h are satzsﬁed
foralli=1,.

be the region of feasible initial reference trajectories with respect to a
given initial condition.

Assumption 5.4 LettingZ = [, Z;, U=[[2, U;, and =F = [[M, =F,
it holds that:
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i) =F 4s an invariant set for é+ = .’F'é;

it) Defining for simplicity of notation AZ = @3, .’F'S(EF @®7Z), and
H = diag( [Im O} e [[nM O]) the following properties must be
satisfied:
A N-1
xeX(N-1)oHAZcHEPZ (5.23a)
r=1
N-1

neU(N-1)oKAZcKP7Z (5.23b)

r=1
iii) For all € € =F
\'ad (é+) _VF (5) < —1(€, 80) (5.24)

where VF(€) = 320, V() and 1(€,00) = 371, (€M, o),
being li(f[il, sall) = ”é[l]‘ 2@ + H(sa[i”

2
R;-

U
Assumptions [5.4i) and it1) are standard in stabilizing MPC algo-
p-4

rithms, while Assumption [5.4+4) corresponds to require that the the
state and control variables of the closed-loop system formed by (5.5)
and the set of control laws ([5.10|) satisfy the constraints on x and u.

Assumption 5.5 Given the sets E;, U;, and the RPI sets Z; for equa-
tion (H.11f), there exists a real positive constant pp >0 such that
Zi; ® IB%,(;;)(O) CE; and K;Z; ® ]B%g”(()) CU, foralli=1,...,M, where
Bg‘ﬁm)(()) is a ball of radius pg > 0 centered at the origin in the R% ™
space. O

The main convergence result is now stated; since the velocity-form
allows one to transform a tracking problem in a regulation one, it can
be proved along the lines reported in Chapter [2| and in [50].

Theorem 5.1 Let Assumptions [5.115.5 be satisfied and let AE; and
AE} be neighborhoods of the origin satisfying AE; ® Z; C E; and
AEY @ K;Z; CEY. Then, for any initial reference trajectories in Eé\g,
the trajectory &, starting from any initial condition & € =V, asymp-
totically converges to the origin, so that the output y of system
converges to the reference y. [ |
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5.4 Implementation issues

The DPC algorithm requires to compute the block diagonal matrix
IC = diag(Ky, ..., Ky) satisfying Assumption [.4 Moreover, condi-
tion ([5.24)) must be fulfilled by a proper selection of a matrix
P = diag(P, ..., Py). Eventually, the sets E;, E, Z;, AE;, AE! and
EF must be characterized. Since the tracking problem has been trans-
formed in a regulation one, the algorithms presented in Chapter [2| can
be used.

5.5 Simulation example

Consider the four-tanks system of Figure see |7,36,57,74,/108.[165],
already introduced in Chapter [2] We recall that the goal is to control
the levels hy and hg of Tanks 1 and 3. The manipulated inputs are the
voltages of the two pumps v; and ve. The parameters v, and v, € (0, 1)
represent the fraction of water that flows inside the lower tanks, and
are kept fixed during the simulations.

] Y
/
Tank 2
Tank 4
vl 4 EEJ ! E% B v2
] ]
Tank 1 Tank 3
Yl...@ @ .2
Pump 1 1 lPump 2

Figure 5.1: Schematic representation of the four-tanks system.

The dynamic model of the system and the values of the parameters
have been described in Chapter [2| In this case, external disturbances
are not considered.

The linearization of the dynamic system and its zero-order-hold
discretization with sampling time T = 0.5 s, leads to the model
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with n =4, m = 2 and

09921 0 0  0.0206
Ao | 0 oo 00
0 00165 09945 0
0 0 0 09793
00417 247104
0.0156 0 100 0
B=1130-10¢ 00311 [*CT 001 0}
0 0.0235

In order to apply the DPC algorithm for tracking, this system has been
partitioned into 2 subsystems: the first one constituted by Tank 1 and
Tank 2, and the second one by Tank 3 and Tank 4. The partition of
inputs, outputs and states is, therefore
T
= [931 962} ,oull =y y[l] = WU

) 71 B VAV

The parameters used in the simulation are Q; = Qo = 3.24 - 1079 - I,
Ri=R,=324-10"", g = —04, 7 = 0 and

K, = [-10.87 025 —3.21
Ky, = [—-12.45 0.36 —3.96

[ 6.01-107% —4.98-10"7 1.23-107°]
P, = |—498-1077 2.04-107% 247-10°%

1.23-107  247-10~% 1.81-107°
[ 7.37-107% —2.71-1077 1.59-107]
P, = |—271-1077 1.46-107% 2.92.10°7
1.59-107  2.92.10~7 2.73-10°°

In Figure[5.2] a comparison between the outputs obtained with DPC
and with centralized MPC (¢cMPC) is provided, showing only a slight
performance degradation of DPC with respect to cMPC.

5.6 Conclusions

The DPC algorithm for tracking presented in this Chapter has an im-
portant features which make it suited for industrial applications, specif-
ically the integral action inserted in the closed-loop. On the other hand,
the proposed method has guaranteed convergence properties only in
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- |
2 :
T :
5 ;
% :
= i
DB 1 | I 1 ]
] A 10 15 20 25
Time (s)
w107
e B A
E ] bbbl ket =] T
T ¢ :
1. \_, _________________________________________________ SRR S
= 1 :
5 :
= T ...................
S 5
5 1 1 1 i 1
] A 10 15 20 25
Time (s)

Figure 5.2: Trajectories of the output variables yl!! (above) and y[? (below) ob-

tained with DPC (solid lines) and with cMPC (dashed lines). Dotted lines: refer-
il

ence g,

case the reference is kept constant: for time-varying reference signals,
recursive feasibility can not be proved. In order to extend also to the
cases of varying external setpoints the approach based on the velocity-
form version of dynamic systems, its properties have been studied for
the centralized case, as shown in Chapter [6]

5.7 Appendix

5.7.1 Proof of Proposition
The pair (A;;, By;) is reachable iff, for all A € C,

rank ([Mp+m, — Aii —Bi)) (5.25)
— rank AMp, — Ay =By 0 B
=ran _C, A, _C,B; ()\ _ ]-)Imi =n; +m;

On the one hand, if A # 1, since the term (A — 1)1,,,, has full rank m;,
and since the matrix
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is block lower triangular, to guarantee ([5.25)) it is sufficient to guarantee
that
rank([)\[ni — Ay —Bn}) =n,;

which holds in view of the observability properties of the pair (A;;, B;).
On the other hand, if A =1, to guarantee (5.25)) it is sufficient to

show that
K I,,—A; —DBj EEp—
rat —-CiAi; —CBil|) i

which is equivalent to the condition 4i) of Assumption [5.2]
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Centralized MPC with integral action

The control technique presented in Chapter [5 has the important pos-
itive side of inserting an integral action in the closed-loop. This can be
really useful in practice, since it leads to an offset-free tracking of con-
stant reference points also in presence of constant disturbances (and/or
errors in the model). The negative side of the proposed formulation is
that feasibility is not guaranteed when setpoint changes are required.
To overcome this issue, an in-depth study of centralized controllers for
systems rewritten in velocity-form is discussed in this Chapter.

As already discussed, three different solutions to the offset-free prob-
lem have been proposed so far. The first one consists of augment-
ing the model of the plant under control with an artificial distur-
bance, which must be estimated together with the system state [96,
111}/113,|118}/120,{123]. Another approach consists of including an in-
ternal model of the reference fed by the output error in the control
scheme [39,99,/104]. A third solution consists of describing the system
in velocity-form [122,|168].

Although all these solutions to the offset-free problem share the
common idea to include, implicitly or explicitly, an integral action in
the control loop, each one has its own advantages and drawbacks. In
particular, the use of the velocity-form does not require the use of a
state estimator even when the plant state is available and does not
require to compute the steady state target for the plant state and con-
trol variables in order to properly formulate the optimization problem
considered in the MPC formulation. On the other hand, in order to
address the stability issue with MPC algorithms for systems in veloc-

135
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ity form, in [168] the “zero terminal constraint" solution is suggested,
while, to the best of the author knowledge, no stability results have
been established for MPC algorithms based on the velocity-form and
characterized by a terminal cost and a terminal constraint, terms usu-
ally considered to guarantee stability and convergence, see |[105]. This
is due to the difficulty to find an auxiliary control law and an asso-
ciated terminal set where the constraints on the state and input of
the system are fulfilled, see [122]. Note that the zero terminal con-
straint solution cannot be used for systems affected by bounded but
non-constant disturbances.

In this Chapter, an MPC algorithm for linear systems described in
velocity form is presented. It allows one to track piecewise constant
signal rejecting constant disturbances, and relies on the approach de-
scribed in [6,87-89] for the solution of the unfeasible reference problem.
The proposed method guarantees stability properties and the conver-
gence of the controlled output to the feasible reference or to the near-
est artificial reference, i.e. the solution of the offset-free problem. The
main point in the derivation of the method is related to the definition
of an auxiliary stabilizing control law and of a region where its use can
guarantee the fulfillment of the original state and control constraints.
The proposed method is initially derived for nominal systems and is
then extended for coping with disturbances and uncertainties. Specif-
ically, the latter version is used in three cases, which differ from each
other in view of the type of perturbation affecting the system, i.e.,
bounded disturbance, constant disturbance, and model uncertainty.
All the proofs are reported in the Appendix to improve readability.

6.1 MPC for offset-free tracking: nominal systems

6.1.1 Statement of the problem

Consider a discrete-time, linear, time-invariant system, described by

Tpp1 = Az + Buy

" — Oy (6.1)

where z, € R” is the state, u, € R™ is the input, and y; € R™ is the
output. The inputs and state variables are subject to constraints, i.e.
i € X and ug € U for all instants k, where X, U are compact and
convex neighbors of the origin.



“thesis__main” — 2014,/1/26 T 15:56 — page 137 — #153

6.1. MPC FOR OFFSET-FREE TRACKING: NOMINAL SYSTEMS 137

For system ([6.1) we consider the problem of designing a state-
feedback control system, based on MPC, for tracking a given constant
reference signal r° € R™, i.e., that asymptotically steers the system
output yx to the desired value r°. We underline that r° is allowed to
change without losing feasibility: in this sense, also if all the Chapter is
developed referring to constant setpoints, the reader should remember
that in practice the proposed method can be used to track piecewise
constant references.

The following standard assumptions are made.

Assumption 6.1 i) The state is measurable.
ii) The pair (A, B) is reachable.

iii) The input-output system (6.1) has no invariant zeros in 1, i.e.,
rank(S) = n + m, where

I,—A -B
il

O

Note that Assumption ii1) guarantees the existence and the unique-
ness of the steady-state pair (z°,u°) € R™*" such that the system out-
put corresponds to the desired value y°.

6.1.2 The velocity form

In order to solve the tracking problem, the system is enlarged with
m integrators and described in velocity-form. Specifically, denoting
by 7 a generic tracking target (which could be different from r°, for
reasons which will become clear later on), the corresponding steady
state condition is denoted (z,@). Letting dxy =z, — 21, €k = Yp — T,
and duy = up — up_1, system (6.1)) can be reformulated as follows

5,’,Ck+1 = A(S.Tk + B(SUk;

g1 = CASzy + e, + CBouy (6.2>
Define &, = (dxy,er) and
A 0 B
A= {CA Im] B = [OB] (6.3)

In this way system ((6.2) can be written in compact form as
i1 = Ak + Bouy, (6.4)
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The following proposition can be easily proved.

Proposition 6.1 If Assumption holds, then the pair (A,B) is
reachable. |

In view of the reachability property of (A, B), it is possible to compute
the gain K such that F = A+ BK is Schur.
The dynamics of system (|6.4)), under the state-feedback control law

is given by
Sk = Féy (6.6)

Lastly, knowing 7, it is possible to give a useful relationship between
the states of the systems in velocity form and the states and inputs of
the original system as shown with the following proposition.

Proposition 6.2 Under Assumption the following equation hold:

[ . } = Lij =[Ce Gy [rﬂ (6.7)

Uk—1
where
Cr = {’g ﬂ e {Ig [?n [?n] (6.8)
and
X = {A(;A]n CBB] (6.9)

Where C* € RO#mx(+20) while Cp € ROHMX(0m) and ), € ROvm)xm
are two matrices such that C* = [C¢ C,]. Note that the inverse of ¥
always exists in view of Assumption ii1) (see the Appendix).

6.1.3 The maximal output admissible set

In the following, system (|6.4)) will be used to design an MPC algorithm
with stability and tracking properties. To this end, will be the
auxiliary control law used to guarantee stability, see [105]. However,
with respect to more standard formulations, the velocity form (6.4)
with state and control increments dx; and du, poses the problem of
properly reformulating the constraints on the original variables x; and
uy, in terms of constraints on the state &, of the closed-loop system (6.6)).
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To this regard, the main problem of this section is to define a suit-
able invariant set for the trajectory & and at the same time a set of
output reference values 7, such that it is guaranteed that the original
input and state variables u; and xj, respectively, lie in the feasibility
sets U and X.

In view of Proposition the issue of computing an invariant set
where (&,7) must lie in order to guarantee that constraints
(xk,ur) € X x U are verified for all k& can be cast as the problem of
computing the maximal output admissible set (MOAS) for the follow-
ing auxiliary system:

Fk}j 1} B {Jor [?n] Fﬁ} (6.10a)
[ufkl] = [Ce G m (6.10D)

where (6.10a)) and (6.10b|) play the role of a state equation and of an

output equation, respectively.

Letting

= {JOT I?,J

assume the following Assumption is fulfilled.
Assumption 6.2

i) The pair (F*,C*) is observable.

ii) X x U is a close polytope.

O

Then a polytopic inner approximation O, to the MOAS can be com-
puted in a finite number of steps [59], which is defined as follows:

0. = {(&,7) e R™?™ . C.F ¢ + O €X x U Yk > 0 and
CfeX. xU}  (6.11)

where X, and U, are close and compact sets satisfying X, @ B*(0) C X
and U, @ B™(0) C U, where B%™(0) defines a ball of radius € in the
R%™ gpace, and ¢ can be arbitrarily small. The definition enjoys
a fundamental property: O, results to be the set of initial conditions
(&, 7) for the dynamic system such that, during the transient, it
is guaranteed that (zy,ux) = CeF*E + Cyf € X x U, and the allowed
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steady state values (Z, ) = C,7 belong to the set X, x U, C int(X x U)
(in fact, note that when the nominal system is at an equilibrium point,
& =0, thus (&,a) = C*(0,7) = Cy#, ie, C,=—-S"1[0 I,]. The
latter is fundamental for the following results. For details on the com-
putation of Q,, please see [59] and Chapter [1]

6.1.4 The MPC problem

In this Section we introduce the MPC solution to the tracking problem
stated in the previous section.

Similarly to [88], we remark that an arbitrary desired reference out-
put r° may easily lead to infeasible standard MPC optimization prob-
lems. In case this occurs, we assume (in line with the reference governor
approach [58|) that the value 7 to be considered as the output refer-
ence trajectory in the MPC problem at time £ is different from r° and
guarantees feasibility. As such, 7, will be regarded as an argument of
the optimization problem itself, rather than a fixed parameter.

These considerations lead to state the following MPC optimization
problem to be solved at each time instant k:

Va(r®, 0z, yr) =  min Vn(Pg, Supegn—133 7%, 0Tk, yx)  (6.12)

PresOURe o N 1]

where

N—-1

Ve =D {l&nlld + 10unsnllR} + I€enld + 7% — 717 (6.13)
v=0

subject to the dynamic constraint (6.4]), to the constraints

c* ka”} cXxU (6.14)
Yk

forall v =1,...,N — 1, and to the terminal constraint

[%N} c O, (6.15)
Tk

As discussed, in the minimization problem , r° and rj are the
fixed desired reference value and the “artificial” setpoint actually tracked
at instant k, respectively. Furthermore, the input sequence du:x4n—_1)
and 7 are the decision variables of the problem. The solution to (6.12])
is denoted Okt N1k, Th|k-
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Note that, in view of the definition of £ and ¢, the stated problem
requires to optimize, at any time instant, not only the future control
increments, but also the part of the current state & which depends on

~

r.

The weighting matrices @ € R™Tm)x(m+m) and R € R™*™ are sym-
metric and positive definite, and P € R(+m)*(4+m) is the positive def-
inite solution of the equation

F'PF - P=—(Q+K"'RK) (6.16)

In view of the dimensions of F, P € R™)>x(+m) We can decompose

it as follows
P,. P
P = Tx Ty
s

where P, € R™", P,, € R"™™ and P, € R™™. Matrix 7" € R™*™
is a further tuning knob that must satisfy the constraint

T — P, >0 (6.17)

Some comments are in order. Constraints are equivalent to
require that x;,, € X for all v=1,...,N — 1 and ug,, € U for all
v =20,...,N — 2. Furthermore, implies that if, for all times
k+1i,i > N, the system (6.4)) is controlled using the auxiliary state-
feedback control law then, in view of the invariance properties of
O, xpinyi € X and ugynyi—1 € U are verified for all ¢ > 0.

The main convergence result can now be stated.

Theorem 6.1 Let Assumption be verified and the design param-
eters Q, R, P, T, X x U, and O, be chosen as specified. Then, if
at time k = 0 a feasible solution to the optimization problem -
exists, the resulting MPC' control law asymptotically steers the
nominal system output 1 to the admissible set-point r.q, where

rea = argmin ||y — r°[|7 (6.18)
CyyeXexUe

Moreover, dugy, — 0 as k — 0o, and the constraints (xy,ux) € X x U
are fulfilled for all k > 0. [ |
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6.2 MPC for offset-free tracking: disturbed sys-
tems

6.2.1 Statement of the problem and transformation in velocity-
form

Assume system (6.1)) is affected by a disturbance

Tpp1 = Axp + Bug + wy,

w2 e (6.19)

where the disturbance wy € W is unknown, but bounded, and W in-
cludes the origin. Concerning system ((6.19), we suppose that Assump-
tion [6.1] is again fulfilled.

If, in addition to dxp = xp — )1, € = Yp — T, OUL = U — Ug_1,

& = (6xg, ex), A and B (see (6.3)), we introduce also

B, = {g} , QW = Wy, — Wi—1, d, = By,owy, (6.20)
system (6.19) can be reformulated as
i1 = A& + Bouy + di (6.21)

Associated with system ((6.19)), the following nominal system is defined.

T = Ay + By,

i Z oa (6.22)

Letting 0iy = &y, — &k_1, &5 = G — 7, Oty = iUy, — U1, & = (Op, &),
the nominal counterpart of system (|6.21)) is

Epr1 = A&, + Boiy, (6.23)

According to [107] assume that, for all k, for the real system ([6.21)) the
following control law is considered

ouy, = oy, + /C(fk - ék) (624)

where the gain K is defined a priori such that F = A + BK is Schur
(see Proposition[6.1]). From (6.21), (6.23)), and (6.24) it directly follows

that R )
(&1 — Epr1) = F(&p — &) + die (6.25)

which is independent of the control input di; to the nominal system.
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6.2.2 The maximal output admissible set computed using
tightened constraints

One of the main obstacles for the use of the velocity form is due to
the difficulty to transform the state and control constraints for the
real disturbed system (6.19)) in terms of equivalent constraints on the

enlarged nominal state &, of the reference signal 7. To this end, the
approach outlined in the following consists in three logical steps:

I) we write () — T, up_1 — Ug_1) in terms of (& — ék,wk_l);

IT) we show that there exists a robust positively invariant (RPI) set
(denoted Z) where (& — &k, wy_1) is guaranteed to lie;

IIT) we compute, from Z, the tightened set Xy where (Zg, Ug—1) must
lie to verify the constraints on z, and uy.

As for I), the following result will be used.
Proposition 6.3 Under Assumption[6.1], the following equations hold

Mﬂ = C* {fﬂ + Cypthye_ (6.26)
Mﬂ =" {f’j (6.27)
where C* = [Ce  C,] is defined in equation and
SR
[

From ((6.26)) and ([6.27)), the difference between real and nominal states
and inputs is

{ Ty, — Tk } —[Ce O] Fk —fk} (6.29)

Uk—1 — Ug—1 Wi _1

Concerning 1), defining wy = wy_; one can write, from (6.20) and
.29)

Fkﬂ - €k+1} _F Fk - ék] + Bywy, (6.30)

Wk+1 Wk
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where

. [F -B,] s [B.
S A

From (6.30)), since the Schureness of F follows from the Schureness of
F, in view of [132] it is possible to compute the minimal RPI set Z for

&k — &k wy) as
7= FB,wW (6.31)
v=0

Therefore, in view of (6.31)), if (§x — fk,wk) € Z and Wit; € W for all
j > 0, it holds that (&4, wktj) € (§kts,0) B Z for all j > 1. An
algorithm for the computation of a polytopic robustly invariant outer

approximation of the latter set can be devised in line with [132], as
shown in Chapter [I]

Remark 6.1 An alternative choice is to set dp, € D = B, (W @& (=W))

mn and to compute a RPI set for asZ =P, , F'D, such
that if (& —ék) € Z then §iqj € ék;_l,_j @S Z for all j > 1 and for all
possible disturbance realizations. Such a simpler but more conservative
choice corresponds to replace Z in (6.31)) with Z x W in the following
developments.

Point [1I). Since wy = wy—1 and in view of (6.31) one has that, if
(fk' - gawk‘) € Z7 then

{xk } _ [ik}”(jg Cl] Fk—é} . [:ﬁk]@[q c1Z 632

Uk—1 Uk—1 Wk Uk—1

Therefore, in order to guarantee that (zy, ux—1) € X x U, the following
tightened constraints must be satisfied for (2, ty_1)

(21, te_1) € Xy (6.33)
where Xy is the set, with non-empty interior, that verifies
XpC (XxU)e [Ce Cu]Z (6.34)

In terms of £, 7 and in view of (6.27)), equation ((6.33) can be written
as

C* Fk} e Xy (6.35)
Tk
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In order to design an MPC stabilizing feedback control law, it is ad-
visable to define the auxiliary control law

Sty = K&, (6.36)

to compute an invariant set for the nominal closed-loop system ((6.23)),

, together with a set of output reference values 7, where (ék, 7)
must lie in order to guarantee that constraints (&, tx_1) € XU are veri-
fied for all k. This requires to compute the maximal output admissible
set (MOAS) O for the auxiliary nominal system with the dynamic

equation
G| _[F 0][&

and the output equation (|6.27)).

Provided that Assumption [6.2] is verified, an invariant, polytopic
inner approximation @ of the MOAS can be computed in a finite
number of steps |59]. Specifically, Q. is defined as follows

0. = {(éa ) € RY™ Cgfké—i- Cyr eXy Yk >0 and
C,7 € Xy(e)} (6.38)

where Xy(e) is a close and compact set satisfying Xy(e) & B(0) C Xy,

and € can be arbitrarily small. Note that O, ¢ O [59]. It is finally
worth remarking that, in view of (6.38)), a reference output 7 is feasible

if C,7 € Xy(e).

6.2.3 The MPC problem

The case of bounded variable disturbance

In the formulation of the robust MPC problem and according to [107],
at any time k the optimization problem is stated with reference to
the nominal system and its initial condition & is considered as
an optimization variable, besides the future nominal input sequence
Ok N—1]- Being & = (02, (Jr — 7)), this means that both 01 and
Ui are arguments of the optimization problem. As for possibly infeasi-
ble reference signals 7°, and following [88| also in this case, the value 7
to be considered as the output reference trajectory in the MPC prob-
lem at time k is regarded as an argument of the optimization problem
itself and is computed in such a way that feasibility is guaranteed.
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The MPC problem to be solved at each time instant £ is:

Va(r?, dxg,yr) =  min VN (02 ks Uiy Ty Ol N—1)3 775 Ok, Yk
02Uk Pre s OU ekt N— 1]
(6.39)
where
N—-1
Vi = > (&l + 10ansn IR} + 1€en B + 17 — 72017
v=0
subject to the dynamic constraint (6.23)), to the constraints
Inim 2 0 =
{ 5 ] (& — &) € l_wk—l} Y/ (6.40)

where, at time k, wg_; can be explicitly computed from z;_1, ug_1,

and zj, using (6.19)), to

c F’W] e Xy (6.41)
T
forallv=1,...,N — 1, and to the terminal constraint
[5"1”} e O, (6.42)
Tk

According to the receding horizon approach, at any time instant the
optimal solution 0Zyk, Yk|k, Tk, OUk:k+N—1)k 15 found and the control

A proper selection of the tuning parameters allows one to prove the
convergence properties of the proposed control algorithm. In partic-
ular, the weighting matrices ) and R are assumed to be symmetric
and positive definite, while P and T are defined as in equations [6.16|
and

Theorem 6.2 Let 433umptz’gn be verified and the design parame-
tersQ, R, P, T, Z, Xy, and Q. be chosen as specified. Then, if at time

= 0 a feasible solution to the optimization problem (|6.39)])- ex-
ists, the resulting MPC' control law asymptotically steers the nominal
system output Ui to the admissible set-point r.q, where

red = argmin ||y — |15 (6.43)
nyEX[U(G)

Moreover, 0ty — 0 as k — oo, and the constraints (xy,ux) € X x U
are fulfilled for all k > 0. |
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This result guarantees that, for any feasible initial state, the proposed
method asymptotically steers the nominal system output to the desired
reference value 7 if r° is admissible, or to the admissible output r,q if r°
is not admissible. Since the controller always keeps (§; — &) bounded
for all kK > 0, in view of , the output of the real system is driven
in a neighborhood of r° (or of 7,4). Moreover, the following corollary
accounts for the case the disturbance converges to a constant value.

Corollary 6.1 Let Assumption [6.1] be verified, the design parameters
Q,R,P,T,Z, XU, and O, be chosen as specified. If wp — w ask — oo
and if, at time k=0, a feasible solution to the optimization prob-
lem — exists, then the resulting MPC' control law asymptot-
ically steers the system (6.19) output yy to the admissible set-point rq.q
given by and the constraints (xy, uy) € X x U are fulfilled for all
k> 0. [ |

The case of constant unknown disturbance

When the disturbance w;, € W is unknown but constant, i.e., w; = w,
a standard and much simpler formulation of the MPC problem can be
used. In fact, being dw;, = 0, the velocity forms of the system ((6.21])
and of its nominal model coincide. Therefore Z = {0} x W
which means that, provided that & = &, Ehyj = ékﬂ for all w € W.
In view of this, the robust tube-based MPC formulation is no longer
needed and the optimization problem can be directly formulated on the
plant variables & and duy. Moreover, to guarantee (zy, ux_1) € X x U,

the set Xy in (6.33), (6.35), and (6.38) must verify
Xy C (X x U)o C,W (6.44)

which is the reformulation of (6.34)) in this simpler case.
In summary, the optimization problem to be solved on-line has the
following standard formulation of (non-robust) MPC.

Va(r® 0z, yr) =  min  Vn(%, 0upegn—1)3 7% 02k, y)  (6.45)

Proy0U Rkt N —1]

where

N-1

Vi = > {ll&solldy + 18unroll 2} + a3 + 17 — I3
v=0
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subject to the dynamic constraint with d =0, to the con-
straints (6.41)), for all v=1,...,N—1, and to the terminal
constraint (6.42]).

Once the optimization problem has been solved at any time k and
its optimal solution 7k, dUp:r+n—1]x has been computed, the input
applied to the real system is uj, = wp_1 + Oup.

With arguments similar to those used for the general case, the fol-
lowing corollary of Theorem [6.2] can be stated.

Corollary 6.2 Let Assumption [6.1] be verified, the design parameters
Q, R P,T,Z, XU, and Q. be chosen as specified. Consider the case
of constant dzsturbances, 1.e., wp, =w for all k > 0. Then, if at time
k = 0 a feasible solution to the optimization problem exists,
the resulting MPC' control law asymptotically steers the system
output yi to the admissible set-point r.q given by and the con-
straints (rg,ug) € X X U are fulfilled for all k > 0. |

It is worth recalling that, in the definition (6.43) of rqq, the set Xy(e)
appears, which is defined on the basis of Xy, which now must verify
the condition (|6.44]).

The case of model uncertainties

A possible application of the results presented in this paper is the case
where the disturbance wy stems from model perturbations. Specif-
ically, assume that the real system matrices are A, = A+ As and
B, = B + Bs, with As and Bs unknown, but bounded. Since z; € X

and uy, € U, the control problem can be stated as in (6.19)), where the
bounded disturbance is

We assume, according to [79], that

Na

i=1

where «a; >0 are unknown time-invariant parameters satisfying
na
> 4 o = 1. Define also

. A5 0 . B§
As = [CAJ 0] Bs = [035]
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The following corollary of Theorem can be stated, provided that
all the ingredients of the MPC problem ((6.39) can be properly defined,

including Xu.

Corollary 6.3 Let Assumption [6-1) be verified, the design parameters
Q, R, P, T, Z, Xy, and O, be chosen as specified, and model un-
certainties be of the type (6.46). Furthermore, assume that the ma-
triz F, = A+ As + (B + B5)K is Schur for all pairs [As Bs| satisfy-
ing (6.47). Then, if at time k = 0 a feasible solution to the optimization
problem (6.39)- (6.42)) exists, the resulting MPC' control law asymptot-
ically steers the system (6.19)) output yy to the admissible set-point rqq
given by and the constraints (xy, ux) € X x U are fulfilled for all
k> 0. |

Methods for designing the gain matrix I satisfying the assumptions
of the corollary have been thoroughly studied in the past, also in the
context of MPC, see, e.g., [35.[79].

One of the key points of the proposed approach lies in the existence
of a proper set Xy. According to its definition, it is computed as
follows:

I) compute W = convH (U=, {[A: Bi] X x U}), where convH denotes

the convex hull.
IT) Compute Z using (6.31).

III) Compute Xy using (6.34).
Note that step III) can be carried out provided that

[Ce Cu]ZCXxU (6.48)

which, in view of the fact that Z is in turn computed from X x U, is in-
deed a small gain requirement. In fact, small perturbations (i.e., small
As and Bjs) result in a small Z. A simple sufficient condition guaran-
teeing can be stated in case X x U is a zonotope i.e., a centrally
symmetric convex polytope, defined in the following alternative ways:

XxU =< (z,u) e R [ﬂ = Z,.4U where [[v]|o < 1}
(6.49)
=< (x,u) € R™™: pf [ﬂ Slforallizl,...,r}
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for suitably-specified matrices =, , and vectors h;, i = 1,...,r. Also
define H, , as

Hyw=[h1 ... h] (6.50)

The following proposition provides a sufficient (but conservative) con-
dition for the small gain one (|6.48]).

Proposition 6.4 Assume that

=1,...,nq

S Il [Ce Cul e s B[4 By Zeallo < 1
v=0
(6.51)

then Xy can be properly defined. |

Checking is straightforward: H,, and =, , are given once sets
X and U are defined, and all the matrices appearing in are
defined in the problem setup. Furthermore, since F is Schur, there exist
constants a > 1, 8 € [0,1) such that ||F”|| < aB”. Therefore, by
replacing > > || F¥||oc with a/(1 — f3), we obtain a sufficient condition
for (6.51)).

6.3 Simulation examples

For assessing the performances of the nominal algorithm presented
in Section (6.1} consider the following benchmark problem, originally
proposed in [87] and [88]. The nominal dynamic model of the plant is

Trp1 = Azp + Buy
ye = Cumy

11 0.5 0 10
Sl O B R T

Note that, differently from [87] and [88], here both states correspond
to outputs. The constraints on the states and inputs are ||z]|« < 5 and
||ul|so < 3, respectively. System is used for the synthesis of the
controller. Assume also that the plant is affected by both model per-
turbations and disturbances: the real transition and output matrices
are A,eq and B,.q, respectively, and an additional constant unknown

(6.52)

where
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disturbance w is present. Therefore the evolution of the system obeys
to

Te+1 = Arealxk + Brealuk + w
6.53
ye = Cuy (6.53)
where
0.8 1.1 0.55 0.05
Areal = 0,05 0.9]* Breat = | —0.05 0.9}

170] _ [05
¢= {0 1}’“)_ {0.5}
We set @ = diag(0.1,0.1,1,1), R = diag(0.1,0.1), and N = 10. Ma-

trices K and P have been computed according to the L() synthesis
criterion:

© - [—1.69 —1.71 —1.22 0.30

~ |-0.05 —0.10 0.02 —0.731
[ 044 0.34 024 —0.06

p _ | 034 054 024 001
0.24 024 141 0.10
—0.06 0.01 0.10 1.37

Matrix Py, is therefore
1.41 0.10
Py = {0.10 1.37}

Matrix T" has been set to T' = 10F,,.

In the simulations, the reference trajectory for s is constant and
equal to zero. The first output v, instead, has a piece-wise constant
reference trajectory, taking values 5, —5.5 and 3. The results are shown
in Figure In Figure [6.2] we show the trajectories of the input
variables.

Importantly, note that every admissible reference signal is tracked
without error and that the effects of the model perturbation and of
the unknown disturbance have been rejected, thanks to the particular
offset-free MPC formulation proposed in this paper. On the other
hand, the setpoint —5.5 it is not admissible and the output is steered
to the closest admissible value.

Although constraint satisfaction is not guaranteed for perturbed
systems by the results presented in Section [6.1] they are accidentally
satisfied in this example.
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First output
» AN o N A D
R
i

Second output

Time steps

Figure 6.1: Trajectories of the real plant output variables y; (above) and yo (below).
Grey solid line: real desired references (g12); black dash-dotted line: artificial
references (g1,2); black solid line: outputs of the system (y; 2).

Time steps

Figure 6.2: Trajectories of the inputs applied to the real system. Blak solid line:
first input; black dash-dotted line: second input.
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To test the robust version of the proposed algorithm, consider again
this first benchmark problem. The dynamic model is given by

Tl — Amk+Buk—|—wk
ye = Cuy

11 0.5 0 10
A R i el

The constraints on the states and inputs are again [|z]|. < 5 and
|lu|]|ls < 3, while the variable disturbance w is such that ||w|. < 0.1.
For the synthesis of the controller it has been set N =5, @ = Iy,
R = 0.0115, while the matrices K and P have been computed with
the L(). synthesis criterion. The weighting matrix 7" has been set to
T =10F,,.

(6.54)

where

2 T T
L o=l i
3
=
32| .
b
T 4] i
-6 I i
0 5 10 15 20 25 30 35
05 T T
2 RPN AN =\ P Ak
3 N ~
o H
S
o -0.5F : \/ -
L) H
2}
1 I L L L i I
0 5 10 15 20 25 30 35
Time steps

Figure 6.3: Trajectories of the real plant output variables y; (above) and yo (below).
Grey solid line: real desired references (r{,); black dash-dotted line: artificial
references (71 2); black solid line: outputs of the system (y1,2). The disturbance wy,
is constant for k > 24.

In the reported simulations, the reference trajectory for y, is con-
stant and equal to zero. The first output y;, instead, has a piecewise
constant reference trajectory, taking values 5, —5.5 and 3. The distur-
bance is randomly varying in the set W for k € [0, 23], while it is kept
constant for k € [24,35]. The results are shown in Figure while
Figure shows the trajectories of the input variables.

Note that every admissible reference signal is tracked, without error
when w;, = w, and that the effects of the unknown disturbance have
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Inputs

Time steps

Figure 6.4: Trajectories of the inputs applied to the real system. Black solid line:
first input; black dash-dotted line: second input.

been rejected. On the other hand, the setpoint —5.5 is not admissible
and the output is steered to the closest admissible value. Constraints
on states and inputs are always fulfilled thanks to the robust approach.

Let’s now consider a second example, proposed in [69,(123], to eval-
uate the application of the nominal formulation of Section [6.1} its sim-
ple implementation and useful characteristics could in fact be of great
interest from an industrial point of view. A continuous stirred-tank

Fo,To.cq

Figure 6.5: Sketch of a continuous stirred-tank reactor.

reactor (Figure is considered: in the liquid phase, an irreversible
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reaction occurs. The temperature inside the reactor is regulated with
external cooling. The nonlinear equations which give the dynamics of

the CSTR are

dc  Fy(co—c) E

26 _ 00 TY e ce(— .

dt wr2h oce( RT) (6.552)
AT Fo(Ty—T) AH E _ 2Uh

@ = 2 kpce(——y + T 55b
dt Tr2h oC, ocel—77) (Jp( ) (6.55b)
dh  Fy—F

P (6.55¢)

The three state variables, all measurable, are the level of the tank, h,
the molar concentration of the reagent, ¢ and the reactor temperature
T. The first two are taken as the controlled outputs. The manipulated
inputs to the system are the outlet flow rate, F', and the coolant liquid
temperature, T.. The inlet flow rate is assumed to be an unknown
disturbance. In Table [6.1] the model parameters are reported. The

Table 6.1: CSTR parameters

Parameter Nominal value
£y 100 1min—!
To 350 K
o 1 moll~1!

r 0.219 m

ko 7.2 x 1010 min—!
E/R 8.750 K

U 915.6 WK m™2

p 1kgl™!

Cp 0.239 JKg!
AH -5 x 10* Jmol ™!

system is linearized in correspondence of the stable steady state where
h® = 0.659 m, ¢ = 0.877 mol 1™, 7% = 324.5 K, F* = 100 lmin~—! and
T? =300 1, having denoted with apex s the steady state. As shown
in [123|, using a sampling time of 1 min, the following linear discrete-
time model is obtained

Tpp1 = Az + Buyg + wy

w2 o (6.56)
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with
0.2511 —3.368¢2 —7.056e~*
A= 1|11.06 0.3296 —2.545 ,
0 0 1
—5.426e2  1.530e7° 10 0
B=| 1297 0.1218 |, C= [0 0 1] ,
0 —6.592e2
—1.762¢7°
wp = | 7.784e72 | py
6.592¢ 2

where x = ((c—¢*),(T —T%),(h—h%)), uw=(T.—T5),(F — F*)),
y=((c—¢*),(h—h%)) and p = Fy — F}.

1)(10

|

First output

'
-
T

'
N

0 5 10 15 20 25 30
1 T
5 :
] /\
[¢]
=]
o
8 o 0000000 @ lees -
O
(7]
y I I 1 I I
0'50 5 10 15 20 25 30

Time steps

Figure 6.6: Trajectories of the plant output variables y; (above) and ys (below).
Grey solid line: real desired references (y 5); black dash-dotted line: artificial
references (¥1,2); black solid line: outputs of the system (y; 2).

At time k& =10 (i.e., t = 10 min), a disturbance p = 10 enters the
plant, and the goal of the controller is to track the steady state values
of the outputs (i.e., to regulate the outputs of the linearized system to
Z€ro).

The length of the prediction horizon is N =5, while we put
() = diag(0.01,0.01,0.01,10,10) and R = diag(0.01,0.01). Matrix K
has been generated according to LQ criterion and we chose T" = 10F,,.
The results are reported in Figure [6.6], from which it is clear that the

disturbance is completely rejected. In Figure the applied inputs
are shown.
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Inputs

30

i i
15 20 25

Figure 6.7: Trajectories of the inputs applied to the system. Blak solid line: first
input; black dash-dotted line: second input.

6.4 Conclusions

In this paper, a robust MPC algorithm solving the offset-free tracking
and the infeasible reference problems has been developed for disturbed
systems expressed in velocity form. Convergence results have been
obtained by suitably defining the auxiliary control law and the terminal
set used in the problem formulation. In the next Chapter, the obtained
results will be used to derive a decentralized control algorithm for

tracking varying (piacewise constant) references.

6.5 Appendix
6.5.1 Proof of Proposition and of Proposition
Being dxp = xp — xp_1, system (6.19)) can be written as

(SQZk = (A — [n)ﬂ?k,1 + Buk,1 + Wg_1 (6 57)
Yk = ka = C(Af[)k_l + Buk_l + wk_l) )

which gives

{iiﬂ = [A(;AI” CBB}_I([(Z’C} _ [g] W) (6.58)
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The dynamics of the state of system (|6.19)) allows one to write also

T . A B Th—1 ]n
e I e R G S
Inserting (6.58)) inside (6.59) and recalling that
oz | (L, 0 0] &
(6.26]) clearly follows. Expression (6.27) and ([6.7)) are obtained in the
same way simply considering w;_; = 0.

In order to find matrices C* and C,, we need to prove that the
inverse of ¥ can be computed. It is easy to see that X is invertible if
and only if S is invertible, which holds in view of Assumption[6.1] This
can be proved by contradiction as follows. Let’s suppose that ¥~! can

not be computed: this mean that there exists a vector p = (i, fy),
with pu, € R" and p, € R™ such that Xy = 0 with pu # 0, i.e.,

C(Apz + Buy) = Cpy = 0 (6.60)

that can be written as Sy = 0. Since p # 0, this contradicts Assump-
tion iii) and therefore proves the existence of 1.

6.5.2 Proof of Theorem [6.1] and of Theorem [6.2]

The proof of Theorem is a simplified version of the proof of Theo-
rem see [13|, and therefore is here skipped. Moreover, once The-
orem [6.2] and Corollary [6.2] have been proved, a very simple proof of
Theorem can be stated. We refer the reader to the proof of Corol-
lary [6.2] for additional details.

As for the proof of Theorem [6.2] it follows the same rationale as the
proof of Theorem 1 in [88|. Specifically, it is based on the following
steps:

I) we prove that the only closed-loop stable equilibrium point such

that & = 0, compatible with the minimization problem (6.39), is
the one corresponding to 7y = ruq.

IT) We prove recursive feasibility and that the system converges asymp-
totically to an equilibrium point, i.e., that & — 0 as k — oo.
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III) From the previous steps we infer that the nominal system asymp-
totically converges to the unique equilibrium point, which is com-

patible with (/6.39)).

Step 1

First note that, among all admissible points (ék, k) = (0Zk, U — Tk, T,
the point (0,0, 74q), where rq4 fulfills (6.43)), is the equilibrium condi-
tion to (corresponding to gy = 7 = raq and dtg,, = 0 for all v)
such that the cost function Vy is globally minimized. Recall that it is
admissible since Cyr,q € Xy(e), see (6.38).

Consider a generic admissible reference 7 # r,q, such that
(z,,u,) = Cyr € Xy(e), corresponding  to  the  equilibrium
(0Zk, g — Tk, 7)) = (0,0, 7) for the system (6.37]) (i.e., corresponding
to an equilibrium to in case duyy, = 0 for all v > 0). The cost,

associated to such equilibrium condition is
Vi = ||F — r°||% (6.61)

Instead, consider the solution corresponding to the trajectory start-
ing from (dZx, gk — 7, 7x) = (0,7 — 7,7) (i.e., from the point (., a,),
which does not correspond now to an equilibrium point for , in
view of the fact that the reference output is now 7 # 7), and evolving
according to the auxiliary control law . If 7 is defined according
to7 =M+ (1 — A)7ga, A € [0, 1), then:

i) the corresponding equilibrium is admissible, i.e., C,7 € XU(E), in
view of the convexity of Xy(e).

i) since C,7 € Xy(e), and being O, € O, provided (1 — \) (and hence
|7 — 7||) is sufficiently small, we get that the initial condition

(0,7 —7,7) € O. In this way, it is possible to control the system
with the auxiliary law ([6.36]).

The cost associated to such auxiliary control law is

N—-1
Uy = 7 = r°l34+ > {IF 0,7 — 1) [3 + IKF (0,7 — 7) |33+
v=0
+ [|F¥(0,7 — )| (6.62)

In view of (6.16]), we obtain that the latter is equal to

Vi = [IF = rll7 + 10,7 = ) = IF = |7+ IF = 7lI7,,  (6.63)
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since Py, < T
Vi < |17 = r°ll7 + |7 = 77 (6.64)
Note that
o = |F sl = M =l
T
= a+b=|r—7r
Since a,b,c > 0, if a + b = ¢ then a® + b* < ¢*. From this, (6.64),

and (0.61)

o o

VN < Vy

from which it follows that, for all 7 # r.q, (0,0, ) is not an equilibrium
point for the closed loop system.

Step II R
Recursive feasibility and convergence of & to zero, once 7 is kept con-
stant, can be proved resorting to standard robust tube-based MPC
arguments, see [107].

Feasibility: Consider that, at time k, a solution to is
(0Z gk, §k|k, fk|k, Ok N— 1”k) Then it is easy to see that a feasible so-
lution to at time k+11s (0Z 441y, U 1l Peller OUfket1: k:+N]\k) where

it is deﬁned 5uk+N|k = /ka+zv|k, where §k+N‘k stems from with
inputs dt:p4+n—1]% and initial condition fk‘k = (6Zw)k, Yk — rk|k)).

Convergence: Consider the above-mentioned feasible solution at
time k£ + 1. Following standard arguments for the proof of the con-
vergence of robust tube-based MPC [107] we obtain that

V01, yrir) — Va(r®, 0z, yp) < —ka\kHQ—”duklk”R

In view of the positive definiteness of V3 and of ) and R, it holds that
ék“c — 0 and 0t — 0 as k — oo.

Note that, in the case the disturbance is constant, the evolution of
the real system in velocity form is indeed &1 = A&, + Bduy. Since
the input increment to the real system is duj = St + (& — fk|k),
the system dynamics is described by {1 = F& + 0t — ICka where
Othg) — lekUg is an asymptotically vanishing term. Being F Schur then
& — 0 as k — oo.

Step 111 R
In view of Step II, convergence of & is guaranteed. Since, in view
of Step I, the only equilibrium to (6.23) compatible with is
the one corresponding to 7, = r.q, then it also holds that g — 7.4
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as k — o0o. Since the control law (6.24]) always keeps & in a neigh-
borhood of &, we have that y; tends to a neighborhood of r.q, i.e.,
Yo = Taa® [0 I, 0]Z as k — oo.

6.5.3 Proof of Corollary

In view of Theorem [6.2] gx — 744 as k — oo. Since the input incre-
ment to the real system is duy = 0ty + K(§ — &iyi), the system dy-
namics is described by &pp1 = F& + 0lpy, — lCék/k + di where both
Oy /1, — /Cék/k. and dy = B, (wy —wg_1) are asymptotically vanishing
terms. Being F Schur stable, then & — 0 as k — oo.

6.5.4 Proof of Corollary

In view of Theorem [6.2] Jx — 744 as k — oo. This, in general, means
that y,, tends to a neighborhood of r,4. Recalling that, in this particular
case, Z = {0} x W, we have that

ykérad@[o Im O}Z:T’ad@{O}:’f’ad

as k — oo.

Note that this result allows one to derive a very simple proof of The-
orem [6.1} In fact, the nominal algorithm can be seen as a particular
case of constant disturbance, = where w=0, W = {0},
Z = {0} x {0} = {0}, Xy =X x U and O, = Q..

6.5.5 Proof of Corollary

In view of Theorem [6.2] it is proved that gy — r.q as k — co. We
define e} =yr —7r.a and = Yk — Taa- Noting  that
dwg = wy, — w1 = Asdzy + Bsduy, we have that, similarly to (6.2)

el = C(A+ As)dxy + i + C(B+ Bs)du (6.65)

where, for all k, duy, = 0ty + K {5%@_ 53“““] . We can therefore write

—Ek
equation (6.65)) as

{5:@%1] _r {m] - (6.66)

a
€41 €k
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| B+ DBs L 0T .
where 1, = [ C(B + Ba)} <5uk|k K l 20 is an asymptotically van-
ishing term. Since F, is Schur, it implies that dz;, — 0 and €} — 0 as

k — oo.

6.5.6 Proof of Proposition

Recalling (6.49)) and (6.34]), the set Xy exists if there exists p > 0 such
that

[Ce Cu]Z & BP™™(0) C X x U (6.67)
which is verified if, for all i = 1,... r
maxh; [Ce Cy,]Z <1 (6.68)
ZEL

In view of (6.31)), (6.68]) is verified if, for all i = 1,... 7

[e.e]

glg%ch [C’g Cw} F'Byw < 1 (6.69)

v=0

where, in view of ((6.49)), w = Z;ﬁl a; [Aj Bj] Eu0, where ||v]|o < 1.
Therefore (6.69) is verified if, for all ¢=1,...,r and for all
aj, j = 17 -+« Nalpha

Z max hT Cg Cw] F'B, Zaj [Aj Bj} Epa <1 (6.70)
i—1

o lolleo<1

Note that, foralli =1,...,r

Sootomaxyyj<i b [Ce Cu] FYBy Y02 oy [A; Bj] By
=Yool [Ce Cu] F¥Bu Y0 a5 [A; Byl Zeullo

Since, in view of (6.50) and for all v =0, ... oo,

AT [Ce Cu] F*Buw 352 a5 [4; Bj] Zaulloe
< |H7, [Ce Cu] F* B, Y0 [4; Byl Eralleo
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forallz=1,...,r, then
Zzozo thT [Cf Cw} j’"[;’q{ Z?il Q; [AJ Bj} Ez,u”oo
<3l llHT, [Ce Co] FPBu 2t oy [A; Bj] Eaulle
<Y Yo lHE, [Ce Cuw] FYBuw [A; Bl el
< Maxj—, . n, (ZZio 1HT, [Ce Cu] F*Bu [4; Bj] Ex,u”oo)
<3 1P el HE, [Ce - Cu] oo

Eventually, if (6.51]) is verified, it follows that (6.68)) is also verified.
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DePC for tracking

Using the results shown in Chapter [6] for centralized controllers based
on the velocity-form version of the dynamic systems, we present a de-
centralized algorithms for tracking piecewise constant references with
integral action in the closed-loop.

The problem of designing decentralized regulators is of paramount
importance in the industrial world, where most of the controllers are
simple single-input-single-output PI (or PID) regulators. For this rea-
son, synthesis methods of decentralized regulators have first been pro-
posed since the 70’s for control of large-scale systems mainly in the
continuous-time framework [94,151/[152/169]. The problem of designing
decentralized regulators with offset-free tracking properties has been
tackled in the 80’s both in the continuous-time [40}|64] and in the
discrete-time [145] contexts.

In this Chapter, we address the decentralized offset-free tracking
problem of piecewise constant reference signals for systems subject
to constraints on inputs and states. The systems are supposed to
be constituted by a set of non-overlapping subsystems coupled by
states and inputs. To reach our aim, first we recast the problem as
a regulation one by reformulating the plant model in the velocity-
form [14,/122,/126,,|168|. Secondly we state the decentralized control
problem as a tube-based robust one [107], where dynamic interactions
among subsystems are interpreted as perturbations to be rejected, sim-
ilarly to [50,139]. This approach implies the definition of tightened
state and input constraints for accounting for uncertainties. Conver-
gence results are reported and a simulation example is provided to

165
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evaluate the performances of the control algorithm. The proposed de-
centralized predictive control (DePC) scheme has the great advantage
that no transmission of information among the local controllers is re-
quired, at the price of a reduction of the size of feasibility sets.

7.1 The dynamical system

7.1.1 System under control

The process to be controlled is described by a discrete-time, linear,
time invariant system with dynamic equations

Xpe1 = Axp + Bug + vy

vi = Cxp (7.1)

where x;, € R" is the state, u, € R™ is the input, v, € V C R" is an un-
known bounded external disturbance and y; € R™ is the output. The
set V is convex, compact and includes the origin. The state and input
vectors are constrained to lie within given convex and compact sets,
ie. x, € XCR", u, € UcCR™. The constant reference to be tracked
is denoted by r° € R™. To guarantee the existence and the uniqueness
of the steady-state pair such that the system output corresponds to r°,
the following standard assumption is made.

Assumption 7.1 The input-output system (7.1)) has no invariant ze-

ros in 1, i.e.,
K I, -A -B|\ n
ran C 0 =n+m

7.1.2 Partitioned system

As shown in Chapter [f] system (7.1) is divided in M interacting

and non overlapping subsystems, each one having xE} € R™ as state

vector, qu] € R™ as input vector, y,&i] € R™ as output vector and

v,[j} €V; CR™ as external disturbance, i.e., x5 = (;EE], e ,:ULM]),
u; = (ug}, o ,u,[cM]), Vi = (y,[gl}, . ,yLM}) and v, = (UE], . ,ULM}) (with

S M n; =nand 321, m; = m). The sets V; are convex, compact, and
include the origin and V is defined as V = Hf\il V;. We assume that, for
all subsystems, y,[z] depends only on xg] (this means that C has a block
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diagonal structure). Eventually, The reference vector r? is decomposed
into M local output set-points [, consistent with the definition of
y,[j]. According to this partition of system , as already seen in the
previous Chapters, the matrices A;; and B;;, 4,7 = 1,..., M, whose di-
mensions are consistent with the partition of states and inputs, are the
block entries of the matrices of A and B. Given the i-th subsystem,
by N; we denote the set of its neighbors (which excludes i), i.e. the set
of subsystems for which A;; # 0 and/or B;; # 0.
The dynamics of the i-th subsystem is given by

Iz}—i—l = AM I‘E‘L + B“U + ZJGN {Az].%'b] + Bz]u[J]} + U}EL]

: (7.2)
1 = ol

where xE] e X; € R™ and ug} € U, C R™, being X; and U; convex,
compact and neighbors of the origin, for all ¢ = 1,..., M. We define
X = Hf\il X;, U= sz\i1 U;. A second assumption, on the properties of
the subsystems, is introduced.

Assumption 7.2 For each subsystem ((7.2)):
i) the pair (Ay, By;) is reachable.

ii) rank([ . 0 }) =n; +m,.
[l

In order to design a decentralized controller, all the subsystems (|7.2))
are seen as independent processes affected by an unknown, bounded,
external disturbance, i.e.

sl = Auafl o B+ of

IR xg]

(7.3)

where w,[j} € W, is defined as w,@ = ZjeNi{Amxg] +szu£j]} +v,[j], thus

7.1.3 Subsystems with integrators

To track the reference signal, m integrators are inserted in the parti-
tioned subsystems, according to their description in velocity-form (see,

, [122,/168] and Chapters I 5/ and @ Let 71! be a generic tracking
target which could be different from r>l!, because using the approach
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described in [88] the setpoint is considered as one of the optimiza-

tion variables. Then, defining 5x,[€‘ = xgg] x@ 1 5?] = y/[fﬂ — 7l
sull = ul! — | and ow!! = wl! — wi! | system (7-3) can be reformu-
lated as

(51‘%]“ = Aiiéx[l]—i-Bméu +5w[l

i i ] (7.4)
€ = Cidydxy + €k + C; B0y, + C; (5w

Defining ¢} = 3z}, ), ovl) = v — vl | and

Ais = |:CiAii ]mi] » Ba = [C Bm] bi [Cz:|

AZ 0 Bl i we i
Asi [J },B [J] 4 = Brow!! (7.5)

CiAi; 0 C;Bi;
system ([7.2)) can be reformulated in compact form as
§k+1 = Azzék + 8115U + d Z] (76)

which is equivalent to
€k+1 = An k + Buduk + Z{Aw I[Cj] + Bijéug]} + 15’2”5051 (7.7)
JEN;
As shown in Chapter [4] [12]:

Proposition 7.1 Under Assumption the pair (A, Bi;) is reach-
able. |

The set of M models ([7.7) can be collectively written as
i1 = .Aék + Béu, + BYov, (78)

where &, = ( ,...,fk ), ou, = ((5u;€1],...,5u£€M]),
ovy = (51)[1] ce, 0 [M) B = diag(BY,...,BY,) while A and B are

the matrices Whose block entries are AU, B”, respectively.

7.2 The DePC algorithm for tracking

7.2.1 Nominal models and control law
The following nominal subsystem is introduced
iy = Ayt + Bt

7.9
gl ol (7.9)
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consisting in ([7.3) where coupling terms and external disturbance are

neglected. Define o)) = 21! — 211 &l = gl — 7l gl = ol —al! |

and é,[j] = (5&%], ég]). The velocity-form model corresponding to ((7.9)
is

= Al + Baoa)) (7.10)
To compute a decentralized stabilizing state feedback auxiliary control

law for all the M nominal subsystems ([7.10), a new assumption is
introduced.

Assumption 7.3 There exists a block-diagonal matric
K = diag(Ky, ..., Ky), with KK; € Rmaxutmi i — 1 M, such
that:
i) the matric F = A+ BK is Schur.
i1) The matrices Fy = Ay + BiiK; are Schur.
OJ
We will compute the control action of the real subsystems ([7.6]) as
sull — sal) 4 jo () _ ¢l 11
Uy, )+ Ki(§ — &) (7.11)

For the nominal subsystems ([7.10)), consider the control laws

sall = i€l (7.12)
From (), (710, (712), and (FI1) we have
(€ — &0 = Fue = &) + & (7.13)

7.2.2 Constraints for inputs and states

One of the main problems related to the formulation of MPC problems
when applied to systems formulated in velocity form is how to properly
define the input, state, and terminal constraint sets. For this purpose,
we need the following result, proved in Chapter [6] for centralized sys-
tems [14].
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Proposition 7.2 For alli=1,..., M, under Assumption[7.9 the fol-
lowing equations hold

I P 50
Up_q r
[ Al ] 21l
z *
e F@]] (7.15)
| Uk—1 | r

where

oo — (A Bil[Ai—ITn, Bi] [l 0 0

co — ] [Ae Ba] [Au—To Bi]| ' [L

It is worth underling that the inverse appearing in the definition of C
and C}" always exists since Assumption [7.2]is verified, see Chapter [6]

Let now partition matrix C} as follows: Cf = [Cf C?], where
C¢ e Rtmi)xmitmi) and ¢¥ e RM+m)>xmi - From equations (7.14)
and ([7.15)) we obtain

ol _
i _ gl

Up—y — Up—y

5[2‘} _ £l
=[Cs Cr] | (7.16)

Wy_1
Defining w,[f} = w,[:]_l one can write, from ((7.5)) and ([7.13])
[7] ad [i] _ £l
lfkﬂ ﬁgk-&-l] — _731 [ k _mgk:

; + Brw!! (7.17)
Wrt1 Wi

where

S A
e fi e[

Since F;; is Schur, .7’:-ZZ is Schur as well. In view of this, it is possible
(see [131]) to compute the minimal robust positively invariant (RPI)
set for as Z; = @2 FEBYW,.

Moreover, considering , if ( ,Ef] — é,Ef},w,[:]) € Z;, then to verify
the constraints (mz],ug}fl) € X x U it has to be guaranteed that

A

@7 al )y e XV (7.18)

)
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where XU must satisfy
XVCc(XixU)e[ct o]z, (7.19)
An assumption on the existence of sets XEU is required.

Assumption 7.4 For each subsystem (7.3)) there exists Bnﬁml)(O)
such that

[Cf O] Z; @ BUut™)(0) C (X x U;) (7.20)
O

In terms of§ 7l and in view of (7.15), Equation (7 can be written
as

CR
C: { m} e X/ (7.21)

7.2.3 Computation of the terminal set

An invariant set for the nominal closed-loop subsystem q
must be computed, together with a set of output reference Values T

where (é,[j}, A1) must lie in order to guarantee that constraints
are verified for all £ when the control law is used. To this end as

explained in Chapter [I}, it is sufficient to compute the maximal output
admissible set (MOAS) [59] O; for the following system:

élE:i}l — Fi 0 Al[eﬂ
[ff{} 1o 1, | (7.22a)

_cr [ M} (7.22b)

Pl

where ([7.22a]) and ([7.22b)) act as a state equation and as an output
equation, respectively.

Assumption 7.5 For each subsystem:

i) the pair ({]; 7 ] CY) is observable.

i) XIZU is a closed polytope.
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Under this assumption, see Chapter [, an invariant, polytopic inner
approximation @6 to the MOAS can be computed in a finite number

of steps. Specifically, (O)j is defined as follows

O; = {7, 71 e R CEFRED + Ol € X7V k> 0,
Cvll e XV(e)} (7.23)

where  XU(e) is a close and compact set satisfying
XV(e) @ Brit™i(0) C XY, and € can be arbitrarily small.

7.2.4 1-DePC problems

At any time step k£ an MPC optimization problem is solved where,
similarly to [107], the predictions of the state variables are computed
using the nominal model , while its initial condition é,[j] is re-
garded to as an optimization variable, as well as the nominal input
sequence (ME:HNA]'

In the proposed control scheme, infeasible reference set-points are
handled similarly to [88]. Specifically, the value f,[;], which is the
value of 71! decided at time k, is regarded to as an argument of the
optimization problem itself, rather than a fixed parameter. Being

i — (5211 (9 — #1)), this means that 62}, 91" and 20 are all dif-
ferent arguments of the optimization problem

The decentralized predictive control problem solved on-line by the
i-th subsystem (denoted i-DePC) at each discrete time instant & is:

Ve (ot ol ) =

li] - sl Ald] i [4]
. {r]un[] VN (ozy gy 7 76u[k k+N—1) T rotl 537k> ) (7.24)
Ui Tk 75“[k k+N—1]

where

k+N-1

VN = || — o2 4 Z (1€

5, + lloag

subject to the dynamic constraint ([7.10]), to the constraints

{Inam} (6 —¢lily) € [_wom } ® Z; (7.25)
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5k’+’f e XV (7.26)
k
forallv=1,...,N — 1, and to the terminal constraint

e 05 (7.27)

S
%

It is worth remarking that the term w,[j]_l used in ([7.25)) can be com-
puted, at time k, by subsystem 7 using ([7.3). At any time instant the

optimal solution 5$k‘k,ygﬂk,f5‘k,6u{; b N-1][k is found and the control

law (7.11)) is applied with (5uk = 5u£€l‘]k and f[z] © Z{k, (yl[jﬂk Prie) D).

The convergence properties of the proposed control algorithm can
be proved by properly selecting the tuning parameters: ); > 0 and
R; = 0, while P, = 0 is assumed to be chosen as the solution of the
Lyapunov equation

FiPFy— P, = —(Qi + K RiK;) (7.28)

As for the matrix T}, decompose P; € R(vitmi)x(nitmi) a9 follows

me P}Uy
Pi |: PZM Pl'yy:|

where P € R"*™ and select T; to satisfy the inequality
T,—P" =0 (7.29)

7.3 Convergence results

In this section the main convergence properties of the proposed method
are given. In particular, we first resort to the results provided in Chap-
ter [6] as a preliminary step. Importantly, if Assumption [7.4]is verified
for all 7, the decentralized control problem is, as a matter of fact, de-
composed into independent “decoupled” robust MPC problems. The
recursive feasibility properties and the convergence of the nominal sub-
systems’ outputs yt is therefore guaranteed by the theory described
in Chapter [6] reported here for completeness.

Theorem 7.1 ( [14]) For each i = 1,..., M, let Assumption be
verified and the design parameters Q;, R;, P, T;, Z;, XY, and Qf
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be chosen as specified. Then, if at time k = 0 a feasible solution

to the i-DePC optimization problem (7.24] - exists, then the
resulting contml law asymptotically steers the nommal output y,[C of

subsystem (7.9)) - - ) to the admissible set-points rad, where

riy = argmin [yl — U2 (7.30)

]6[0 ]mi]«)f

[1]
k:k+N—1|k

(= ully € X; x U; are fulfilled for all k > 0. ]

Moreover 59”1@\1@ — 0, ou — 0 as £ — oo and the constraints

The result stated in Theorem is used to prove convergence of the
real outputs y,[j} to a neighborhood of the desired (feasible) reference

set-points. The proof is provided by considering the collective system.

Corollary 7.1 For alli = 1,..., M, let Assumptions [7.9 and[7.5 be
verified and the design pammeters Q“ Ri, P, T;, Z;, XY, and Qf be
chosen as specified. Then, if at time k = 0 a feasible solution to the i-
DePC' optimization problem - exists, then the constraints

(I%],Ug]) € X; x U; are fulfilled for all k > 0 and for alli=1,..., M.
Moreover, the resulting control law asymptotically steers the output yy

of system ([7.1)) to

I) the value rqq in case the exogenous unknown disturbance v is
constant,

II) the set roq @ A, in case the unknown exogenous unknown distur-

bance v is time-varying.  Here v,y = (r g,...,rgg}) and
A, =H,Z,, where Z, 1is the minimal RPI set for the collective
system
I F -BY||& B*
= 7.31
Llfk—i—l 0 0 e * L | V" (7.:31)

having defined p;, = ([LLH, . ,[LLM]) = vi_1, while H, € R (2n+m)
is the matrixz that selects vector gy, out of (&g, p)-

Proof 7.1 First, using Theorem|[7.1] we can guarantee that for all i =
1,...,.M g),[j} — Tgll, 5xkzgk — 0, 5ukk+N e 0 as k — oo and that
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the constraints (xgc}, [Z]) € X; x U; are fulfilled for all k > 0. Secondly,
we define EZ’M y,[j] TM and & i = y,[j] [l] . Similarly to (7.7), we

write
(53:@1 (5;1:5:}
a, 1] E“v[]]
Ckt1 je N Ui} k

Under (| ‘ and recalling that 5k[] — éa[] = y,[j} — g)m = E[i] ELZ],

+ Bijéug]} +BYsll (7.32)

equation (7.32) is equivalent to

5 [i Sx [ﬂ y y
[ %1] Aij + B,;K;) [ ol Brsy) (7.33)
k—l—l FEN;U{i } k
where .
= ) By éa,m])
FEN;U{i} k
s an asymptotically vanishing term. Collectively, defining
a 1 2 M 1

& = (5371&:—{1? 5k:+17 &UL:—]H? x 6k—s[—l ]) K = (NL}? e ,/LL ]) = V-1, and

N = (77,&1], e ,77/,[C ]), we can write equation as
E}%-s-l F _Bw €k n+m Bw
= 7.34
{ukﬂ 0 0 Jlm) Tl e T3

Since F is Schur, in view of Assumption i), then:

I) in case vy is constant, i.e., Vi = V for all k > 0, the limit set
for the trajectories of &} in equation is the origin, which

implies thaty[] —>y,[€} as k — 400 for allizl,...,M.

II) In general, see [135], the limit set of all trajectories (&f, pr) is
Loy, from which it follows that y, — yi © HyZ,.

7.4 Example

Consider the problem of regulating the temperatures T4, Tg, Tc and
Tp of the four rooms of the building sketched in Figure Rooms
A and B belong to the first apartment while rooms C' and D to the
second one. Each room has a radiator supplying heats ¢4, ¢, gc and
gp. We refer the reader to Chapter [2] for details about the dynamic
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Figure 7.1: Schematic representation of a building with two apartments

model, the values of the parameters and the considered equilibrium
point.
The discrete-time system of the form (7.1)) (withn = 4 and m = 4) is

obtained by zero-order-hold discretization with sampling time 7" = 10
s. The partition of inputs, outputs and states is:

'l = [0Ta (5TB]T7 ull = [6g4 5QB]T7 y = [0Ta 5TB]T

o = 5T oTp)", W = [Sec sap]”, ¥ = [T oTp)"
The considered constraints on the inputs and the states of the lin-
earized system have been chosen as:

=Pl — (5 5y Ll = 22— (10, 10)

mwn mwn max max

W= = (—0.26,-0.26), ull =P = (0.25,0.25)

mwn wm max max

The matrices K; fulfilling Assumption are obtained by solving suit-
able linear matrix inequalities [18].The weighting matrices used in
the simulation are Q1 = Q) = 2I,, Ry = Ry = I,. We finally set
T, = 10P/ and N = 3.

In the simulations, the reference trajectories for yﬁ]t_pomt are both
always equal to zero, as well as the one related to Tz, while Ty must
track a piece-wise constant reference trajectory, whose values are 7,
—7 and 3. The results are shown in Figure [7.2] while the values of the
input variables are depicted in Figure To show the capability of
our algorithm to reject constant external disturbances, a step of the

external temperature is added, i.e., Tg(t) = 10 °C for ¢ > 4.5 min.
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Figure 7.2: Trajectories of the output variables y!! (above) and yt? (below) ob-
tained with DPC (black solid lines) and with ¢cMPC (dashed gray lines). Think

black lines: desired set-points yiﬂpomt; black dash-dot lines: reference trajectories
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Figure 7.3: Trajectories of the inputs variables ul!l (above) and u[? (below) ob-
tained with DPC (black solid lines) and with cMPC (dashed gray lines).
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In both these figures a comparison between the outputs obtained
with DPC and with centralized MPC is provided, showing the effec-
tiveness of our approach. Note that the infeasible target —7 is managed
reaching the closest admissible output.

7.5 Conclusions

In this Chapter we presented a decentralized control algorithm based
on MPC for offset-free tracking of varying (piecewise constant) refer-
ences. The integral action has been inserted in the closed-loop rewrit-
ing the dynamic system in velocity-form. The proposed controller can
handle infeasible references and is fully decentralized. As no informa-
tion is required to be transmitted among subsystems, this technique
can be useful in cases where communication is not possible or is affected
by frequent disruptions.
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Conclusions

In this thesis several algorithm based on MPC for distributed and de-
centralized control of linear systems subject to constraints on inputs
and states have been presented. All the control techniques rely on the
idea of considering the coupling terms among the subsystems as distur-
bances to be rejected. Specifically, each control system is required to
reject a know disturbance, constituted by the nominal state and inputs
trajectories of the other subsystems, and an unknown (but bounded)
disturbance, which is the differences between the nominal trajectories
and the real values of the inputs and of the states of the neighbors.
To reject this second term, the robust tube-based MPC approach has
been adopted.

Initially, a regulation problem for distributed control has been solved,
and some practical implementation issues have been presented and
solved. A continuous-time version of the proposed approach has been
also provided. Then, the tracking problem has been considered and
a number of solutions has been proposed. The first one can be used
to track a piecewise constant target, and is based on the inclusion
among the optimization variables of the MPC problem of the value
of the reference point that each subsystem really tracks. A penal-
ization of its distance from the desired external set point guarantees
feasibility at each time instant. To reject constant disturbances, a sec-
ond solution has been developed by inserting an integral action in the
closed-loop. To this end, the system under control has been rewrit-
ten in velocity-form assuming that the desired setpoint is constant. In
order to obtain an algorithm exploiting the velocity-form capabilities

181
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to be used also in case of variable references, an in-depth study of the
properties of systems rewritten in velocity-form for the centralized case
has been presented. Eventually, the results derived for this latter case
have been used to develop a completely decentralized approach with
integral action for tracking piecewise constant references.

All the presented algorithms have been tested in simulation, both
to understand their performances and to evaluate the complexity of
the controller design and the required online computational load.

Several properties make the control methods shown in this thesis
suitable also for industrial applications. First of all, they all rely on
the robust tube-based MPC algorithm, therefore it is straightforward
to extend them in order to include the possibility of rejecting additive
external disturbances. In particular, huge efforts have been put in
studying how to insert an integral action in the closed-loop system.
Such characteristic is extremely important for the industry, since it
allows one to perfectly reject constant unknown disturbances and to
delete steady-state offsets caused by errors in the model. Moreover,
all the algorithms have been designed for controlling a wide class of
large scale systems, in fact they can be used for dynamically coupled
subsystems, as well as for subsystems with coupled constraints (not
considered in this thesis).

Secondly, concerning the distributed techniques, the transmission of
information is extremely limited. Each subsystem is required to know
only the model governing its dynamics and how it is influenced by the
inputs and outputs of the neighboring subsystems. Only neighbor-to-
neighbor communication among subsystems is needed and the data
transmitted, at each time instant, by each subsystem correspond only
to the value of the reference trajectories of states and inputs at the
end of the prediction horizon. Notably, information must be transmit-
ted and received with a non-iterative communication protocol i.e, once
within a sampling time. The decentralized control scheme, by defini-
tion adopted in this thesis, does not require any online transmission of
information at all. We also remark that as the number of subsystems
grows (while, for instance, the average number of neighbors for each
subsystem remains constant), the information required to be stored,
processed and transmitted by each subsystem not linked to the new
subsystems remains constant.

Extensions to the output-feedback control case have already been
developed and do not represent a critical issue. Basically, this improve-
ment only needs to apply the same approach previously described for
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coping with unknown exogenous additive disturbances.

An important result is also that the online computational load re-
quired to each local controller is the same of a standard robust tube-
based MPC algorithm. Thus, since the large-scale constrained optimal
control problem is partitioned in many independent subproblems, the
overall computational complexity is extremely reduced. Note also that
the number of optimization variables in the local optimization prob-
lems remains constant regardless of the topology (and complexity) of
the interconnection network.

Eventually, as shown in the reported simulation examples, even if
the solution computed at each sampling time by the local controllers
is in general globally suboptimal considering the whole large-scale sys-
tem, the performances obtained using the distributed and decentralized
algorithms have always been close to those of centralized controllers.

On the other hand, the proposed distributed techniques are affected
by some non-negligible issues. First of all, the offline design can be ex-
tremely difficult. The problem of computing the RPI sets for all the in-
terconnected subsystems has been solved only through methods based
on sufficient conditions and that depend on some arbitrary parameter
choices. It is still not possible to evaluate if the proposed methods
can be applied to a given system without resorting to a trial-and-error
(possibly infinite) procedure.

Secondly, also when one of the described distributed algorithm can
be used for controlling a given system, the offline computational load
due to the required sets manipulations can be extremely heavy. In
practice, it turns out to be difficult to apply such techniques to systems
constituted by subsystems with more than 6 or 7 states.

Finally, the fact that the interactions among subsystems are seen
as disturbances to be rejected implies that the controllers described in
this thesis are suited for systems characterized by weak interactions.

To overcome these problems, distributed algorithms based on proba-
bilistic approaches are currently being studied. Also possible variations
where robust approaches are (partially) substituted by an increased
communication load could help in enlarging the range of systems where
successful applications can be obtained.
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