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SUMMARY

Max-plus-linear (MPL) systems are a class of nonlinear systems that can be described by models that are “linear”
in the max-plus algebra. We provide here solutions to three types of finite-horizon min-max control problems for
uncertain MPL systems, depending on the nature of the control input over which we optimize: open-loop input
sequences, disturbances feedback policies, and state feedback policies. We assume that the uncertainty lies in a
bounded polytope, and that the closed-loop input and state sequence should satisfy a given set of linear inequality
constraints for all admissible disturbance realizations. Despite the fact that the controlled system is nonlinear, we
provide sufficient conditions that allow to preserve convexity of the optimal value function and its domain. As a
consequence, the min-max control problems can be either recast as a linear program or solved via N parametric
linear programs, where N is the prediction horizon. In some particular cases of the uncertainty description (e.g.
interval matrices), by employing results from dynamic programming, we show that a min-max control problem
can be recast as a deterministic optimal control problem.

KEY WORDS: Discrete event systems, max-plus-linear systems, robust control, bounded disturbances, linear
constraints, dynamic programming.

1. INTRODUCTION

Discrete event systems (DES) are event-driven dynamical systems (i.e. the state transitions are
initiated by events, rather than a clock) and they often arise in the context of manufacturing systems,
telecommunication networks, parallel computing, supply chain systems, etc. DES with synchronization
but no concurrency can be described by nonlinear models called max-plus-linear (MPL) systems,
i.e. systems that are “linear” in the max-plus algebra whose basic operations are maximization and
addition. Among different methods for designing a controller for an MPL system, the class of optimal
controllers is the most studied (see [1-7] and the references therein). However, the robust optimal
control counterpart for this class of systems is still an active area of research. Some of the contributions
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2 1 INTRODUCTION

include open-loop min-max model predictive control [6] and closed-loop control without constraints
based on residuation theory [2,7, 8]. In [7] a feedback controller is derived using residuation theory
that also guarantees stability. But the residuation approach used in [7] does not cope with input—state
constraints and moreover the uncertainty is not taken into account. In [8] uncertainty is considered in
terms of interval transfer functions, which is a particular case of our uncertainty description considered
in this paper. In [2] an adaptive control method is derived that takes into account possible mismatch
between the system and its model, but without input-state constraints.

The main advantage of this paper compared to existing results on robust control of MPL systems
[2, 6-8] is the fact that we also optimize over feedback policies, not only over open-loop input
sequences, and that we incorporate state and input constraints directly into the problem formulation.
In general, this results in increased feasibility and a better performance. Because MPL systems are
nonlinear, non-convexity is clearly a problem if one seeks to develop “efficient” methods for solving
min-max control problems for MPL systems. One of the key contributions of this paper is therefore
to provide sufficient conditions, which are often satisfied in practice, such that one can employ results
from convex analysis and parametric linear programming to compute robust optimal controllers for
MPL systems. It is important to note that we require the stage cost to have a particular representation in
which the coefficients corresponding to the state vector are nonnegative and that the matrix associated
with the state constraints is also nonnegative. However, these conditions are often satisfied in practice.

This section proceeds by introducing some notation specific to max-plus algebra and the class of
discrete event MPL systems with disturbances. In Section 2 we define three finite-horizon min-max
control problems, depending on the nature of the control input: open-loop input sequences, disturbance
feedback policies and state feedback policies. We will show that the corresponding open-loop and
disturbance feedback min-max control problem can be recast as a linear program while the state
feedback min-max control problem can be solved exactly, without gridding, via N parametric linear
programs, where N is the prediction horizon. Finally, for particular cases of the uncertainty (such as
interval matrices) we show, using the principle of optimality in dynamic programming, that all three
min-max control problems are equivalent with a deterministic optimal control problem.

1.1. Definitions and Notation

Define € := —o0, R, := R U {e} and two operations [9]:  ® y := max{z,y}, t @y := x + y, for
x,y € R.. The triple (R., &, ®) forms the so-called max-plus algebra. We also denote with x @' y :=
min{z,y}. For matrices A, B € R"*™ and C € R”*? one can extend these operations as follows:
(A®B)ij := Aij®Bij = max{A;j, Bi;}, (A®C)ij = @j_, Ai®Crj = maxpen, , {Air+Ch;}
forall ¢,j. £ is the identity matrix in the max-plus algebra: F;; := 0, for all i and E;; := ¢, forall 7 # j
and the zero matrix is £: £;; := ¢, for all 4, j, where their dimensions are derived from the context.

For any matrix A € R?*", the k*" max-plus power of A is denoted with ae" = A RAR---® A

(k times), and we define A*, whenever it exists, by A* :=limy ,.(c EO A D --- D A®k. We denote
with A* the maximal max-plus eigenvalue of the matrix A, i.e. there exists v € R”, v # £ such that
A®v =\ ®wv(seee.g. [9] for how to compute \*).

We use Ny, ;) to represent the set of integers {k,k+1,---,1}. By H > 0 we mean that the matrix
H is nonnegative, i.e. H;; > 0 for all 7, j. Moreover, H; and H ; denote the it" row and jth column of
H, respectively while n g denotes the number of rows of H. Given a set Z C R"™ x R™, the projection
of Z on R™ is denoted by Proj,,Z := {z € R" : 3y € R"s.t. (z,y) € Z}. A polyhedron is the
intersection of a finite number of closed half-spaces.

A function J : R” — R U {+o0,—o0} is called proper if J(z) > —oo everywhere and
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Figure 1. A manufacturing system.

{r € R" : J(z) < +o0} # 0 [10]. The epigraph of a function J : X — R with X C R" is
defined as epiJ := {(z,t) € X x R: J(z) < t}. A function J is piecewise affine (PWA) if its
epigraph is a finite union of polyhedra [10]. Let F,,s denote the set of max-plus-scaling functions,
i.e. functions J : R™ — R such that J(z) = maxjen, ,{o] = + §;} forall z € R", a; € R™ and
B; € R. Let ]-';pb denote the set of max-plus-nonnegative-scaling functions, i.e. functions defined by

J(z) = maxjen, , {a?m + B;} with ai; > 0 for all j € Ny 1.

1.2. MPL systems with bounded disturbances

Before introducing the class of (uncertain) MPL systems we provide an example in order to illustrate
how disturbances affect an MPL system. Consider the manufacturing system of Figure 1. It consists of
three processing units, each unit can only start working on a new product if it has finished processing
the previous product (i.e. the unit is idle). We assume that each processing unit starts working as soon
as all parts are available. Moreover, at the input of the system and between the processing units there
are buffers with a capacity that is large enough to ensure that no buffer overflow will occur. We denote
with u(k) the time at which a batch of raw material is fed to the system for the (k+1)*" cycle, z;(k+1)
the time at which unit i starts working for the (k+1)*" cycle and y(k) the time at which the k*" product
leaves the system. We also denote with p; (k) and ¢;(k) the transportation and processing times for the
(k + 1)*" cycle. Let us write down the equations corresponding to this manufacturing system:

z1(k+1) =max{z1(k) +p1(k—1), u(k)+t1(k)}

va(k+1) = max {21(k)+p1(k—1)+p1 (k) +13(k), z2(k)+p2(k—1),
u(k) + max{tz(k), pi(k) +t1(k) +ts(k)}}
z3(k+1) = max {z1(k)+ max{pi(k — 1) + p1(k)+ts(k),

pi(k —1) + pi(k) + pa(k) + t3(k) + t5(k)}, (D
zo(k) + pa(k — 1) + pa(k) + t5(k), x3(k) + p3(k — 1),
(k)+max{p1(k:)+t1(k)+t4(k) 2(k) + t2(k) + t5(k),
p1(k) + pa(k) + t1 (k) +t3(k) + ts5(k)}}
y(k) = w3(k) +p3(k — 1) +t(k — 1).

In general, the transportation and processing times may vary from one cycle to another. Therefore,
it is clear that the uncertainty comes from the variation of these parameters p; and ¢,. We gather in the
vector w all the uncertainty caused by disturbances and errors in the estimation of the parameters p;
and ¢;, i.e.

w(k) = [p1(k) ... pu(k) ta(k) ... t7(k)]".
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This example can be generalized. We consider the following uncertain MPL system*:

zk+1) = Alwk—1),wk)) @xz(k)® Blw(k —1),w(k)) @ u(k) @)
y(k) Clw(k — 1)) ® z(k).

Since the system matrices of a DES modeled as an MPL system usually consist of sums or maxima of

internal process and transportation times, it follows that A € F°0 B € Fii™ and C' € FREE (itis

important to note that these matrix functions are nonlinear). We frequently use the short-hand notation

faen (@, u, wyp, we) == A(wp, we) @ & B(wp, we) @ u,

Clearly, fupr € Fiips and furpr (-, u, wp, we) € (Fif,s)" for any fixed (u, wy, we).

In the context of DES, k is an event counter while z(k) € RZ, y(k) € R2 and u(k) € RZ" represent
times, i.e. starting times, finishing times and feeding times, respectively. Since the states x (k) represent
times, we assume they can always be measured or estimated. For a method to estimate or compute (k)
for MPL systems and in the context of model predictive control the reader is referred to [22]. At each
step k, the value of the disturbance w(k) is unknown, but it is assumed to be time-varying and to take
on values from a polytope W = {w € R? : Qu < s}, where 2 € R"*% and s € R"2. Therefore,
I +1 = q. We consider that w(k — 1) and w(k) are independent. Moreover, at event step k we assume
that the disturbance w(k — 1) can be computed or measured. Note that since the state x(k) is assumed
to be available, w(k — 1) can also be computed. For more details about timing issues see also Remark
2.14.

We consider a reference (due date) signal {r(k) € RP};>( which the output of the system (2) may
be required to “track”, in the sense that, for instance, the tardiness max{y — r,0} is penalized. The
system is assumed to be subject to hard control and state linear constraints over a finite horizon N [21]:

Hyz(k) + Gru(k) + Fyr(k) < hg, k€ Npny_1), 3)
with the terminal constraint
HNx(N)-i-FNT(N) ShN, (4)

where Hj, € R *" Gy € R™*™ F, € R™"*P_h; € R,

2. ROBUST CONTROL FOR UNCERTAIN MPL SYSTEMS

In this section we analyze the solutions to three classes of finite horizon min-max control problems
for uncertain MPL systems, each class depending on the nature of the control sequence over which
we optimize: open-loop control sequences, disturbance feedback policies, and state feedback policies.
Robust performance and robust constraint fulfillment are considered with respect to all possible
realizations of the disturbance in a worst-case approach.

*Note that the model (2) resembles the conventional nonlinear models although in the context of DES many researchers use the
following model for a deterministic MPL system z(k) = A ® z(k — 1) & B ® u(k).



2.1 Open-loop input sequences 5

2.1. Open-loop input sequences

Open-loop worst-case control for uncertain MPL systems, applied in a receding horizon fashion, was
also considered in [6]. Here we discuss a rather more general control problem: we include mixed state-
inputs constraints and we show that the optimal control input can be computed by solving a single
linear program, without having to resort to computation of vertices of YW := W, as was done in [6].
Letu:=[ul ul ...u% _,]7 be an open-loop input sequence and w := [wl w! ... w% _,]7 denote
a realization of the disturbance over the prediction horizon N. Also, let ¢(i; 2, w,u, w) denote the
state solution of (2) at event step ¢ when the initial state is = at event step 0, the initial value of the
disturbance is w (i.e. w(—1) = w), the control is determined by u (i.e. u(i) = w;) and the disturbance
sequence is w. By definition, ¢(0; z, w,u,w) := x.
Given the initial condition z, the initial disturbance w, the reference signal
r := [rl rT...rT]T, the control sequence u, and the disturbance realization w, the cost function
Vn (2, w,r,u,w) is deﬁned as:

N-1
VN (z,w,r,u,w) E Ci(ziyuiy i) + Vi(zn, TN,
=0

where x; := ¢(i;x,w,u,w) (and thus z¢ := x) and the terminal cost is defined as Vi(zn,7rn) =
Uy (xn, 7). We usually denote with X the terminal set, i.e.

Xt :={(z,7): Hyvz + Fnr < hn}.
The following key assumptions will be used throughout the paper:

Al: The matrices H; in (3)—(4) are nonnegative for all i € Ny n7.
A2: The stage costs ¢; satisfy ¢;(-,u,r) € frﬁps, V(u,r) and £; € Fups forall i € Ny n_q).
Moreover, £y (-, 1) € Fif, Vrand £y € Fips.

The conditions from assumptions A1-A2 are not too restrictive and are usually met in applications.
Note that typical constraints for MPL systems satisfy assumption A1 (see [21,22]). A typical example
of a stage cost satisfying assumption A2 is [22]:

Ci(@is ui, i) Zmax{ — i, 0 =7 Y _[udl;, ®)
=1

where [v;] ;j denotes the j th component of a vector v;, y; := C'(w;_1) ® x; denotes the output at event
step ¢ of system (2) and v > 0. In the context of manufacturing systems the first term of (5) penalizes
the delay of the finishing products with respect to the due dates, while the second term tries to feed raw
material as late as possible.

For each initial condition z, initial disturbance w and due dates r we define the set of feasible
open-loop input sequences u:

H%(m,wx) = {ll  Hiyxy + Giug + Fyry <h;, (J?N,’I“N) € Xy,1 € N[O,N*l]v Vw € W}

Also, let X}{} denote the set of initial states and reference signals for which a feasible input sequence
exists:
X = {(z,w,r) : OX(x, w,r) # 0}
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The finite-horizon open-loop min-max control problem’ is defined as:

Pz, w, 1) Vol (z, w,r) = inf  max Vy(z,w,r,u,w). 6
Ve VY@= e eV ) ©
Let ul (z,w,r) = [(ud(z,w,r))T - (u_,(z,w,r))T]T be an optimizer of (6) if the infimum is

attained, i.e. u® (z,w,r) € arg MiNy 9l (z,0,r) MaXwew Vv (2, w, T, w, w). Standard optimal control
implements the control sequence u(k) = ul(z(0),w(—1), [r7(0) r7(1)---rT(N)]T), while model
predictive control [11] involves an iterative moving horizon approach in which at each event step k
the optimal control sequence is recomputed and only the first sample of the control sequence, i.e.
ud (z(k),wk — 1), [rT (k) r*(k +1)---rT(k 4+ N)]T), is applied to the system, for k = 0,1,---.
Robust stability of the model predictive control is studied in [21]. Note that a stabilizing controller
based on residuation theory was derived also in [7] for deterministic MPL systems.

If we denote with x := [z 27 - 2%]7 then it follows that:
E E g g
0(1,1;w,w) B(w,wy) g g
X= . QLD . . . . XQu,
O(N, 1;w,w) O(N,1;w,w) ®(N,2;w,w) -+ B(wy_2,wn_1)

where O(k, 1;w,w) := A(wg—2,wi—1) @ - @ A(w,wp) and P(k, j;w, w) := A(wi_2,wk—1) ®
<@ A(wj_1,w;) @ B(w,j_2,wj_1) (note that we consider w_; = w). Therefore, x can be written
more compactly as:

Xx=0(w,w) @z & d(w,w) @u, (7

where ©(w, w) and ®(w, w) are appropriately defined. Similarly, the inequalities (3)—(4) can be written
as:
Hx + Gu + Fr < h,

for some matrices H, G, F and a vector h of appropriate dimensions. Note that H has nonnegative
entries according to assumption A1. Now, the set of admissible open-loop input sequences 11 (z, w, r)
can be rewritten more compactly as:

% (2, w, ) = {u : HO(w, w) @23 ®(w, w)@u)+Gu+Fr< h, Ywe W}. ®)
After some manipulations we obtain that the set of feasible u is given by:
1% (2, w,r) = {u: Fu+ ¥w < c(z,w,r), Yw € W}, )
where F' € R"#*Nm ¢ Rr*N4 and ¢(x, w,r) € R is an affine expression in (z, w, r).
Lemma 2.1. The sets X and I (x, w, r) are polyhedra.

Proof: Note that TI (z,w,r) = {u : Fu < ¢(z, w,r) — 1)°}, where the i'" component of the vector
P is given by 7,/1? = maxweyw U; W (recall that ¥; denotes the i*" row of ). Since IV is a compact
set it follows that 1° is a finite vector. Therefore, II%}(, w, r) is a polyhedron.

TSince Vi is continuous and W is compact, “sup” of Viy over W is attained and thus we can use directly “max” instead of
sup.
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Similarly X = {(z,w,r) : Ju suchthat Fu < c(z,w,r) — ¢} and since c(z,w,r) is an
affine expression in (z,w,r) it follows that X§! is the projection of the polyhedron {(z,w,r,u) :

Fu — ¢(x,w,r) < 1°} onto a suitably-defined subspace. Therefore, X ¢! is a polyhedron. O
Since (-, u, ) € Fif s V(u,r) it follows that:

Vn(z,w,r,u,w) = rnax{oijX + ﬂjTu + 'ijW +6;(z,w,r)}, (10)
JjeET

where «; are nonnegative vectors (i.e. a; > 0 for all j € ) and 0;(x, w, r) are affine expressions in
(z,w,r).

Remark 2.2 Note that if the entries of matrix functions A, B and C' are max-plus-nonnegative-scaling
functions (i.e. A;;, By and Cy; are in .7-"$ps for all 4, j, [ and k) then the vectors -y; are also nonnegative.

We will make use of this property in Section 4. &
Equivalently, we can write Vy (z, w, r,u, w) as:

VN (z,w,r,u,w) :mazx{ﬁiTquqiTersi(:r,w,r)}, 11
1€

for some vectors p;, ¢; and s;(z, w, r) are affine expressions in (z, w, r). We define:

Iy (z,w,r,u) ;= max Vi (z, w, r,u, w). (12)
wew
Lemma 2.3. The function (x,w,r,u) — Jy(x,w,r, u) is convex and PWA.

Proof: From (11) we remark that Viy (x, w, r,u, w) is a convex function in
(z,w,r,u) since z — max;{z;} is a convex map and convexity is preserved under composition of a
convex function with affine maps. Since the point-wise supremum of an arbitrary, infinite set of convex
functions is convex [10], it follows that Jy (x,w,r,u) is a convex function. Using similar arguments
we can prove that Jy is also PWA (see also the explanations below). &

If we denote with q? = MmaXwew qiTw (since W is compact, the q? ’s are finite and can be computed
by solving a linear program), then the open-loop min-max optimization problem (6) can be recast as a
linear program:

12131 {p: Fu<c(r,w,r)—¢°, pju—p<—q) —si(z,w,r), VieI} (13)

Note that in [6] a solution of (6) is obtained by first computing the vertices of V. Let £, be
the number of vertices of W. In the worst-case the number of vertices of ¥V may be exponential:
LN > 24N So, the computational complexity of our approach is better than the approach of [6]
because in the corresponding linear program of [6] we have |Z|(£Y — 1) more inequalities and also
more variables than in our linear program (13).

2.2. Disturbance feedback policies

Effective control in the presence of disturbance requires one to optimize over feedback policies [12,13],
rather than open-loop input sequences. A feedback controller prevents the trajectory from diverging
excessively and also the performance is improved compared to the open-loop case. One way of
including feedback is to consider semi-feedback control sequences, i.e. to search over the set of time-
varying max-plus-scaling (i.e. convex piecewise affine) state feedback control policies with memory of
prior states [1,2,7]:

ui =@ Lij©x;® gi, Vi € N w1y, (1
=0
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where each L; ; € R"*"™ and g; € RY*. We can also consider the affine approximation of (14), i.e
time-varying affine state feedback control policies with memory of prior states:

U; = Zf@,,jxj + gi, Vi € N[OtN—l]a (15)
=0

where each Iim- € R™*™and g§; € R™,

It is known, even for linear systems [14—16], that given an initial state x and an initial disturbance
w, the set of gains ii,j and g; such that the control sequence given by (15) satisfies the constraints
(3)-(4) is a non-convex set (and thus a similar result holds for max-plus-scaling state feedback control
policies (14)). Therefore, finding admissible f% j and g; (L; ; and g;, respectively) given the current
state = and current disturbance w is a very difficult problem. The state feedback policy (14) can be
written more compactly as u = L ® x @ g, where L and g have appropriate dimensions. Replacing the
expression of u in (7) ones gets that: x = ¢(w, W) QL@ x® O(w,w) ® & ®(w, w) ® g. Using the
fact (see [9]) that the equation z = D ® z & ¢ has a solution in max-plus algebra given by r = D* ® c,
we can easily derive that x = (®(w,w) ® L) @ (O(w,w) ® = & ®(w,w) ® g) and after some long
but straightforward computations u can be rewritten as:

u=(Ledww) @ (Le6(wwerdg).

Define u(w,w) := (L ® ®(w,w))* ® (L ® ©(w,w) ® x & g) then the function (w,w) — u(w, w)
isin fﬁg; (i.e. a convex piecewise affine function). Recall that we assume at each step k the previous
disturbances w, wg . . . wg—_1 are known (they can be computed or measured). Since L and ®(w, w)
are lower triangular matrices, it can be proved after some long but straightforward computations that
u;(w, w) is a max-plus-scaling function depending only on the previous disturbances w, wy . .. w;—1,
forall i € Njg y_1). It follows that the class of time-varying max-plus-scaling state feedback policies
with memory of the prior states defined in (14) is included in the class of max-plus-scaling disturbance
feedback policies with memory of the prior disturbances. Therefore, an alternative approach to state
feedback policies (14) is to parameterize the control policy as a max-plus-scaling function of the
previous disturbances. Unfortunately, this parametrization of the control will lead to non-convex
inequalities as well. As an alternative, we propose to approximate the convex piecewise affine function
u(w,w) with an affine one, i.e. to parameterize the controller as an affine function of the past
disturbances [14, 16]:

i—1

u; = ZMi,jwj +v;, Vi € N n_1], (16)

j=0
where M; ; € R™*? and v; € R™. We now show that contrary to state feedback policies (14) or (15),
the set of gains M;; and v; such that the control sequence (16) satisfies the constraints (3)—(4) is a
convex set.

Let us denote with v := [vd v -+ 0% |]7 and
0 0 e 0
M, g 0 e 0
M:= . : . . A7)
My_10 My-11 -+ 0

so that the disturbance feedback policy becomes u = Mw + v. Note that for M = 0, (15) reduces to
an open-loop control sequence.
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For each x, w and r we define the set of feasible pairs (M, v):

i—1
H%(m,w,r):{(M,v): M as in (17), U; :Z MZ'J"LUJ' + Vi, HZI7+G1U7+FZ7’7 Sh“
j=0
(.IN,TN) e X, Vi e N[O,Nfl]a Yw € W}

The finite-horizon disturbance feedback min-max control problem becomes:

df . 0,df o .
Py (z,w,r):  Vy© (z,w,r) ._(M,v)ell'lr%(x,w,r) Vrvlr.leawx Vn (2, w,r, MW+Vv, w). (18)

We denote with (M9 (z,w, ), v% (2, w, 1)) an optimizer of (18), whenever the infimum is attained.
Let X j‘{,f denote the set of initial states for which a solution to the optimization problem (18) exists, i.e.

XN = {(z,w,r) : I§ (2, w,r) # 0}

We will show in the sequel that the set 1% (z,w, r) is polyhedral and moreover the optimization
problem (18) is a linear program, for all (x,w,r) € X . ;From (7) it follows that x can be written as
X =0(w,w)®@x®d(w,w)® (Mw + v), Using (9), the set of admissible affine disturbance feedback
parameters H?\f(a:, w, r) can be rewritten more compactly as follows:

% (2, w, ) ={(M,v) : Mas in (17), Fv + (FM + ¥)w < ¢(x, w,r), Yw € W}.
Lemma 2.4. The sets X and 113 (2, w, r) are polyhedra.

Proof: From previous formula it follows that we can rewrite I1%f (2, w, r) equivalently as:

I3 (z,w,r) = {(M,v) : Masin (17), Fv+ I%%{(FM +U)w} < c(z,w,r)},
w
where maxyew {(FM + ¥)w} is the vector defined as follows
T
max{(FM + W)w} := [max{(FM+ W), w}- - max{(FM + ¥),, w}] ",

and where (FM + W), denotes the i*" row of the matrix FM -+ . Since WV is a polytope, we can
compute an admissible pair (M, v) using duality for linear programming [17], by solving a single linear
program. It is clear that

W= {weRY: Qw <s}, (19)
wheret Q = diag(Q2) and s = [s” - - sT]T. The dual problem of the linear program
m‘?X{(FM + ), w: Qw <s}
is the following linear program

n(llin{sTdi :Q%d; = (FM+9)T 4, > 0}.

tdiag() denotes the block diagonal matrix having the entries on the diagonal equal to € and the rest equal to 0.
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In conclusion, we can write:
% (2, w, ) ={(M,v) : 3D > 0,Mas in (17), Fv+DTs<c(z,w,r), FM + ¥ = D7 Q},

where D € RN"2X"r i defined as D j = d; forall j € Ny ,, . (recall that D ; denotes the j** column
of D).
It is clear that II% (z, w, r) is a polyhedron, since it is the projection of the polyhedron

{(M,v,D) : M asin (17), D >0, Fv+D%s < ¢(z,w,r), FM+ ¥ = D'Q}

onto a suitably defined subspace. Similarly X = {(z,w,r) : 3(M,v), M asin (17), D >

0, Fv+D”s < ¢(z,w,r), FM+ ¥ = D”Q} and since c(z, w, r) is an affine expression in (z,w, r)

it follows that X ]‘i,f is also the projection of a polyhedron onto a suitably-defined subspace and thus

X is a polyhedron. &
(From (11) it follows that, as a function of (M, v), Viy can be expressed as:

Vy (2, w,r,Mw + v, w) = meazx{ﬁiTV + (PIM + ¢ )w + s;(x,w,r)}.
K]

We define:

JIn(z,w,r,M,v) := max VN (2, w,r, MW + v, w).

Using the same arguments as in the proof of Lemma 2.3 we obtain:
Lemma 2.5. The function (x,w,r,M,v) — Jy(z,w,r,M, V) is convex. &
Theorem 2.6. The robust optimal control problem (18) can be recast as a linear program.

Proof: Note that Jy (z,w,r,M,v) =max;cz {p; V+maxwew{(p; M+q )W} +s;(z,w,r)}. Using
again duality for linear programming (see also [16, 17]) it follows that

mae{ (M + g)w) = min{s” =, : Q7 = (TM + 7). 7 > 0.
w Z;
So, the robust optimal control problem (18) can be recast as a linear program:

min {p: Masin(17), Fv+D"s<c(z,w,r), FM+¥=D"Q,P"M+ Q" =Z2"Q,Z > 0,
VLY, D

Py +Z%s + S(z,w,r) <, D> 0, i = [p... )", D e RNmexnr 7 ¢ RNnaxIZlY, (20)

where P; = p;, Q; = q;, Sj(x,w,r) = s;(z,w,r)and Z ; = z;, forall j € T. &
In the particular case when M = 0 we obtain the open-loop controller derived in Section 2.1 and
thus
X xdf, Vf,’df(x,w,r) < V]\O,’Ol(a;,w,r) Y(z,w,r) € XY.

2.3. State feedback policies

In this section we consider full state feedback policies. Therefore, we will define the decision variable
in the optimal control problem, for a given initial condition z, initial disturbance w and the reference
signal r as a control policy 7 := (g, i1, - - -, un—1), where each p; : R® x R? x RVP — R™ is a
state feedback control law. Also, let z; = ¢(i; 2, w, 7, w) denote the state solution of (2) at step ¢ when
the initial state is x at step 0, the initial disturbance is w, the control is determined by the policy 7, i.e.
u(i) = pi(d(i — L;z,w, m, W), w;_1,r), and the disturbance sequence is w (where w_; := w).
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For each initial condition z, initial disturbance w and due dates r we define the set of feasible
policies 7:

Hﬁ\f,(x,w,r) =A{m: Hiwy + Gipi(wi_1, wi—1,x) + Fyrg < hg, i€ Ny y_q],
(zn,rN) € Xi, YW E W] (21)
Also, let X Js\i; denote the set of initial states and reference signals for which a feasible policy exists, i.e.
X3 i={(z,w,r) I (2, w, 1) # 0}. (22)
The finite-horizon state feedback min-max control problem considered here is:

P?\ff(m,uhr) : VI(\:/."Sf(‘raw7r) = WGH%I%E,’LU,I‘) vl,vréaWX VN(I',U},I‘,’]T,W). (23)
Let 7% (z,w,r) € arg M 15t (40,0 MAXwew Vv (2, w, T, 7, W) be an optimizer, whenever the
infimum is attained. We will proceed to show how for the assumptions A1 and A2, in conjunction
with the convexity and monotonicity of the system dynamics (2), an explicit expression of the solution
to the state feedback problem (23) can be computed via dynamic programming (DP), using results
from polyhedral algebra and parametric linear programming.

DP is a well-known method for solving sequential, or multi-stage, decision problems [12,13]. More
specifically, one computes sequentially the partial return functions {V,°}¥ |, the associated set-valued
optimal control laws {x;}¥; (such that u%, (2, wp,r) € k;(z,wp,r)) and their domains {X; } Y . If
we define

Ji(x7wp7r7 'U,) = mea")/‘(/{‘ngi(fMPL(xvuvavwc)vuerfi)"_
‘/io—l(fMPL(mvu7wp7w0)7wC7r)}; (243)
for all (z,wy,,r,u) € Z;,, where

Zi :={(x,wp,r,u): Hy_; fmpL(z, u, wp, we) + Gy _ju + Fy_irn—; < hn_s,
wp € W, (fmpr (2, u, wp, we), we, r) € X1, Yw, € W}, (24b)

then we can compute {V°, k;, X; }}¥, recursively, as follows [13]:
Xi = {(z,wp,r) : (x,1) € X7, wy, € WY, Xy = Proj,, oy pn 2 (24¢)

where forall i € N [1,N—1] (since for X; must hold that the previous disturbance is in the set 1)

XD = {(2,1) ¢ (2, wp, 1) € Proj,, oy v Zis Y, € W, (24d)
V2 (2, wp, r) == min{J;(z, wp, r,u) : (z,wp,r,u) € Z;}, ¥(z,wp,,1) € X; (24e)
Ki(x, wp, 1) := arg min{J;(z, wp, 1, u) : (x,wp,r,u) € Z,}, (241)

with the boundary conditions

Xy = {(x,wp,r) : (z,rN) € Xy, wp € Wi, (24¢)
V(x, wp,r) == Vi(x,7N), ¥(2,wp,1) € X. (24h)
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(From the principle of optimality of DP [12, 13] it follows that
X3 = Xy, VIS (@, w, 1) = Vi (z, w,r), V(z,w,r) € Xy.

To simplify notation in the rest of the paper, we define two prototype problems and we study their
properties. The prototype maximization problem P, is defined as:

Puax : J(x, wp, T, u) = ma‘}}%{ﬁ(fMpL(x,u,wp,wc),u,r)—i—
W€
V(fMPL(xauawpawc)awcar)}v (25)
for all (z,wp,r,u) € Z, where the domain of .J is

Z = {(z,wp,r,u) : HfapL(x, u, wp, we) + Gu+ Fr < h, w, € W,

(fMPL(x;u7wpawc)awcar) € Q,V’UJC € W}, (26a)

X = {(z,wp,r): (z,r) € X @) w, € W} or X :=Proj, .. ,n7, (26b)

with X(@0) .= {(z,r) : (z,wp,r) € Proj,, ., ,yZ,Yw, € W}, £: RV SRV :Q - Rr

has the formr = |. .. rT .. .]T (i.e., 3k : v = r). The prototype minimization problem Py,;,, is defined
as:

Puin : VO (z,wp, 1) := min{J (2, wp, 1, u) : (z,wp,r,u) € Z}, (27a)

K(z, wp,r) = argmin{J(z, wp, T, u) : (z,wp,r,u) € Z}, (27b)

for all (z,wp,r) € X.

In terms of these prototype problems, it is easy to identify the DP recursion (24) by setting
r 4 ry_p, b — Cn_i, V Vio_l, VO «— V;O, X + X;, Z «+ Z; and Q < X,;_1. Moreover,
H, G, F are identified with Hy_;, G n—_;, Fiv—;, respectively.

Clearly, we can now proceed to show, via induction, that a certain set of properties is possessed by
each element in the sequence {V°, x;, X;}¥ | by showing that if {V, Q} has a given set of properties,
then {V°, X'} also has these properties, with the properties of  being the same as those of each of the
elements in the sequence {r;}Y . In the sequel, constructive proofs of the main results are presented,
so that the reader can develop a prototype algorithm for computing the sequence {V,°, r;, X;} ¥ ;.

2.3.1. Properties of X

The following lemma is a simple consequence of the basic properties of the max operator:

Lemma 2.7. The set Z = {(z,wy,r,u) : H fupL(z, u, wy, we) + Gu + Fw, + Er < h,Vw, € W}
with H > 0, can be written equivalently as Z = {(z,wy,r,u) : Hx + Gu + Fw, + Er < h} with
H > 0. &
The next lemma shows that some useful properties of a class of polyhedra are inherited by its
projection.
Lemma 28. [21] Let Z = {(z,r,t,u) € R" X R? x RY x R™ : Hx 4+ Fr + Kt + Gu < h} be
given, where H > 0 and K < 0. The set X := {(x,r,t) : Jus.t. (x,7,t,u) € Z} is a polyhedral set
of the form X = {(x,r,t) : Hv + Fr + Kt < h}, where H > 0 and K < 0. &
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We are now in a position to show that X has the same structural properties as 2.

Lemma 2.9. Suppose Q is a polyhedral set given by Q) = {(z,w,r) : Tx + &r < v, w € W} with
I' > 0, and assume that H in (26a) satisfies H > 0. Then, the set X defined in (26b) is a polyhedron
given by either X = {(z,wy,v) : Hx+ Er < h, wy, € W} or X = {(x,wp,r) : Hz + Fuw, + Er <
iL} where H > 0.

Proof: The set Z is described as follows:
Z={(z,wp,r,u): H'fMpL(m,u,wmwc)—l—éu—i—ﬁ‘wp—i—Er < h, Yw. € W},

where H = [HT TT o]T >0,G=[GT00T, F=[00QT)T,E = [(Fr)T (or)T

0]7 and h = [RT ~T sT]T. From Lemma 27 it follows that Z can be written equivalently as
Z = {(z,wp,r,u) : Hr + Gu + Fw, + Er < h} where H > 0. By applymg a particular case
of Lemma 2.8 it follows that Proj,, , ., ,nZ = {(z,wp, 1) : Hzx + Fuw, + Er < h}, H > 0. The rest
follows immediately. O

Note that the set X in (24g) is of the form given in Lemma 2.9 (since we assume that assumption
A1 holds).

2.3.2. Properties of Piax

We now derive an invariance property of the prototype maximization problem P, ,.

Lemma 2.10. If {, V € Fups and ((-,u,r), V(-,wp,x) € Fi for any fixed (wp,r,u), then J

mps
possesses the same properties, i.e. J € Fups and J (-, wp,v,u) € Fi ., for any fixed (wy,r, u).

Proof: Using basic properties of the max operator one can write £( fypr, (2, u, ~
Wp, We), u, ) + V ( furr(x, u, wp, we), we, ) = manej{O[}—‘x + Bijp + u?wc + ’y]Tu + (5JTr—|— 0},
where o; > 0 for all j € 7, so that
T T
J(x, wp, T, u) —lingi(v{max{a z+ Bl wy + pfwe + 7 u+ 6T + 6,1} =
rjnea;{aj T+ ﬁ}ﬂwp + 'yj u+ (5]7»11' +6,},

where 0; := 0, + max,, ew {4] we}, for all j € 7. Note that {6} ;c7 can be computed by solving

a sequence of linear programs. Moreover, the coefficients of the variable = in J are the nonnegative

vectors, i.e. a; > 0. &
Recall that £ and V{{ given in (5) and (24h) satisfy the conditions of Lemma 2.10.

2.3.3. Properties of Puin

This section derives the main properties of V' and «. The following lemma gives a characterization
of the solution and of the optimal value of the prototype minimization problem P,,,;,.

Lemma 2.11. Suppose Q is a polyhedral set given by Q = {(z,w,r) : Te + &r < v, w € W}
with T' > 0, and assume that H in (26a) satisfies H > 0. Suppose also that Z # 0, J € Fmps and
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VY is proper®. Then, the value function V° € Finps and has domain X, where X is a polyhedral set.
The (set-valued) control law k(x,wy,¥) is a polyhedron for a given (z,wp,r) € X. Moreover, it is
always possible to select a continuous and PWA control law u such that p(z, wy,x) € k(z, wp, 1) for
all (z,wp,r) € X.

Proof: From the proof of Lemma 2.9 it follows that Z is a non-empty polyhedron: Z = {(x, wp,r,u) :

Hz + Gu + pr + Er < iz}, with H > 0. Since J € Fps, We can write J(z, wp,r,u) =
max;e J{aij + ﬂijp + ’iju + 5JTr +6,}. The prototype minimization problem Py, (2, r) becomes:

VO(x,wp,r) = min{yu a]Tx + 5J-Twp —i—WJTu + 5jTr+ 0; <u,Vjed, (x,wp,r,u) € Z}, (28)
o

i.e. we have obtained a feasible linear program for any (z, wy, r) € Proj,, ., xZ. It follows that Pryin
is a parametric linear program of the type considered in [18, 19]: inf, {cTu : Fu < Gz + g}, where
x € X is the parameter vector. The properties stated above then follow from the properties of the
parametric linear program. &

Now we can state the following key result, which, together with Lemma 2.9-2.11, allow one to
deduce, via induction, some important properties of the sequence {V,?, k;, X; }¥ ;:

Theorem 2.12. Suppose that the same assumptions as in Lemma 2.11 hold. If, in addition,
J(wp,r,u) € Fioo for any fixed (wy,r,u), then the value function VO(-,wy,x) € Fi o for
any fixed (wp, r).

Proof: ;From Lemma 2.11 and the fact that V? is proper, it follows that V° € F,,,s and its domain is
Proj,,; ,+p,nZ- Using the proof of Lemma 2.11, the epigraph of V0 has the following form:

epi VU :={(z,wp,1,t) : VO(2,wp, 1) < t, (v,wp,T) € Proj,, 1 pnZ} =
{(z,wp,r,t) : Ju s.t. (z,wp,r,u) € Z, J(x,wp,r,u) <t} =
{(z,wp,1,t) : Ju st. Hr + Gu + Fw, + Er + Kt < h},

where H = [H” o --- o]]" > 0and K = [0 —1... — 1]7 < 0. From Lemma 2.8 we obtain that
the epigraph of V is a polyhedral set given by epi VO = {(z, wy, r,t) : Hz + Fw, + Er+ Kt < h},
where H > 0, K < 0.Let] =n g be the number of inequalities describing epi V0. We arrange the
indexes i € Ny ;; such that K; < 0fori e Ny, but K; =0fori e Npy1,7 (possibly v = 0, i.e.
Ki = 0 for all ’L) Taklng a; = —}Afz/f(“ bz = —Fi_/ki,ci = —EAl/I%Z and di = —}Ali/Ki for all
1 € N1 ], we get that the epigraph of V0 is expressed as:

epiV? = {(z,wp,r,t) :a;2 + bjwy, + ¢r — d; < t,Vi € Ny )
H;x+ Fiwy + Eix < by, Vi € Nypq g} (29)
But VY is proper and thus v > 0. Since V° € Fpps, (29) gives us a representation of VO as

VO(z,wp,r) = max;en, {a;x + bjw, + ¢;x — d; }, where a; = —f[l/f(, >0, foralli € Ny, 1.e.
VO(-,wp,r) € Ff _ for any fixed (wp, ). O

mps

§Note that since we always have that uq should be larger than the current time instant, i.e. the time instant at which we start
performing the computations, g is bounded from below and V© will always be proper.
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¢From Theorem 2.12 it follows that V' is a continuous and convex function. Based on the invariance
properties of the two prototype problems P, and P.,;,,, we can now derive the properties of VZ-O, K
and X; for all ¢ € Ny nj. The following follows by applying Lemmas 2.9-2.11 and Theorem 2.12 to
the DP equations (24):

Theorem 2.13. Suppose that A1 and A2 hold, Z; is non-empty and V,° is proper for all i € N1, Ny
The following holds for each i € Ny; nj-

(i) X; is a non-empty polyhedron,

(ii) Vi0 is a convex, continuous PWA function with domain X;,

(iii) VO (-, wy, ) € Fif for any fixed (wy, r).

(iv) There exists a continuous PWA function u;_; such that pS;_,;(z,wp,x) € r;(z, wy, r) for all
(JC, Wp, l') e X,

(v) The sequences {V?, r;, X; Y| and {p9} Y| can be computed by solving exactly N parametric
linear programs.

Since the proofs of all the above results are constructive, it follows that the sequences
{VO ki, Xi 3, and {p?} Y| can be computed iteratively, without gridding by solving N parametric
linear programs as in the linear case (see [20]). It is clear that:

1 1f sf
X x¥ C x3f,

V]?,’Sf(x,w,r) < V](\),’df(x,w,r) < V]?,’Ol(x,w,r), V(z,w,r) € X§. (30)

The results developed in this paper are valid for a class of systems for which the MPL systems are a
subclass, namely for continuous PWA systems x(k+1) = f(z(k),y(k), w(k)), y(k) = h(z(k),w(k))
(i.e. f and h are continuous PWA functions) satisfying f(-,u, w) € (Ffs)" and h(-,w) € (Fifs)P
for any fixed (u, w).

Remark 2.14 MPL systems are DES and they thus differ from conventional time driven systems
in the sense that the event counter % is not directly related to a specific time. Note that in practical
applications the entries of the system matrices are nonnegative or take the value . It follows that
if x(k) is completely available, then u(k — 1) and w(k — 1) are also available. The reader might
ask how we determine the cycle k. Let #y be the time when one of the optimization problems
discussed in the previous sections is solved. Let us assume a sampling time 7' and for simplicity
we take tg = 0. Then, at each time j7', where § > 0, we can define the cycle k as follows:
k = argmax{l : z;(I) < jT Vi € Ny )}. This means that at time j7 the state z(k) is completely
available and also w(k — 1), u(k — 1) are completely known. However, at time j7" also some future
components of the inputs and of the disturbances might be known. Therefore, these constraints on the
inputs and on the disturbances must be taken into account and (due to causality) can be recast as linear
equality or inequality constraints, which thus fit in the framework presented in this paper.

In the open-loop case at time ¢ = w;(k), where u;(k) = [u(z,w,r)];, the i*" input is activated for
the k'™ cycle. In the disturbance or state feedback case u; (k) = [ (z(k), w, w(0), - ,w(k—1),r);,
where 1 is either the disturbance feedback policy computed in Section 2.2 or the state feedback policy
computed in Section 2.3. Therefore, we can compute at time ;57" the optimal input u(k) as explained
above and we take into account the new information available as equality constraints on the input and
on the disturbance. At time (5 + 1)T the whole procedure is repeated.

For future research we want to investigate in more depth the timing issues that appears in a moving
horizon framework, this being one of our current research topics.
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3. “TIME-OPTIMAL” CONTROL

As an application of the three robust control problems discussed in the previous section, we consider
the MPL counterpart of the conventional time-optimal control problem: Given a maximum horizon
length Ny, we consider the problem of ensuring that the completion times after NV events (with
N € Npj p,,..)) are less than or equal to a specified target time T (i.e. y(N) < T), using the latest
controller that satisfies the input and state constraints (3). Note that such a problem, but without
considering constraints and disturbances, was considered also in [9] in terms of lattice theory. The
time-optimal control problem in our setting is different from the classical one (we want to maximizel
N instead of minimizing it; so in fact a better term would be “throughput-optimal” control). Since we
want the maximal NV, the robust time-optimal control problem can be posed in the framework of the
finite-horizon min-max control problems considered in the previous section.
One proceeds by defining
€ Oy (z,w,[0 ...0 TT)T), (31)

NO(z,w,T) := II]\l{aX{N € N1, Npman]
where TT%,(+) is either TIQL(+) or TI% () or IT5f (-) depending whether 7 is an open-loop input sequence
or a disturbance feedback policy or a state feedback policy, respectively, but with the substitutions
Hy <+ [HL 1T >0, Fy < [F% 017 and hy + [hE ((=CT) @' T)T]|T (note that F;r; = 0, for all
1 € Njg,y_17 and ry = T). It follows that

NO(z,w,T) = mj\z}X{N € Ny,

max]

:(z,w,r) € XN}, (32)

wherer = [00---0 T?]" and X%, = {(z,w,r) : II% (x,w,r) # (}. Since we want to feed the raw
material as late as possible [9], a suitable choice of stage cost is ;(x;, u;,r;) == — 27:1[“1] ;- The
robust time-optimal controller is implemented as follows:

1. For each N € Ny n,..> solve problem (6) or (18) or (23) where r is defined as r =
00---0T7]T € RPN,

Determine N°(z,w, T) according to (32).

Letr®:=[00---0 T € RPN, with N = N°(z,w, T).

Let the control policy be given by 7%, with N = N°(x, w, T).

Apply the control policy u(k) = u(z(k — 1), wp,x°) fork =1,2,...,

NO(z,w, T), where at step k, w(k — 1) = w,,.

ARE I N

The robust time-optimal control problem involves solving either a set of linear programs or
parametric linear programs.

4. “DETERMINISTIC” MIN-MAX CONTROL

The main drawback of the min-max optimization problems described in Section 2 is the computational
complexity. Although the open-loop control problem (6) can be recast as a linear program (13) with

9For a manufacturing system this requirement corresponds to producing as many products as possible by the target time.
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Nm + 1 variables, the number of inequalities that describe the feasible set in this linear program
is |Z| + np, which, in general, may be very large. In the disturbance feedback approach (18),
we still have to solve a linear program (20), as in the open-loop case, but the improvement in
performance and feasibility compared to the open-loop case is obtained at the expense of introducing
N(N = 1)mq/2 + Nngng + |Z|Nng extra variables and np + |Z| extra inequalities. For the state
feedback approach (23), the solution is computed off-line, but the number of regions generated by
the parametric linear programming algorithm is also, in general, large. In this section we show that
the computational complexity of the three min-max control problems considered in Section 2 can be
reduced significantly if the disturbance has a certain description.

We assume a particular description of the uncertainty for an MPL system. From example (1) we have
seen that the system matrices of an MPL system (2) depend on the consecutive disturbances w(k — 1)
and w(k). However, there are situations when the system matrices depend only on the disturbance
w(k). One possibility is described next. We could redefine the uncertainty as

wk) = [pi(k = 1) ...k = 1) pr(k) ... pu (k) ta (k) .. (k)] (33)

but in this case we introduce some conservatism since we do not take into account that some
components of w(k — 1) and w(k) coincide.

A second possibility is the following. Note that in the context of MPL systems, the uncertainty
comes from the parameters p; and ¢;. Moreover, only the parameters p; depend on k — 1. So. let us
consider the case where the parameters p; are known and only the parameters ¢; are uncertain. In this
situation the uncertainty vector becomes

w(k) = [t (k) -ty (k)] (34)
In these two situations it follows that the MPL system (2) can be rewritten as
z(k+1) = A(wk)) ®x(k) ® Bw(k)) ® u(k)
y(k) = C(w(k)) © x(k).
Moreover, we assume that there exists aw € W such that
A(w) < A, B(w) < B, C(w) <C, Ywe W. (36)

where A := A(w), B := B(w), C := C(w).

In the previous two situations described above, the inequalities in (36) typically hold since the
parameters p; and ¢; denote processing times and transportation times and thus we can assume that
each of them varies in some intervals: p; € [Bi p;l and t; € [t; t;]. Then, the uncertainty set W is

(35)

given by a box in R%, W := [w w] where W = ([p, P;] x --- x [p, Tyl])Q X [ty t1] X ... x [t7 &)
corresponds to the case (33) and W' = [t; #;] x ... x [t, %,] corresponds to the case (34). Moreover,
the entries of the system matrices corresponding to an MPL system are given by sums or maxima of
processing times (p;) and transportation times (¢;) and thus the entries of matrices A, B and C are
max-plus-nonnegative-scaling functions:

Aijy Bir, Cr € Fifos, Vi, 3,1k (37)

ps?

i.e. each entry is a function defined as w — maxj{a?w + (;}, where «; are vectors with entries 0
and 1 (and thus o;; > 0) and 3; > 0. Since for any vector o > 0 it follows that a”w < ow < oTw
for all w € W (= [w w]), we can conclude that the inequalities (36) hold. Note that interval transfer
functions for DES were also considered in [8].
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We will show in the sequel a quite interesting result, namely that under the previous hypothesis (i.e.
we assume that (35), (36) and (37) are valid) the finite-horizon min-max control problems discussed
in Section 2 reduce to an optimal control problem for a particular deterministic MPL system. It is
straightforward to show that the following inequality holds in the max-plus algebra:

Ci <D, Co<Dy = C1®C;<D;®Ds,, (38)

for any matrices C, Cy, D1 and D5 of appropriate dimensions.

First let us consider the open-loop min-max case from Section 2.1. For an uncertain MPL system in
the form (35), we do not have dependence on w anymore (e.g. ©(w, w) becomes in this new settings
O(w), etc). Let us define w := [w” ... w’ |7 € W, © := O(W) and ® := ®(W). From (38) it follows
that

OW) RzdPW) Ru<OW)RzeP(W) Ru=002pPxRu, Ywec W.

Since H > 0, it follows from (8) that
1% (z,r) = {u: HO® 2z ® ® ®u) + Gu + Fr < h},

which coincides with the set of feasible input sequences over the horizon N corresponding to the
deterministic MPL system

Z(k+1)=Axz(k)® Bou(k), y(k)=C 2z(k). (39)
Moreover, in (10) we have «;,; > 0 (see Remark 2.2 and (37)). It follows from (12) that
In(z,r,u) = Vi (z,r,u,w).

We now consider an optimal control problem for the deterministic system (39) over a horizon window
of length N:
PP (z,r) . VYUPPY(zr) = inf  Vy(z,u,r,W). (40)
uellg} (z,r)
(From the previous discussion it follows that:

Lemma 4.1. Suppose that (35), (36) and (37) hold. Then, the open-loop min-max control problem
PQL(w, 1) is equivalent with the deterministic optimal control problem P\P*" (z,r), for all (z,r) € X3

Let us now show that the state feedback min-max control problem P (z,r) from Section 2.3 is
equivalent with the same deterministic optimal control problem Py (z, r). Indeed, since 4; (-, u,r) €
FI . and using also Theorem 2.13 (iii) it follows that:

mps
V2 (fapn(z, u, w), 1) <V (A(W) @28 B(W) @u, )=V (A®z&B®u,r), Ywe W,
Ci(fapn (z, u, w),u, 1) < Li(AW) @ 2 @ B(w) @ u,u,r) = L;(A®x® B®u,u,r),Vw € W.
Therefore, J;(z,r,u) as defined in (24a) is given by:
Ji(z,v,u) = Iy (Ao ®Bou,u,ry_i) + V2 (A2 x 3 Bou,r).
and the corresponding feasible set Z; reduces to
Zi={(z,r,u): Hy_;(A®2®B®u)+Gn_ju+ Fy_irn_i <hn_i, ARz ®B®u € X;_1}.

The next result follows:
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Theorem 4.2. Suppose that (35), (36) and (37) hold then XR} = X](i,f = X]S\f and the robust control
problems considered in Section 2, i.e. P (z,r), P (z,r) and P (x,r) are reduced to the optimal
control problem P\'**" (x, ¥) corresponding to the deterministic system (39) for any (z,r) € st\f.

Proof: From the previous discussion (note that the optimal input sequence of the deterministic optimal
control problem (40) can also be computed via dynamic programming approach) and using Bellman’s
principle of optimality for dynamic programming [13] it follows that the optimal problems PS}(x, r)
and P\PP*"(z,r) are equivalent. Therefore, from Lemma 4.1 and the inclusions (30) it follows that
Xt = X{ = X5{ and robust control problems P (z,r), P53 (x,r) reduce to PP (z,r). Let
u’(z, r) be the optimal solution of these problems for a (z,r) € X3!. Then, using now the inequalities
from (30) it follows that the disturbance feedback control problem P%f(z,r) reduces to the same
deterministic optimal control problem P\’**(z,r) (an optimal solution for the disturbance feedback
approach is M(z,r) = 0 and v(x,r) = u°(x,r)). O

There is a significant advantage in solving the linear program (40) that has fewer constraints and
number of variables than the linear program (13).

5. EXAMPLES

5.1. Example 1

Let us consider the manufacturing system from Figure 1. The dynamical equations are given by
(1). We assume that the system is subject to hard constraint: x5(k) — u(k) < 5 for all k. We
consider that the parameters pip,p2,to,t4 and tg are fixed at each cycle and taking the values
p1 = 1,ps = 1,t5 = 1,t4 = 3 and ts = 0. However, the rest of the parameters are assumed to be
varying with each cycle: p3(k) € [1.5 2.5],¢1(k) € [0 2], t3(k) € [0 1] and t5(k) € [0 1]. We define
the uncertainty as w(k) = [p3(k — 1) t1(k) t3(k) t5(k)]", i.e. we employ the conservatism from (33).
Then, the uncertainty set is described by the following box W = [1.5 2.5] x [0 2] x [0 1] x [0 1].
Moreover, the dynamical equations of the process (1) can be written in matrix form as in (35). There
exists a feasible value of the uncertainty w = [2.5 2 1 1]T € W for which the inequalities (36) hold.
We can easily verify that the conditions from Theorem 4.2 are fulfilled and thus the robust control
problems considered in Section 2, i.e. P3(z, 1), P (2,r) and P (2, r) are reduced to the optimal
control problem P'\P**" (z, r) associated to the deterministic system

1 e € 2
zZk+1)=13 1 e |[zkod| 4| ulk), yk) = ¢ 25 ez(k).
5 3 25 6

We choose the following reference signal r(k) = 5 + 1.5A*k (here \* = 2.5), the prediction
horizon N = 4 and the initial state is * = [13 14.5 17]7. Using the stage cost defined in (5) with
~v = 0.18, the deterministic optimal control problem (40) yields the following optimal input sequence:
{u®(k)}l_o =6, 11, 12, 13, 14, 15.4, 19, 22.7, 26.5, 30.2. The results are displayed in Figure 2
using a feasible sequence of random disturbances.

We observe from the first plot that although we start later than the initial due date, the closed-loop
output is able to track the due dates signal after a finite transient behavior. The second plot displays the
optimal input. The input-state constraints xo(k) — u(k) < 5 are depicted in the third plot. Note that
sometimes the constraints are indeed active.
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k

Figure 2. The closed-loop simulations.

Let us now compare our method with the other control design methods mentioned in Section 1. The
adaptive control approach proposed in [2] has the most features in common with our approach in the
sense that the approach of [2] allow violations of the due dates and tries to minimize these violations
by updating the model at each step of the computation of the optimal control sequence. However, the
approach in [2] cannot cope with more complex state and input constraints. For instance, using the
same disturbance realization as in our method and the adaptive control approach of [2] we obtain the
following optimal input sequence {u(k)})_, = 6, 6, 6, 9.2, 12.3, 16, 19.9, 24.1, 28.4, 31.3.
Note that in that case z2(1) — u(1) = 9.5 £ 5. In [6] an open-loop min-max model predictive
controller is derived using only input constraints. However, the extension to input-state constraints
is straightforward according to Section 2.1. Moreover, from Section 2.1 we see that the optimal input
sequence can be found without having to resort to computations of vertices of W, as was done in [6].
Note that in this particular example, the open-loop approach from Section 2.1 is equivalent with the
state feedback approach derived in Section 2.3. However, in the next example we will see that the
feedback approach outperforms, in general, the open-loop approach.

5.2. Example 2

We now consider the following example, for which we compare the three robust optimal control
problems presented in Section 2:

_U)l(k) + ’LUQ(]C) +2 e _U)1(k) +3
—wi(k) —wa(k) +5 wi(k) —2 }@)x(/ﬂ)@[ (k) + 2 } @ u(k)

y(k) =10 el®x(k).

z(k+1)=
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P ——feedback
- *- open-loop| |

max{y-r,0}

Figure 3. The tardiness max{y(-) — r(-),0} for the feedback controllers (full) and the open-loop controller
(dotted).

N (12|34 ]|5|6|7]8/9]|10
ng [ 217711013 1519 |23|25]25

Table I. The number of regions nr in the parametric linear programs of Section 2.3 as a function of N.

We assume a bounded disturbance set: W = {w € R? : wy € [2 3], wp € [1 2], wy +wy < 4}. We
choose N = 10, the due date signal sequence ist = [3.4 57 9.5 11.8 14 16.7 19.4 21.6 23.8 26]T
and the initial state is 2(0) = [6 8] The system is subject to input-state constraints: zo (k) — u(k) <
2,21(N)+x2(N) < 2ry, =641, < u(k) < 6+15. We use the stage cost defined in (5) withy = 0.1
and a feasible random sequence of disturbances.

In this particular example we observe that the disturbance feedback controller from Section 2.2
coincides with the state feedback controller from Section 2.3. Moreover, the number of regions of the
computed parametric linear programs corresponding to the state feedback approach, as a function of
the prediction horizon NV, is given in Table I. Note that these regions increases with the prediction
horizon.

Figure 3 shows the tardiness (i.e., the signal max{y(-) — r(-), 0}) for the open-loop controller from
Section 2.1 and for the feedback controllers derived in Sections 2.2-2.3. Note that the performance of
the feedback approaches are better than the open-loop approach. The figure shows that the feedback
controllers give a lower tardiness (i.e., better “tracking’) than the open-loop controller.

6. Conclusions

We have provided solutions to three finite horizon min-max control problems for constrained MPL
systems depending on the nature of the control input over which we optimize: open-loop input
sequences, disturbance feedback policies, or state feedback policies. We have shown that the open-
loop and the disturbance feedback min-max problem can be recast as linear programs while the state
feedback min-max problem can be solved exactly, without gridding, via /N parametric linear programs,
where N is the prediction horizon. The key assumptions that allow us to preserve convexity in the min-
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max problems that we have considered, were that the stage cost be a max-plus-nonnegative-scaling
expression in the state and the matrices associated with the state constraints have nonnegative entries.
Finally, for a particular case of the uncertainty we have proven that all three min-max problems are
equivalent with a deterministic one.
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