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Abstract

The paper addresses rigorous constraint satisfaction for linear continuous-time
systems under piecewise constant control. To guarantee constraint satisfac-
tion, we discretize the system and design adapted constraints in such a way
that constraint satisfaction of the discretized system w.r.t. the adapted con-
straints implies constraint satisfaction of the continuous-time system w.r.t. the
original constraints. Compared to existing approaches, the new method de-
scribed in this paper is less conservative, not restricted to any specific control
scheme (e.g., MPC), and computationally efficient.

1 Introduction

In the majority of cases, mathematical models describing real-life processes are
continuous-time systems. In contrast, due to sampling, controller design and
evaluation are usually carried out in the discrete-time domain. To this end, the
process model is often transformed into a discrete-time system. In principle,
this procedure is uncritical for linear systems since the discretization is exact
in the sense that the discretized system and the continuous-time system (under
zero-order hold (ZOH) control) coincide at all sampling instances.

The situation changes, however, if state and input constraints are present. In
fact, even for constrained linear systems, it is well-known that the continuous-
time system (i.e., the real-life process) may violate some constraints although
the discrete-time counterpart satisfies all constraints for all sampling instances

f M. Schulze Darup is with the Control Group, Department of Engineering
Science, University of Oxford, Parks Road, Oxford OX1 3PJ, UK. E-mail:
moritz.schulzedarup@rub.de.


http://dx.doi.org/10.1109/CDC.2015.7402407

(see, e.g., the motivating example in [I2]). An obvious way to avoid this prob-
lem is to adapt the constraints such that constraint satisfaction of the discrete-
time systems (w.r.t. the adapted constraints) implies constraint satisfaction of
the continuous-time system (w.r.t. the original constraints).

The paper deals with a new method for the systematic adaptation of the
original constraints of the continuous-time system. To highlight differences to
existing procedures, we briefly summarize the results obtained in [I},2,[7,[12]
and discuss advantages of the new approach afterwards.

In [I] and [2], methods for the computation of so-called controlled safe sets
are presented. Controlled safe sets are related to but different from controlled
invariant sets. According to [2 Def. 2], for every state in a At-controlled
safe set, there exists a piecewise constant (or ZOH) control law such that
the controlled continuous-time system respects the original constraints for all
times. While the computation of controlled safe sets is well-understood, it is
not yet clear how to integrate the computed sets into common control schemes.
In fact, staying in the controlled safe set only guarantees that suitable control
actions exist. However, the controller has to take care that one of these suitable
controls is indeed selected, which is not straightforward.

In [12] and [7], methods guaranteeing constraint satisfaction of continuous-
time systems under sampled model predictive control (MPC) are addressed.
While the reformulated MPC schemes indeed preclude violation of the original
constraints, both approaches concentrate on a specific control strategy, namely
MPC.

In contrast to [1] and [2], the new method presented in this paper provides
adapted constraints that do not require the verification of suitable inputs dur-
ing runtime of the controller. In other words, if the discretized system satis-
fies the adapted constraints provided here, then the continuous-time system
is guaranteed to respect the original constraints. Moreover, in contrast to [12]
and [7], the presented method is not restricted to any specific control scheme.
In fact, it can be combined with any control strategy that takes constraints
explicitly into account (like but not limited to MPC). Furthermore, we con-
sider combined state and input constraints and thus generalize the concepts
introduced in [I,2,[7,12]. Finally, the adapted constraints computed by the
proposed procedure can be significantly less conservative than those obtained
using existing approaches (see the example in Sect. [).

The paper is organized as follows. After introducing some notation in the
remainder of this section, we detail the problem of interest in Section 2l The
main results of the paper, i.e., the efficient computation of adapted constraints
is addressed in Section[3l Finally, Sections[d and Bl present a numerical example
and state conclusions, respectively.

1.1 Notation

We denote non-negative reals, positive reals and positive natural numbers by
Ro, Ry, and Ny, respectively. In addition, we define Nj; ;) := {j € N[i < j <
k}. Let m,n € Ny and let z € R"™™. We frequently deal with orthogonal
projections of z onto different subspaces. In this context, we define the ma-
trices P, == (I, 0) € R™(m) and P, == (0 I,,) € R™H™)  where I;



is the identity matrix in R7*7. Obviously, P, z results in a vector containing
the first n elements of z. For a compact set Z C R**™, the projection P, Z is
understood as P, Z = {P, z| z € Z}. Analogously, scaling of Z by any factor
A > 0is defined as A Z = {\z |z € Z}. By extr(Z), we denote the set of all
extreme points of Z. Moreover, conv({z1,..., 2}) refers to the convex hull of
the points 21, ..., 2 € R, Finally, let A € R"*". Then, us(A) denotes the
so-called logarithmic norm induced by the spectral matrix norm (see [11] for
details).

2 Problem statement
Consider the continuous-time linear system
x(t) = Ax(t) + Bu(t), z(0) = xg (1)

with (combined) state and input constraints of the form

u(t)

under piecewise constant control (resp. ZOH)

(w(t)) € Z for every t € Ry (2)

u(t) = u(ty) for everyt € [k At, (k+1)At), (3)

where At € R, denotes the sampling time and where t; := kAt for every
k € N. The control task is to steer the system to the origin under the following
assumptions.

Assumption 1: The matrices A € R™" and B € R™™*™ are such that the pair
(A, B) is stabilizable. The set Z C R™™ s a convex and compact polytope
with the origin in its interior.

During the controller design (and the controller evaluation), system ()
w.r.t. [2) and (3]) is usually replaced by the discrete-time system

w(teyr) = Az(te) + Bu(ty),  2(0) = o (4)

with adapted constraints

<zg:;> € Z forevery k€N, (5)

where A := exp(A At) and B = fOAt exp(A7)dr B. In practice, the con-
straints Z of the discrete-time system are often chosen identical to the ones
of the continuous-time system, i.e., Z=2Z2 It is, however, well known
that the continuous-time system ([I]) may violate the constraints Z although
the discrete-time system (d) satisfies () for Z = Z. Precisely, let uy =
{u(to),...,u(tny—1)} denote an input sequence of length N € N, and let
&(k,zo,un) (resp. ¢(t, xo,un)) be the solution of () (resp. () under control



policy (@) at time 3 for & € Njg n7 (resp. at time ¢t € [0, NA¢t]) and initial
condition xg. Then, we may have

(P(tw%'()v uN)
< () ) ¢ Z for some t € [0, NA{ (6)

even though

(w(k;j;;)u]v)) € Z forevery k& Ny

The paper deals with the computation of suitable constraints z C Z for the
discretized system in order to avoid constraint violations of the continuous-
time system as in ([@).

Definition 1: We call a set Z C Z a suitable constraint set for the discretized
system () if, for any xo € R, any N € Ny, and any input sequence uy,
constraint satisfaction of the discretized system (@), i.e.,

p k:? ) =
(gp( ug(:fk)uN)> € Z  for every k€ Ny ny, (7)

implies constraint satisfaction of the continuous-time system () under control
policy @), i.e.,

(t,x0,un)
(“0 u(ot) N ) € Z forevery te|0,NAt]. (8)

3 Computation of suitable constraint sets

Definition [l provides an intuitive description of suitable constraints by con-
sidering input sequences of (arbitrary) length N € N. Such input sequences
are for example investigated in MPC. However, according to Lemma [I, suit-
able constraint sets can be identified by solely analyzing input sequences of
length N = 1. As a preparation, note that we write ¢(t,x,ug) instead of
o(t, zg,uy) (resp. (1, zp, up) instead of H(1,xp, uy)) whenever we consider an
input sequence of length N = 1, where wg is short for u(tg).

Lemma 1: Assume the set Z C Z is such that, for every zg € 2, we have

(cp(t,zo,uo)> € Z forevery te|[0,At], (9)
0

where xg 1= Przo and ug := Pyzy. Then, Z is a suitable constraint set for ({@).

Proof. Consider any xg € R", any N € N, and any input sequence uy and
assume ([7) holds. We below show that condition (@) implies (8). Consequently,
Z is suitable constraint set for (@) according to Definition [l

Let k* € Njg y_1) be arbitrary but fixed and set z* := @(k*, 79, uy) and
u* := u(tg~) (where u(tg) refers to the (k* 4+ 1)-th element of uy). Let



and note that z* € Z according to (7). Moreover, we obviously have ¢(t, zg, ug) =
o(t — k*At,z*,u*) and u(t) = u* for every ¢ € [k*At, (k* + 1)At] by construc-
tion. Thus, we find

<(p(t’zjz(;3 u0)> € Z for every t € [k*At, (k™ + 1)At], (10)
according to (). Since k* € Nyg y_1) was arbitrary, (I0) implies (8). |

In the following, we exploit Lemma [ in order to verify suitable constraint
sets.

3.1 Verification

According to Assumption [I, the set Z is a convex and compact polytope
containing the origin as an interior point. Thus, it can written as

Z={2€eR"™|H,z <1}, (11)

where H, € R (+tm) ig g full-rank matrix with A > n + m + 1 and where
1, € R is a vector with all entries equal to 1. Clearly, (@) holds if (and only
if)
max max max e;‘F(ngp(t,:co,uo) + Hyup) < 1, (12)
zoEé\jEN[l,h] te[0,At]
where e; € R" is the j-th Euclidean unit vector and where H, := H,PI,
H, = H.PT, xy:= P.z, and ug := P,2.

Remark 1: Note that condition ({I2) is similar to but different from the coun-
terpart in [2, Thm. 5]. Roughly speaking, the expression in [2, Thm. 5] con-
tains a maximization w.r.t. the state xo and a minimization w.r.t. the input uyg,
while we consider a maximization w.r.t. the augmented state zy in (I2)). The
minimization in [2] finally leads to controlled safe sets (see [2, Def. 2]), which
“only” gquarantee the existence of a suitable input such that the continuous-time
system does not violate the original state and input constraints. In contrast, we
are looking for suitable constraint sets according to Definition[d that guarantee
constraint satisfaction of the continuous-time system for all input sequences
that respect the adapted constraints z of the discretized system. Thus, we have
to consider the maximization w.r.t. zg.

Taking into account that ¢(t, g, ug) evaluates to

t
o(t, xo,up) = exp(At) o +/ exp(AT)dr Bug (13)
0

for every t € [0, At], it is obvious that the expression eJT(H 2o(t, 2o, uo) + Hyug)
in (I2)) is in general not concave (nor convex) on [0, At| for fixed values of x,
ug, and e;. Hence, checking whether the Lh.s. in (I2) is smaller than or equal
to 1 is a non-convex optimization problem (OP). However, assuming Zisa
convex polytope, we are able to simplify the outer maximization in (I2)). This

is summarized in the following proposition.



Proposition 2: Assume z C Z is a convex polytope, which can be written as
Z =conv({z1,...,2}), where z; € R"™™ . Then, Z is a suitable constraint set

for @) if

T
ma. max max e; (H t v, w;) + Hyw;) < 1, 14
ZEN[lxl]JEN[lh]te[Oi(t] J( 21, vi wi) uW;) < (14)

where v; == Pyz; and w; := P,z;.

Proof. Consider any zy € Z and note that zp can be written as a convex
combination of the form 2y = zlizl o;z; for some «; > 0 with Zizl o; = 1.
Let 29 = Ppzp = 22:1 o;v; and ug = Puzg = 22:1 a;w;. Then, with regard
to ([I3]), we easily obtain

max eT(ngo(t xo,ug) + Hyugp)
telo, At}

where the inequality holds due to ([Id). Thus, condition (IZ) holds and Z is a
suitable constraint set for () according to Lemma [Tl [

Proposition 2] implies that the two outer maximizations in (IZ) can be re-
formulated as an enumeration problem. Consequently, checking (I2) “only”
requires to repeatedly solve the univariate non-convex OP

T
max e; (Hypo(t, v, w;) + Hyw; 15
te[0,At] 5 (Hzp(t v, wi) i) (15)
for all combinations v;, w;, and e;. We discuss the solution of (&) in more

detail in Section B.4l First, however, we address the identification of suitable
constraints and comment on the accuracy of the proposed procedure.

3.2 ldentification

We will exploit Proposition Bl to identify suitable constraint sets Z Asa
preparation, we need a procedure for the computation of appropriate candidate
sets. To this end, consider the sequence of sets defined by Qg := Z and

Qi1 := {ZGZ‘(A\ E)ZGPka} (16)

for every k € N. Tt is easy to show that {Qy} results in a sequence of nested
sets satisfying

Q1 C9rCZ

for every k € N (see [3] for details). We will use Qy (for an arbitrary k € N)
as a candidate set for Z More precisely, we set Z= Qy and try to identify a
suitable constraint set Z C Z by (non-uniform) scaling of Z.



Proposition 3: Let k € N and set Z = Qy,. Then, extr(Z) = {31,...,5} is a
nonempty finite set. Moreover, let

0ij = ten[%)ai{t] ef(ngD(t, Vi, W5 ) + Hyy) (17)

Jor every v € Npy ) and every j € Ny ), where v; :== P,z;, and w; := Pyz; and
set

; . : (18)
Zi = Z.
Y omax{1, 0, 0m)

Then Z = conv({21,...,54}) is a suitable constraint set for (@).

Proof. We obviously have 0 € Q. for every k € N. Hence ex‘cr(Z~ ) is nonempty.
Moreover, it is easy to show that Qp is a polytope for every k € N, since
Qp = Z is a polytope by assumption. Thus, extr(g) is finite. Consequently,
Z is a convex polytope by construction. Consider any vertex Z; of Z and any
J € N1, and note that

ter%ai(ﬂ €; T (Hyo(t, 03, 10;) + Hyabs)

maXieio,At] € (Haﬁ(P(t Ui, wz) +H wz)

max{l, Oils---0ih}
Qij
— <1
max{lagily"',gih} ’

where v; := P,2; and w; := P,Z2;. Thus, Z is a suitable constraint set for @)
according to Proposition 2l |

Proposition [B] suggests to compute suitable constraint sets according to the
following simple algorithm.

Algorithm 1: Computation of suitable constraint sets Z.
(i) choose any At € Ry and compute A and E,
(ii) choose any k € N, compute Qy, and set Z =0,
(iii) evaluate {1, ...,%} = extr(Z) and compute all 0ij according to (IT),

(iv) compute 3 as in (IR) and set Z = conv({%1,...,%}).

3.3 Accuracy

By construction, the adapted constraints Z computed according to Algo-
rithm [I] are a subset of the original constraints, i.e., z C Z. In most cases,
the adapted constraints will in fact be a strict subset of Z, i.e., ZcCZ Ttis
important to note that any choice Z C Z may entail the exclusion of actually
stabilizable states. For example, there may exist states 29 € (Pp2) \ (Pp2)
which are stabilizable for the continuous-time system w.r.t. Z but unstabi-
lizable for the discretized system w.r.t. Z since z ¢ P, Z. While this effect
cannot be completely avoided, we show in the following that a suitable choice
of the sampling time At allows to bound the defect of Z.



At first, it is crucial to note that the computation of a candidate set Z
according to step (ii) in Algorithm [I does not exclude any stabilizable states.
In fact, if zg ¢ P,Qy for some k € N then zy cannot be stabilizable for the
continuous-time system since any trajectory emanating from x( is guaranteed
to violate the constraints Z for some points in time in the interval [0, k At]
(cf. [3]). Consequently, the only source of conservatism is the (non-uniform)
scaling in (I8) based on the factors g;; from (I7)). However, the defect resulting
from scaling can be easily bounded. Assume for the moment that

max max g;; < 1l4e (19)
ZGN[L” ]GN[lyh] J

for some € > 0. Then, we obviously have

1 ~ ~ ~
ZCZCZ. 20
14 — = (20)

Thus, € provides a measure for the defect of Z. Obviously, evaluating the
Lh.s. of (I9) allows to a posteriori quantify the defect e for a given set Z.
However, it is also possible to a priori choose At and k such that the adapted
constraint set Z resulting from Algorithm [I] is guaranteed to satisfy (20) for
a given € > 0. This is summarized in Corollary Bl further below. As a prepa-
ration, we prove the following proposition.

Proposition 4: Let ¢ € Ry and let Z1,...,% € R"™ with | € N,. Let

c1,¢,¢3 € Ry be such that ¢; > maxjen, ,, e Hell2, ca > /[IA[l3 + [ B3,

and c3 > maxjeny, , ||Zill2. Finally, let At € Ry be such that

1 eu2(A) .
At <! m@ <c1 caes T 1) if n2(A) >0, 1)
1 ceg c3 otherwise.

Then ([I9) holds, where o;; is defined as in (IT).

Proof. The proof is inspired by [10, Lem. 11]. Consider any i € N j and
J € Nj15) and note (7)) can be written as

max el (H,(p(t, &, 1) — & + &) + Hydly)

te[0,At] 7
= max, ef H.Z + e] Ho(op(t, &, 1) — &). (22)

Obviously, since z; € ZC Z, we obtain the upper bound e?H »Z; < 1 for the
first term in ([22). It remains to show

ten[g,%i{t} e?Hx(go(t,i“i,ﬂi) —T;) <e (23)

Clearly, the Lh.s. in (23) is dominated by

max |e] Hy(o(t, &, 1) — &)

te[0,At]

< e ] Halls lo(t, 2, = &l

<c; ma t,x;, U;) — Til|2, 24
= 1te[0,§t]H(P( i i) ill2 (24)



where the last inequality holds by definition of ¢;. In order to overestimate
the maximization in (24]), we consider the time-derivative

(,b(t, T;, QNLZ) =A exp(A t) T; + eXp(A t) Bu; (25)

and we note that the arc length s(t, Z;, ;) of the trajectory o(t, Z;,w;) at time
t € [0, At] emanating from Z; can be written as

t
st ) = [ 6031, 1)]dr (26)
0
By construction, we obtain
lo(t, @i, @) — Till2 < s(t, %4, 05) (27)

for very t € [0, At]. Now, the arc length can be overestimated as follows. By
substituting (25]) in (26]), we obtain

s(t, &;, ;) :/0 H(Aexp(AT) exp(AT) B) 2¢H2 dr

§03/0 H(Aexp(AT) eXp(A’T)B)H2dT (28)

t
<a [ lAexp(An)] + [exp(an) B3 dr
0

t
< esrJIAIZ+ 1BIE /O | exp(AT)]l2 dr
t
§0203/ exp(pz(A) 1) dr, (29)
0

where the second relation holds since ||Z;||]2 < ¢3. The third relation holds
according to [4, Thm. 1]. Finally, the two last relations hold according
to [II, Prop. 2.1] and by definition of ¢, respectively. Depending on the value
of pa(A), the integral in (29) evaluates t

! exp(ua(A) -1
/ exp(p2(A)7)dr = { 1i2(A) if po(A) #0, (30)
0

t otherwise.

Taking the maximum on the domain [0, At] obviously yields

_— exp(p2(A)t) —1 _ exp(pa(A) At) — 1
te[0,At] wa(A) fi2(A) )

(31)

if p2(A) # 0, and maxyecpg aq t = At otherwise. Now, since (3I)) is smaller than
At whenever p2(A) < 0, we may use the following overestimation:

! Note that the Schatten co-norm investigated in [4] is identical to the spectral norm ||- ||

of a matrix. Further note the 1 x 2 block matrix in (28] can easily be extended to a
2 x 2 block matrix, as required for [4, Thm. 1], by inserting zero blocks. This extension
does obviously not affect the validity of the derived relations since ||Cz|l2 = || () 2)2.
It is important to note that u2(A) may be zero even if A # 0. Moreover, we have
wu2(A) < 0 for some matrices A. Thus, the so-called logarithmic “norm” does not
match the general requirements for a proper norm.



t
max]/ exp(ug(A)7)dr
0

tel0,At
exp(uz(A) At)—1 .
< T e () >0, )
At otherwise.
Evaluating the Lh.s. of (23] finally yields
e, € Halep(t, 30, ) — )
= b &5 ug) — &
>a té’n[oz,ii{t] HSD( ?xZ,uO) iEZHQ
<cieacs p2(A) if po(A) >0, (33)
At otherwise.

according to (24), 27), (29), and (B2)). Substituting the upper bound for At
from (2I)) in ([B3]), easily proves (23)). |

Corollary 5: Lete € Ry, k € N, and let 1 and co be defined as in Proposition[j)
Let c3,At € Ry be such that c3 > maxzez [|z[|2 and such that 2I) holds.
Then, Z computed according to Algorithm [1 satisfies (20]).

Proof. We have Z=0Q,C2Z by construction for any k£ € N. Since Zisa
nonempty polytope (see proof of Prop. B)), {Z1,...,%} = extr(Z) is a finite
set with [ € Ny. Moreover, we have max;eny, , [|Z[2 < ¢3. Thus, the claim in

Corollary Bl directly follows from Proposition [l |

3.4 Implementation and Complexity

The computation of suitable constraint sets using Algorithm [[Irequires to solve
a finite number of univariate non-convex OPs of the form (7)) (resp. (IH)).
Following the argumentation in [2], although the problem is non-convex, it can
be solved reliable since it is the search of the maximum of a scalar function
on a scalar compact domain. One way to concretely solve (7)) is to use in-
terval arithmetics (see [9]) and bisection to identify intervals [¢,¢] C [0, At] on
which the objective function is either non-decreasing, non-increasing, convex,
or concave. Obviously, on these intervals, the local maximum can be easily
computed and the global maximum results from enumeration. Note that in-
terval inclusions for the matrix exp(At) on intervals ¢ € [t,t] can be computed
according to [?]. Further details on the solution of (7)) are beyond the scope
of the paper. We stress, however, that we successfully applied the described
procedure to compute Z for the numerical example in Section Ml

With regard to (7)), the number of OPs to be solved in step (iv) of Algo-
rithm [ depends on the number of vertices [ of the candidate set Z and the
number of hyperplanes h defining the original constraint set Z. While the
number h is inherently fixed, the number [ (strongly) depends on the choice
of k in step (ii) of Algorithm Il In fact, it is well-known that the number
of vertices of the set Qp grows with k (see, e.g., [6l Rem. 4.8]). Fortunately,
Algorithm [ provides a suitable constraint set for every choice of k including
k = 0 (which implies Qy = Z). Moreover, according to Corollary [l a suitable

10



choice of the sampling time At allows us to meet any desired accuracy € > 0
independent of the choice of k. Nevertheless, a larger k allows to eliminate
unstabilizable states and unsuitable inputs before applying the scaling (I8]).
Thus, choosing a larger k may permit to achieve a particular accuracy without
having to use undesired small sampling times At. In summary, the choice of
k allows to control the trade-off between the numerical effort to compute the
adapted constraints and their accuracy.

4 Numerical Example
We consider the example discussed in [12] with
-0.7 0.1 2.0
A_< 2.0 —0.1) and B_<1.0>
and the constraints

—2<zi(t) <2, =2<ux9(t) <2, and — 1 <wu(t) <1 (34)

for every t € Ry. Clearly, the constraints ([34)) can be rewritten in the form (2))
with Z as in () and

0.5 —0.5 0.0 00 00 00\
H.=[ 00 00 05 —05 0.0 00 |cR3 (35)
00 00 00 0.0 1.0 —1.0

We apply Algorithm [I to compute suitable constraint sets Z for all combi-
nations of At and k satisfying At € {0.2,0.5,1.0} and k € {0,2}. To make
our results more transparent, we provide details on the set Z for the choice
At = 0.5 and k = 2. In this case, Algorithmyields Z = {z € R3 | H,z < 1,5}

with

04796  0.3345  0.5528

0.0000 —0.5000  0.0000

0.0000  0.0000  1.0000

20.0240 —0.1282  0.7841

—0.0240 —0.5165  0.0075

0.0240  0.5165 —0.0075

0.0000  0.5000  0.0000

—0.3621 —0.0207 —0.4309
~ ~0.5000  0.0000  0.0000 -
H, 04796 03345 —05528 | € R (36)

—0.3457 —0.5059 —0.3544

—0.4143 —0.4864 —0.4661

0.3621  0.0207  0.4309

0.0240  0.1282 —0.7841

0.3457  0.5059  0.3544

0.0000  0.0000 —1.0000

0.4143  0.4864  0.4661

0.5000  0.0000  0.0000

11



Figure [ illustrates Z with H » from ([B6]). A projection of Z onto the state
space is depicted in Figure 2] further below. For every combination of At and
k, we a posteriori calculate the defect € of z according to (I9)) as

€ = max max g;; — 1,
1€N[1,1) JEN[1 1)

where the factors g;; result from (I7)). Numerical values for e regarding all
six combinations of At and k are listed in Table [l Obviously, the smallest
defect € = 0.0111 results for the choice At = 0.2 and &k = 2. Moreover, it
is interesting to note that the defect ¢ = 0.2714 for the combination k = 2
and At = 1.0 is smaller than € = 0.4910 for the choice k = 0 and At = 0.2.
Thus, eliminating unstabilizable states and unsuitable inputs (by computing
Z = Qy. for k > 0) before applying the non-uniform scaling (I8)) allows to
choose larger sampling times without increasing the defect of Z.

-2

x 2 -2 T2

Figure 1: Illustration of the suitable constraint set z computed for the
example in Section M and the choice At = 0.5 and k = 2. The axis-aligned
bounding box [z1] x [z2] X [u] = [-2,2] x [-2,2] x [—1,1] refers to the
original constraint set Z of the continuous-time system.

Now, assume we want to a priori choose At and k such that Z result-
ing from Algorithm [ satisfies ([20) with ¢ = 0.0111 as above. According to
Corollary Bl this is guaranteed for an arbitrary choice of k € N if At sat-
isfies (2I)) with ¢; and ¢y as in Proposition @ and ¢3 as in Corollary Bl To
evaluate the r.h.s. in (2]]), first note that the logarithmic norm of A reads
p2(A) = 0.6920 > 0. Moreover, the choices

¢1 = maxjeny , le] Hella = 0.5000,
co = +/|All5+ B3 =3.0832, and
€3 = maxez ||z||2 = 3.0000

are as required in Corollary Bl Consequently, any sampling time At € Ry such
that
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At<—2 I (”‘2(’4) +1> = 0.0024
,U,Q(A) C1 C2C3

results in a suitable constraint set Z that satisfies 20) with € = 0.0111. Recall

that we already achieved the desired accuracy for the choice At = 0.2 > 0.0024

(and k = 2). Obviously, a priori bounds for At provided by Corollary [ are

valid but conservative.

Table 1: Defects € of the suitable constraint sets zZ (left) and number of
vertices [ of the candidate sets Z (right) computed for the example in
Section [l and different choices of At and k.

defect € of Z vertices [ of Z
k At k At
1.0 0.5 0.2 1.0 0.5 0.2

0 2.6637 1.2676 0.4910 0 8 8 8
2 0.2714 0.0690 0.0111 2 16 20 20

In the following, we briefly comment on the numerical complexity associ-
ated with the computation of Z for the present example. As discussed in
Section [3.4] the computational effort of Algorithm [Ilis mainly determined by
the number A+l of OPs to be solved in step (iii). According to (3H), the original
constraint set Z is defined by h = 6 hyperplanes. The number of vertices [ of
the candidate set Z = Q. depends on the choice of k and At. Clearly, since Z
is a hyperrectangle in R?, we obtain [ = 8 for k = 0 and any At > 0. For k = 2,
the number of vertices [ varies with At as summarized in Table Il Obviously,
the computation of the set Z for the combination k = 2 and At = 0.5 requires
to solve h-1 = 6-20 = 120 OPs of the form (I7)). Rigorously solving these 120
non-convex OP using the procedure sketched in Section B4l (implemented in
MATLAB R2014b) required 1.6103 s on an Intel Core i5 processor running at
1.9 GHz).

Figure 2] allows to compare the results of the proposed method for the com-
putation of suitable constraints sets with the procedure described in [12]. Ob-
viously, the set P, Z is significantly larger than the feasible domain of the MPC
scheme designed in [12] (cf. the light gray polytope with the polytope marked
by the dash-dotted boundary lines in Fig. [2). This observation is not cru-
cial, however, since the constraint set z may contain unstabilizable states. In
fact, according to Definition [T the constraints z only guarantee that, if there
exists a feasible trajectory for the discretized system (@) w.r.t. (&), then the
corresponding trajectory of the continuous-time system satisfies the original
constraints Z.

To analyze the set of stabilizable states of system () w.r.t. (Bl), we integrate
Z in a MPC scheme with guaranteed stability and compute the domain of
attraction of the closed-loop system. Note, however, that our approach is not
restricted to MPC. In fact, the set Z can be easily integrated in any control
scheme that takes constraints explicitly into account. As summarized in [§],
stabilizing MPC (for linear systems) is based on the (convex) OP

13



N-1

uy = min||z(ty) 7+ > e @)ld + llult)l% (37)
7=0
s.t. x(0) = xo,
2(tj 1) = Ax(t;) + Bu(t;), for j=0,...,N —1,
w(tﬂ) = .
€ Z, forj=0,...,N —1,
(u(tj) !
x(tN) eT,

where Z is a suitable constraint set and where T is an appropriate terminal

set (see Eq. (B8)) further below).
2 Q

€2
o

-2
—9 0 2

I

Figure 2: Illustration of the projected suitable constraint set and the
predictive control scheme designed for the example in Sect. M The dark
gray and the light gray polytopes refer to P.Z and P, Z respectively,
where Z and Z were computed using Alg. [ for the choice At = 0.5 and
k = 2. The polytopes with the (black) dashed and dash-dotted boundary
lines mark the feasible set (i.e., the domain of attraction) of the MPC
schemes designed here and in [12], respectively. The polytope with the
(black) dotted boundary line refers to the terminal set 7 characterized
in (38). The blue lines mark trajectories of the continuous-time system
(solid) and the discretized system (dashed) under the predictive control
scheme (37) for three different initial conditions xy (located at the vertices
of the feasible set).

The weighting matrices @ and R and the sampling time At are chosen as
n [12], i.e., @ = Is, R = 2, and At = 0.5. Hence, the system matrices of the
discretized system evaluate to

~ (07243 0.0414 ~ (08617
A= ( 0.8287 0.9729 > and B = ( 0.9321 ) '
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We consider the constraint set Z with H, as in (36) (i.e., the set Z that
results from Algorithm [l for At = 0.5 and k = 2). The terminal weighting P
is chosen as the solution of the discrete-time matrix Riccati equation (DARE)
and thus accounts for the infinite horizon cost of the discretized system under
the stabilizing control law u(t;) = K z(t;) with K = —(R + ETPE)*lﬁPg.
Numerical values for P and K are

p_ <2.0265 0.6980

0.6980 1.9557> and K = (-0.5921 —0.3886) .

In order to guaranty asymptotic stability of the closed-looop system controlled
by the MPC scheme (B7) (see [8] for details), we consider the terminal set

TZ{Q:G]R” P

<I"> (A+ BK)fz e Z,Vk € N} (38)

as introduced in [5]. Note that 7 as in (38]) can always be described by only
considering a finite number of steps k € N. In fact, for this example, it is
sufficient to solely consider k£ = 0. The resulting terminal set 7 is illustrated
in Figure[2 Finally, we choose the (relatively short) prediction horizon N = 2.

In Figure 2] the feasible set of the quadratic program (B7) (i.e., the set of all
feasible initial conditions zy € R™) is illustrated. Clearly, the feasible set of the
MPC scheme presented here is significantly larger than the feasible set of the
predictive controller in [I2] even though the prediction horizon in [12] is longer
(in fact, N = 8 in [12]). To see this, compare the sizes of the polytopes marked
by the dashed boundary lines and the dash-dotted boundary lines in Figure 2
respectively. Since both MPC schemes guarantee closed-loop stability, the
feasible sets are equal to the domains of attraction of the controlled systems
in both cases. Obviously, for this example, the adapted constraints computed
with the presented method result in a larger domain of attraction than the
constraints proposed in [12]. A reason for this observation may be that the
polytopic overapproximations exploited in [I2] are more conservative (at least
for small choices of the parameter v (see [12, Lem. 2 and Sect. V])) than the
(non-uniform) scaling introduced here (see Eq. (I8).

Finally, Figure 2] illustrates trajectories of the discretized system under the
predictive control scheme (B7) for three different initial conditions xy. An-
alyzing the corresponding trajectories of the continuous-time system proves
that the adapted constraints Z are suitable. In fact, the trajectories of the
continuous-time system do not violate the original constraints (34]).

5 Conclusion and outlook

We presented a new method to guarantee constraint satisfaction for linear
continuous-time systems under piecewise constant control. The approach
builds on the systematic adaptation of the state and input constraints such
that constraint satisfaction of the discretized system w.r.t. the adapted con-
straints implies constraint satisfaction of the continuous-time system w.r.t. the
original constraints. Roughly speaking, the computation of adapted con-
straints for the discrete-time system (according to Alg. [I]) is based on the

15



idea to first eliminate unstabilizable states (and unsuitable inputs) and then
scale the resulting set to obtain a suitable constraint set (according to Def. [I).
Compared to existing approaches (see [1L12,[7,[12]), the new method is less
conservative, not restricted to any specific control scheme (e.g., MPC), and
computationally less demanding.

Future work has to address efficient numerical procedures for the solution of
the recurrent non-convex optimization problem (7)) (resp. (IX))). Moreover,
extensions of the proposed method to time-variant linear systems and the
inclusion of disturbances are of interest.
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