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Abstract

This paper develops a robust self-triggered control algorithm for time-varying and uncertain systems with constraints based
on reachability analysis. The resulting piecewise constant control inputs achieve communication reduction and guarantee
constraint satisfactions. In the particular case when there is no uncertainty, we propose a control design with minimum number
of samplings over finite time horizon. Furthermore, when the plant is linear and the constraints are polyhedral, we prove
that the previous algorithms can be reformulated as computationally tractable mixed integer linear programs. The method
is compared with the robust self-triggered model predictive control in a numerical example and applied to a robot motion

planning problem with temporal constraints.
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1 Introduction

Control for constrained systems has been extensively
studied for over four decades in the literature, see
e.g. [11,19]. It is well-known that model predictive
control (MPC) [19] is a prime example of such a method.
If one restricts the attention to networked control
systems (NCS) subject to constraints, how to jointly
design a controller and a communication protocol
which can efficiently utilize network resources is a
more recent challenge. In order to handle this problem,
recent research efforts have been devoted to self-
triggered control [13], in which the next sampling time
is determined in advance by the controller according to
the received information.

One intuitive idea is to incorporate the self-triggered
control into an MPC framework. Many results have been
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obtained for deterministic constrained systems [3,14].
A self-triggered MPC scheme is proposed in [3] for
constrained linear time-invariant systems and the inter-
sampling time is maximized subject to the constraints
on the cost function. For systems with uncertainty, some
results of robust self-triggered MPC have been reported
in [6,7]. In [7], the tube MPC method is utilized to
guarantee constraint satisfactions despite the presence
of a bounded additive disturbance and the principle
of [3] is followed to obtain the next sampling instant. In
addition, the effect of the uncertainty is made use of in
the design of the self-triggered mechanism.

Despite recent developments, some fundamental issues
remain for self-triggered MPC. The incorporation of the
self-triggered scheme into MPC does not immediately
preserve the conventional recursive feasibility and
closed-loop stability of MPC. In order to guarantee
these two properties, the price of more computational
effort at the sampling instants is paid to satisfy the
constraints on the cost function when maximizing the
inter-sampling time.

Other than MPC, only a few work address the self-
triggered control for constrained systems. For example,
the focus of [16,24,25] is on the design of an event-
triggered controller when the systems are subject to
actuator saturation. One recent work [12] provides a
contractive set-based approach to design self-triggered
control for linear deterministic constrained systems.
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Different from the above results, this paper aims at
proposing a robust self-triggered control framework for
time-varying and uncertain systems with constraints.
To the best of our knowledge, this topic has not
been explored up to now and cannot be handled
by the previous mentioned methods, such as self-
triggered MPC. The main challenges are: (1) how to
guarantee recursive feasibility in a time-varying setup
by self-triggered control; (2) how to ensure constraint
satisfaction for any disturbance realization. In this
work, we make full use of reachability analysis to handle
these issues. Although reachability has been widely
studied [4,18,23], the incorporation of reachability into
self-triggered control is novel. One recent work [1]
uses reachability-based self-triggered control to design
the variable sampling period for sampled-data linear
systems. However, neither constraints nor uncertainties
are considered in [1].

The use of reachability analysis in this paper provides
a geometric interpretation for the self-triggered control
from a set theoretical point of view. Available geometry
software tools facilitate the implementation of our al-
gorithms. Some practical applications of our algorithm
include control of hybrid systems and robot motion plan-
ning (see Example 2). The main contributions are sum-
marized below.

e We propose a novel robust self-triggered control algo-
rithm (Algorithm 1) for time-varying and uncertain
systems with constraints. Constraint satisfactions and
recursive feasibility are shown to be guaranteed based
on reachability analysis. We calculate the maximum
inter-sampling time by solving the corresponding op-
timization problem (P[lki_ ~1(@k,)) only once at each
sampling instant, which avoids the repetitive compu-
tation required in the self-triggered MPC. In the par-
ticular case when there is no uncertainty, we develop
a control method with minimum number of samplings
over a finite time horizon. This is achieved by solving
the optimization problem (73[201 ~(@o)) only once.

e When the plant is linear and the constraints are poly-
hedral, we prove that all the optimization problems
(P[lki,m (vg,) and 77[2071\,] (z0)) can be reformulated as
mixed integer linear programming (MILP) problems,
which are, in our cases, computationally tractable
(Theorems 4.1 and 4.2). The numerical comparisons
(Example 1) show that our algorithm achieves a
better communication reduction and faster online
computation than the robust self-triggered MPC
in [6] without much loss in performance.

The remainder of the paper is organized as follows.
The problem statement is given in Section 2. Section 3
presents the robust self-triggered control algorithm.
The specialization to linear plants with polyhedral
constraints is provided in Section 4. Two examples in
Section 5 illustrate the effectiveness of our approach.
Finally, Section 6 concludes this paper.

Notation. Let N be the set of nonnegative integers.
For some ¢,s € N and ¢ < s, let N, i denote the set
{r e N| g <r < s}, respectively. When <, >, <, and >,
are applied to vectors, they are interpreted element-wise.
A column vector of ones with appropriate dimension is
denoted by 1. The Minkowski sum of two sets is denoted
by A@B = {a+b| Va € A, Vb € B}. The Minkowski
difference of two sets is denoted by A©OB = {c¢ | Vb €
B,c+ b € A}. For a vector z € R", define ||z =
max; |z;|. For a polyhedron P = {x € R" | Pz < p},
define ||P||oc = max,ep{||Pz — plloc}. For X C R™ and
A € R define A~!X = {z € R" | Az € X}. For
z € R", 1 € N, define > ]_, z; =0ifk > j. For X; CR"
and A; € R"*™ [ € N, define

0, k>3,
Xp X1 0 ... X, k<,

J
Dxi
=k

J .
HAl {I, k > 7, .
= AjAj—l e Ak, k S J-

Given two sets X and X, define

1, zeX,

Ix(z) = {0, rex ond 1x(X) :{ X

2 Problem Statement
Consider a discrete-time dynamic control system

Tp1 = [r(Th, up) + Wi, (1)

where z; € R and ui € R™, w, € R™ and fj :
R"™ x R™ — R™ ., The control input u; at time k is
constrained by a set U, C R™~. The additive disturbance
wy, at time instant k£ belongs to a compact set W, C R™».
The initial state xg is contained in a given set Xy C
R™=. In addition, given a finite time horizon N € N|
the system (1) is subject to a target tube, denoted by
{(Xg, k), k € N[I,N]}7 where X, C R"* VEk € N[l,N]~ It
is assumed that the function f; and the disturbance set
Wy are known for all k& € Nyg x_qj-

Assumption 2.1 The function fi(x,u), Vk € Njg n_1j,
s continuous in x and u, respectively.

Assumption 2.2 The sets Uy, Vk € Njg y_1), and X,
Vk € No,n), are compact.

The objective of this paper is to develop a self-triggered
control algorithm for the system (1), thereby yielding
a sequence of piecewise constant control inputs. More
specifically, we aim to determine a sequence of sampling
instants {ko, k1,...,kr} with kg = 0, ki11 = k; + M,,
and kr = N such that u; = w;, Vj,l € Ny, x,,,—1
and all the constraints are satisfied at each time instant



k € Njg,n7- Here, T'+ 1 is the total number of samplings
within N time instants, which quantifies the communi-
cation consumption, and M; denotes the inter-sampling
time between k; and k;4 1.

3 Self-triggered Control for Constrained Sys-
tems via Reachability Analysis

In this section, we will provide a reachability-based self-
triggered control algorithm for the uncertain constrained
system (1). Furthermore, a control method with min-
imum number of samplings will be designed when the
system (1) is reduced to be deterministic, i.e., W, = {0}.

3.1 Robust self-triggered control

3.1.1 Computation of reachable sets

Definition 3.1 The target tube {(Xy, k), k € Ny n1} of
the system (1) is reachable from the initial state o € Xo
if there exists a sequence of control inputs uy € Uy, Vk €
Njo,n—1], such that the state x), € Xy, Vk € Ny n1, for all
possible disturbance sequences wy, € Wy, Vk € Njg y_1].

Let X3 = Xp. For k € Njg y_1), the backward reachable
set X} for the system (1) is recursively computed by:

Py = {z € R™ | Juy, € Uy, fr(z,ug) @ Wy, C Xerl}a
(2a)
X5 =P N X. (Qb)

Proposition 3.1 [}/ The target tube {(X;,j),j €
Nig41,n1} of the system (1) is reachable from xy if
and only if xix € Pg. Furthermore, the target tube
{(X4, k), k € N1 N1} is reachable from the initial state
xo € Xo if and only if xo € X§.

According to [23], Assumptions 2.1 and 2.2 make the
resulting reachable sets compact. Proposition 3.1 indi-
cates that if the state z; € X7, the recursive feasibility
and the constraint satisfactions can be guaranteed.

Remark 3.1 There exist some methods to compute the
reachable sets for a nonlinear system (1), e.g., [8,23]. In
addition, there are results on the inner approximations
of the reachable sets X3, e.g., [2,22]. Note that these
inner approximations are applicable also for the following
algorithms, since they provide constraint satisfaction and
recursive feasibility quarantees.

Remark 3.2 Given the initial state xg, one can choose
the minimal horizon N such that {(X;,j),j € Njg n1} is
reachable from xg.

3.1.2 Algorithm

Define the self-triggered condition for the system (1) as

kiy1 =max{k | k; < k < N such that u; = u € Uj,
J € N[, k1], and the target tube
{(X},7),7 € N~} of (1) is reachable}.

Recall that k;41 = k; + M;. The following lemma pro-
vides the formulation to compute M;.

Proposition 3.2 Given the state xy, € Xj , ki €
Npo,ny—1), the inter-sampling time M; is obtained by
solving the following optimization problem, denoted by

subject to

X ki) = {7n, 1 (3b)
Vi € Ngov—1): Xpgy ) = Fi(Xpe, 5, w) @ W5, (3¢)
V] € N[kﬁ-l,N] :
Ixe (X g o, (w), j = ki + 1,
- %5, (K k1)) Lo, () J (3d)
Tj—l]lx; (X)) b,y (w), § > ki +1,
where f;(X,u) = {z € R™ | z = f(z,u),Yz € X}.
That is, M; = E;-V:kiﬂ 7%, where 7
optimal solution of’P[lki’N] (2,)-

corresponds to the

Proof. The definition of r; characterizes the succes-
sive constraint satisfactions from time k; for all possible
disturbances w; € W, VI € Ny, ;_1). Then, the proof
directly follows from Proposition 3.1 and the objective
function of P[lki’N] (xk,)-

The geometric interpretation of the optimization prob-
lem P[lk N (xk,) is to seek a fixed control input u such
that starting from time k;, the time length, during which
the state constraints and the control input constraints
are satisfied for all possible disturbances, is maximized.

We denote by u* the optimal solution to the optimiza-
tion problem P[lk,-,, N (zk;). The following Algorithm 1
presents the robust self-triggered control for the uncer-
tain constrained system (1).

3.2 Control with minimum number of samplings

This subsection will provide a control method with min-
imum number of samplings, denoted by T 4 1, over a
given finite horizon for the system (1). Without loss of
generality, we assume that N > 2.



Algorithm 1 Robust self-triggered control
Offline:

Determine a sequence of backward reachable sets
{(X3,7),7 € Njgn1} by (2).
Online:

1: Initialize ¢ = 0. If z¢ € X§, continue. Else, stop.

2: Sample the state xy,, solve P[lk,hN] (zk,;) to obtain u*
and M;.

3: Set ki1 = ki + M;. Implement u; = u*, Vj €
N, k1 1) tO system (1) for some realizations w; €
Wi, 7 € Nk, by -1+

4: Set i =1+ 1.

5: If k; < N, go to step 2. Else, stop.

Proposition 3.3 The minimum number of samplings
T* 4+ 1 is obtained by solving the following optimization
problem, denoted by 77[20 ~(@o),

min Z 1 - 1(0y(A))) (4a)

ug,A

sub]ect to

Vi € Niov—1p : @1 = [, ), (4b)
- Uug, .7: 0

Vi €N ny_1:u; = ] 4
/ 0.1 Y {Uj_l +Aj—17 ] Z 17 ( C)

Vj € Np otz €X], (4d)

Vj S N[O,N—l] LUy S UJ (46)

That is, T* = Zj\:f(l — 103(A})), where A% corre-
sponds to the optimal solution 0f77[20 N (z0).

Proof. In (4c), A;_; denotes the difference between
uj and u;_q. The objective function of 73[20’1\,] (x0) aims
at maximizing the number of zero (i.e., A; = 0) over
the time interval N x_1j. Thus, the optimal solution
generates a sequence of piecewise constant control inputs
with minimum number of switching times.

Note that Algorithm 1 is applicable for deterministic
systems. In this case, the difference is that Algorithm 1
cannot guarantee the achievement of minimum number
of samplings for deterministic systems.

Remark 3.3 For uncertain constrained systems, it is
difficult to design the control with minimum number of
samplings since at each sampling instant k;, the exact
executions of the future disturbance w;, Vj € N, n_1),
are unknown.

4 Self-triggered Control for Linear Systems
with Polyhedral Constraints

The development of geometry software allows us to com-
pute the sets X} exactly and efficiently if the system is
linear and the constraint sets are polyhedral [15]. This

section will specialize the systems (1) to be linear and
the constraint sets to be polyhedral. We can reformulate
the optimization problems P[lki,N] (zk,;) and P[QO,N] (x0) to
be computationally tractable MILP problems.

If the model fy is linear, the system (1) becomes
Tht1 = Apx + Brug + wp. (5)

Here A), and By, are deterministic real matrices with
appropriate dimensions at each time k € Njg y_1j. The
control input sets Uy, k € Ng y_1j, are compact polyhe-
dra. Each set X, of the target tube { (X, k), k € Ny a7}
is a compact polyhedron. The disturbance sets Wy, k €
Njg,n—1], are compact polyhedra.

Now, the computation of the sets X} in (2) is given as
follows Note that the following equations involve only
set operations and the corresponding sets can be well-
defined even if the matrix Ay is not invertible. Hence,
we do not impose any assumption on Ay.

Lemma 4.1 [}] For the uncertain linear system (5) with
polyhedral constraints, the set X, in (2) evolves as

Qr = XL O Wy, (6a)
Pr = A, (Qui1 @ (=B Uy)), (6b)
Xz =P N Xk, X}k\, =Xpy. (GC)

Remark 4.1 Since the sets Xy, k € Nyg nj, are compact,
the sets X3, k € Nyg n}, are also compact even when the
matrices Ay are not invertible.

The polyhedral sets Uy, and X7 in (6) are written as

Up ={z€R"™ | Exz < e},
r={z €R™ | Fyz < fi},

where Fj, and F, (or eg and f}) are matrices (or vectors)
with appropriate dimensions.

4.1 Robust self-triggered control

Before providing the main result, we need some prelim-
inary lemmas.

Lemma 4.2 The set X[ki 4] i (3c) can be written as

KXo i) = (G @e + Hig, j)w) @ Zig, 51 J € Ny, w, (7)

whereG[k 4] Hf,: AZ;H[kl,j =y ks 1=, m+41 A1 Bm,
L, 41 EDJ ! Hl a1 AW Furthermore, the set
Ly, 5) 18 a closecf polyhedron.

Proof. When j = k;, (7) implies that X[k,;,ki] = {xzy, }.
According to the definition of X[khj}, J € Ng41,n7, in
(3¢), by induction, it follows



Xk, j+1]
= A; X[k, ;) © Bju®W;
:A'(Gk 1%k + Hig, j] )@Z[k j1) ® Bju ® W;

jHAll'k+A Z H AiB,, + Bj)u)

m=k; lI=m+1
B(A; @ H AW, & W;)
m=k; = m+1
J J
H Alxk —+ Z H AlB @ H Ale)
m=k; lI=m+1 m=k; l=m+1

B (G[kmj+1}xki + Hig, j11w) @ Lk, j11)-

Since the sets W,,, are compact polyhedra, we have that
the sets Z, ;) are closed polyhedra.

Lemma 4.3 [5] Given two polyhedra P = {z € R™ |
Pz<pland Q= {z € R" | Qz < ¢}, P C Q holds
if and only if there exists a non-negative matriz S such
that SP = @ and Sp < q.

Assume now that Zy, j = {z € R" | Vg, j12 < v, 51}
J € Np,41,n], where the matrix Vj, ;; and vector
Ulk; J] can be computed offline according to Z, 5 =

@’ Hl mp1 AW, By Lemma 4.3, we derive the
followmg result.

Lemma 4.4 For the sets X[ki,jl and X7, X[ki,j] c X;
holds if and only if there exists a mon-negative matriz
Sk, ;] such that

Stka i1 Vika.q1 = F (8)
Stes, 71 Vs, g] + Viks 71 (G i@ + Hp yw) < fi. (9)

Proof. This directly follows from Lemmas 4.2-4.3.

Since u is the decision variable, the constraints (9) are
nonlinear. To remedy this, we can calculate the nonneg-
ative matrices Sy, ;1 offline to satisfy (8) by an LP [10]:

(Stkiiih = arngnin{lTa | a"Viy, ;) = (F)i,a > 0}, (10)

where a is a vector with appropriate dimension and (.S);
denotes the Ith row of the matrix S.

Remark 4.2 The LP in (10) admits a nonnegative ma-
trix solution with minimum infinity norm, which could
lead to a larger feasible region for the optimization prob-
lem P[lki’m (g, ) than other nonnegative solutions to (8).

The next theorem shows that the robust self-triggered
control for the system (5) with polyhedral constraints
can be designed by solving a computationally tractable
MILP.

Theorem 4.1 For the uncertain linear system (5) with
polyhedral constraints, the problem 73[1,% N (xg,) can be

reformulated as an MILP, denoted by Pf}Ci_N} (zk,),

max Z (1-90 (11a)

J

j=k;+1

subject to
V] S N[k’r‘rLN] .

S[kq;,j] (G[k“j]xki + H[km]u) < f[k“j] + (5j].—‘]_7 (11b)
Vj € Ny, nv—1): Bju<ej + 9,1, (11c)
Vj e N[kiJFLN,l] : 5j < (Sj+1, (11d)
Vj € N[ki-‘rl,N] : 5j S {07 1}7 (116)
where G, 5] = Vi j1Glkigls Hikeg) = VikogiHikg»

f[ki’j] = fi — Sik; j)V[ki,5), and T is a positive constant
satisfying
r> max{. Nmax U]l o0
[ .
a ax [|5] é H
]€NI[I)}Ji(1N] umEUX” LJ]( zv]]xk + [ku] ) f[kzvj ||OO}
(12)

Proof. Recall the definition of r; in (3d). Let us intro-
duce a sequence of 0-1 variables 0;, j € Ny, 41,n]- By
setting r; = 1 — §;, we have

W€ Njfy1 ¢
St 1 (Ge e, + Higo ) < fipoy + 61,
Vi e N[ki,]—l] cEu<e 4+ (51].—‘1

where T' is a positive number satisfying (12). Further-
more, Vj € Ny, 41, ny—1], 75 = 741 can be rewritten as

0; < dj41. Then, we get the problem 73[2,% N @k, )-

Remark 4.3 The computational complexity of the
MILP (11) can be analyzed as follows. Considering
the constraint (11d) on 0;, it is easy to construct an
enumeration tree with at most N — k; nodes, each of
which is in the form of ; = 0,Vj € Ny, 41 1), and 6; = 1,
Vj € Nijgg1,n7, for some k € Ny, 11, N This construction
avoids the combinatorial explosion issue. By fixzing the
enumeration sequence {5j}]k\£+1, the constraints (11b)-
(11c) become linear in the decision variable u and
in particular are redundant for j € Nyq n). Hence,
the MILP (11) can be solved through several LPs by
increasing k until the LP is infeasible. The computational
complezity of the original MILP (11) is at most N — k;
times the computational complexity of the LP. Note
that the number of constraints in the LP is at most
the total number of the inequalities in (11b)-(11c) over
J € Njg,n], denoted by L. From [21], we conclude that the
problem (11) can be solved in O(N L) time. In addition,
several software tools have been developed to solve large
MILPs in the past few years, e.g., [17], also allowing us
to solve our problem online efficiently.



Remark 4.4 Following similar operations as for
the linear case, the previous optimization problem
P[lkm N] (zk,) can be reformulated as an integer program

with a constraint like (11d). The resulting integer
program can be iteratively cast as a classic constrained
robust nonlinear control problem.

Remark 4.5 In general, I' can be arbitrarily chosen to
be a sufficiently large positive constant. The lower bound
on T defined in (12) aims at quantifying how large T
should be, which can be calculated by solving a linear
program (LP) since the sets U; are compact polyhedra
and the norm is the £oc—norm.

4.2 Control with minimum number of samplings

When the disturbance set Wy, = {0}, Vk € Ny n_1,
we can also reformulate the optimization problem
P[Qo, N] (z0) as a computationally tractable MILP.

Theorem 4.2 For the deterministic linear system (5)
with polyhedral constraints, the problem 77[20 N] (o) can

be reformulated as an MILP, denoted by ’P[%’N] (%0),

N-2
max J[O,N] (31‘0) = (1 — 5j)
u0,A;,05,C5 e

<

subject to
Vj e N[O,Nfl] X1 = Aj.’L‘j + BjUj,
Uo, ]: 0

V5 € Noo.v—1y = 25 = {%‘1 +Aj1, 721,
Vj e N[l,N] s Fyzy < fy,
Vj € Njo,nv—1] : Fju; < ey,

A; <T6;1,

V] S N[O,N—2] :

\V/j S N[O,N72] =1 < Cj <TI1,
Vj e N[O,N72] 105 € {0,1},

where v and I are two large positive constants satisfying

v, I'>  max max  ||u — V|- (13)

JEN[o, N —2) u€U;,vEU; 41

Proof. By introducing new variables c; € R™ and 0-
1 variables d;, j € N2 n), we define A; = dj ¢y, ie.,
A; =0if§; =0and A; = ¢; if §; = 1. And it follows
that V_] S N[k+1,N] 0

Aj < 6jF1,

Aj 2 5]'713
Aj<cj+ (1- 9;)71,
Aj Z Cj — (1 - 5])F1,
—1 < ¢ <TI,

Aj = 5]‘6]' <

where T" and «y are two positive numbers satisfying (13).
Then, we get the optimization problem 73[% N] (z0).

Remark 4.6 The statements in Remark 4.5 also ap-
ply with v and T in (13). In addition, the optimization
problem P[%,N] (z0) is equivalent to P[QO’N] (z0), while the

optimal solution to 73[3;% N] (xk,;) is a suboptimal solution
to P[Iki’N] (zk,;)-

gl L - L - 8 I I L
4 2 0 2 4 5 8 10 12 14 16 18 4 2 0 2 4 6 B 0 12 14 16 18

Fig. 1. State trajectories under Algorithm 1 and robust
self-triggered MPC [6] for 100 realizations of the uncertainty
sequence. (a) Algorithm 1; (b) Robust self-triggered MPC.
The algorithms terminate when the state enters the robust

R e [ RO [ P

(a) State (b) Control input

Fig. 2. State trajectory and control input trajectory under
Algorithm 1 for one realization of the uncertainty sequence.

5 Examples

This section provides three examples to illustrate the
effectiveness of our proposed algorithms. The following
numerical experiments were run in Matlab R2016a with
MPT toolbox [15] on a Dell laptop with Window 7, Intel
i7-6600U CPU 2.80GHz and 16.0 GB RAM.

Example 1: Compare the proposed robust self-triggered
algorithm with the robust self-triggered MPC in [6].
Consider the same model as in [6], where A =

[11;01], B = [0.50]". The constraint sets are
X={zeR?|[-20 -8 <2<[208"},U={z€R|
—45<2<45},W={zeR?|[-0.25 —0.25]" <z<
[0.25 0.25)"}. The initial state is [10 6]7.



Let @ = [10;0 1] and R = 0.1 be the weight matrices
in the objective function. By solving the discrete-time
algebraic Riccati equation, we obtain the matrix P =
[2.0599 0.5916;0.5916 1.4228] and the corresponding op-
timal feedback gain K = [-0.6167 — 1.2703]. The con-
trol objective is to steer the state to the robust invariant
set, denoted by Q (the red region in Fig. 1), which is
computed by the method in [20]. The implementation
will stop if the state enters the robust invariant set.

For the robust self-triggered control in this paper, the
terminal set of the target tube is . For the robust
self-triggered MPC in [6], we choose the maximal inter-
sampling time My,.x = 4. The state trajectories for
100 realizations of the uncertainty sequence are depicted
in Fig. 1. We compare the two different methods for
several indexes, of which the average is taken over 500
realizations.

0 05 1 15 2 25 3

Fig. 3. Scenario

o Average inter-sampling time: The average inter-
sampling time is M = 1.2045 under the robust self-
triggered MPC of [6] while it is M = 1.3333 under the
self-triggered scheme of this paper. Thus, our control
scheme achieves an average communication reduction
by 9.66% more than that of the self-triggered MPC.

e Awverage online computation time: The average online
computation time at each sampling instant is 0.5758s
for the robust self-triggered MPC while it is 0.1964s
for our control method despite the presence of integer
variables.

e Average performance: The performance measure is
defined by J = S35 (|zkl|3 + [|ukl|%) where Tpun
is the time when the state enters the robust invariant
set. The robust self-triggered MPC achieves a slightly
better average performance than our scheme. The per-
formance measure is 591.9191 for MPC while it is
621.4552 for our scheme.

Ezample 2: Consider a time-varying linear system (5),
where A, = [11;01], By = [1;0.5], k € N5 and
Ak = [1 0,1 0], Bk = [1705], k € N[6,10]' Note that
Ak, k € Nig 1], are singular. Let N = 10. The input
constraints are |ux| < 1, k € Nyg), and |ug| < 0.2,
k € Nig ). The terminal constraint set is Xy = {z €
R? | [-0.01;-0.01] < 2 < [0.01;0.01]}. And the state
constraint set is Xy = {z € R? | [-10;-2] < 2 <

[10;2]}, k& € N ;. The disturbance set is Wy = {z €
R? | [—0.03; —0.03] < 2 < [0.03;0.03]}, k € Njg 1.

Algorithm 1 is implemented to the system with the ini-
tial state [10 — 2]7. Fig. 2 depicts the state trajectory
and the control input trajectory under Algorithm 2 for
one realization of the disturbance sequence. In subfigure
(a), the red square is the target set and the yellow and
lightgreen regions are the sets X, k& € N 9. The black
dotted lines in subfigure (b) are the constraint bounds
on the control input. From subfigure (b), 3 updates for
control inputs are needed to tolerate the disturbances as
well as guarantee the constraints satisfaction.

Ezample 3: Consider a mobile robot with dynamics (5),
where Ay, =[10;0 1], By =[0.10;00.1], Vk € N. The
input constraint set is U, = {z € R? | [<0.6 —0.6]" <
2 < [0.60.6]"}, k € N. The robot moves in a closed
workspace, as shown in Fig. 4, in which there are some
obstacles (the black rectangles). The robot should
achieve collision avoidance with the obstacles and
the boundaries of the workspace. We set the safe
distance as 0.1. In addition, the robot can exchange
the information (the position and the control input)
with the control center via a bandwidth-limited
communication network. At each time, the robot can
only receive one control input from the control center.
The initial position is [0.15 2]7. The target set 1 is

{zeR?|[2.724]" <2< [2.82.5]"} and the target set

2is {z € R? | [0.40.4]" < 2 < [0.50.5]"}. A sequence
of temporal constrained tasks for the mobile robot are

e stage 1: the robot should arrive at the target set 1
before k = 60;

e stage 2: the robot should stay in target set 1 for at
least 10 time steps after arrival.

e stage 3: the robot should arrive at the target set 2
before k£ = 140.

To save the communication recourses, our self-triggered
control strategies are implemented. We choose the
convex inner approximations of the backward reachable
sets (which are the intersection between the predecessor
sets and the safe regions). As mentioned in Remark 3.1,
these approximations still respect the feasibility and the
constraint satisfactions.

In the first case, assume that the disturbance set is
Wy, = {z € R2 | [-0.01 —0.01]" < z < [0.01 0.01]"}.
Subfigures (a)—(b) of Fig. 4 depict the state trajectories
for stage 1 and 3 under Algorithm 1. The yellow and
lightgreen regions are the sets X7. The control input
trajectory is shown in subfigure (c) of Fig. 4 with the
times of control update being 15.

In the second case, assume that Wy = [00]" , Vk € N.
Subfigures (a)—-(b) of Fig. 5 depict the state trajectories
for stage 1 and 3 by using the control with minimum
number of samplings. The yellow and lightgreen regions
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Fig. 4. State trajectories of stage 1 and 3 and control input trajectories under Algorithm 1.
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Fig. 5. State trajectories of stage 1 and 3 and control input trajectories by using control with minimum number of samplings.

are the convex approximations of the sets Xj,. The con-
trol input trajectory is shown in subfigure (c) of Fig. 5
with the times of control update being 6.

6 Conclusion

In this paper, we proposed a robust self-triggered
control algorithm for time-varying uncertain systems
with constraints. By using reachability analysis, the
constraint satisfactions and recursive feasibility were
guaranteed. The proposed algorithm provided us a
geometric interpretation for self-triggered control. The
problem of control with minimum number of samplings
was investigated for deterministic constrained systems.
For linear systems with polyhedral constraints, the pro-
posed methods were reformulated as computationally
tractable MILP problems. In simulations, the results
were compared with robust self-triggered MPC and
applied to the robot motion planning.
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