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Regularization of chattering phenomena via bounded
variation controls

Marco Caponigro* Roberta Ghezzi’ Benedetto Piccolit Emmanuel Trélat?

Abstract

In optimal control there may be bad oscillatory phenomena. For instance, this is the case
for Fuller’s phenomenon [9] where the optimal control is bang-bang with an infinite number of
switchings in finite time. In the framework of hybrid systems, there are optimization problems
where the discrete part of the dynamics switches infinitely many times in finite time [13] (and this
is known as Zeno’s phenomenon.)

In this paper we provide a technique to regularize this kind of phenomena. Namely, we define a
BV regularization of a general optimal control problem and show that the solution of the perturbed
problem is quasi-optimal for the reference problem in the sense that the loss of optimality is small.
We apply our results to hybrid systems and we estimate the decay of the error, when the total
variation of the control grows.

1 Introduction

Chattering phenomena in optimal control have been known since the first example presented in [9].
Roughly speaking, chattering is a degeneracy phenomenon in which a control oscillates or switches
infinitely many times over a finite time interval. To explain this behavior, let us recall the example in
[9], also known as Fuller’s problem. Consider the control system

Ty = T,
. 1
{pow 1)
where an external agent acts on the system by modifying the acceleration, and the control u : [0, 7] —
[—1,1] is measurable. The optimal control problem is to minimize the functional

T
/0 22(t) dt (2)

among trajectories of () steering an initial point (z9,29) to the origin, i.e., satisfying initial and
terminal constraints
iL‘l(O) = $?7 £L‘2(0) = $ga (3)
:El(T) = 0, ZEQ(T) =0.
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It has been shown that for every (z{,2J) there exists a unique control u® : [0,7°] — [~1,1] which is a
solution to (), @), [B) and which has the following form

u(t) _ { L, te [t2kyt2k+1]’k7 eN
-1, te [t2k+1,t2k+g],k eN
where {t) }ren is an increasing sequence of switching times, depending on the initial condition (x(l), mg)
and converging to 70 < co. Although at first sight one could think this kind of degeneracy is related
to specific symmetries of the system, it turns out that this behavior is rather typical. Indeed, it was
later shown in the fundamental work [14] that the set of single-input optimal control problems which
have control-affine Hamiltonian and whose solution is chattering is an open semi-algebraic set.

Optimal controls showing this degenerate structure has been found for a variety of problems:
besides the ones mentioned above, this phenomenon also concerns state constrained problems and
hybrid systems. For instance, in [16] the author studied an optimal control problem with an inequality
state constraint of third order and showed that the optimal trajectory touches the constraint boundary
at an infinite sequence of times approaching a finite limit (Robbins’ phenomenon). As it happens for
Fuller’s phenomenon, it turns out that Robbins’ phenomenon is in a sense generic, when the order
of the state constraint is sufficiently high, see [4]. In the framework of hybrid systems, chattering is
also known as Zeno’s phenomenon and it is related to the presence of trajectories whose discrete part
jumps infinitely many times in a finite time interval (see the two examples in [11]).

Chattering causes several difficulties in theoretical aspects of optimal control as well as in appli-
cations. From a theoretical point of view it prevents a direct application of Pontryagin’s Maximum
Principle because of the lack of a positive length interval where the control function is continuous. This
implies that, when chattering is included in the analysis, finding necessary and sufficient optimality
conditions becomes more intricate (see [8] for the case of state constrained problems). Some results in
this sense were proved in [I8], yet the problem is not completely understood in many contexts, such
as state constrained problems or hybrid systems [I3]. Another delicate issue comes from the study of
regularity properties of optimal syntheses [5l [15].

As concerns applications, chattering phenomena are often an obstacle when using numerical meth-
ods to attack optimal control problems. For instance, for single-input problems with a scalar state
constraint the presence of chattering may imply ill-posedness (non-invertible Jacobian) of shooting
methods [3]. Likewise, as remarked by the authors in [I], the interior point-based algorithm developed
appears not to converge when applied to Fuller’s problem.

The main motivation of this paper is to provide convergence of numerical methods when chattering
takes place. We consider a fully nonlinear control system and optimize a cost of Bolza type with
continuous Lagrangian. We define a sequence of relaxed problems obtained by adding a term of
total variation of the control in the cost functional. Thanks to small time local controllability, under
equiboundedness of trajectories and some convexity properties of the set of velocities for the augmented
system, we show the convergence of the cost functional along a sequence of solutions of the relaxed
problems.

We also study how fast the cost converges as the total variation of controls in the approximating
sequence grows. Namely, we estimate explicitly the rate of convergence of the cost along suboptimal
regimes obtained by suitable truncations of the chattering one in terms of switching times. A related
result was proved in [I9, 20] for small perturbations of the Fuller’s problem. In those papers, the
authors exhibit a sequence of suboptimal regimes for a control system having (Il as principal part and
for the cost (2)) and they prove that the cost converges with the same rate as the sequence of switching
times (of the chattering control). Here we obtain a similar result for nonlinear control systems with
a general cost of integral type, only assuming small time local controllability at the final point and



holderianity of the time-optimal map. In particular, this allows us to sharpen the convergence rate of
the cost along the sequence of solutions of the relaxed problem.

Notice that for the case considered in [20], the rate of convergence happens to be exponential as a
function of the number of switchings. Likewise, for the class of systems considered in [I4], the switching
times converge exponentially to the final time. Nevertheless, whether a slower rate of convergence is
“typical” still remains an open question.

Finally, we apply our result to optimization problems for hybrid systems, obtaining estimates of
the cost convergence as the number of switchings grows.

The paper is organized as follows. In Section 2l we define chattering and state the main results.
Applications of the main results to hybrid systems are given in Section [Bl Section Hlis devoted to the
proofs of Theorems [I and Bl Finally, we show in Appendix [l an existence result for optimal control
problems without convexity assumptions, using a total variation term in the cost.

2 Main results

Consider the control system
= f(x,u), uwel, (4)

where f € C°(RN x R™ RY) and f(0,0) = 0. Given U C R™, set
U ={u:|0,t,] — U measurable,t, > 0}.

Denote by
F={f(,u) :RY > R" |ue U}

the family of vector fields associated with the dynamics of (). Given an initial state z(, a Lagrangian
L€ C’R xRN x R™), and & > 0 we consider the optimal control problem

min < /0 " L. a(s). u(s)) ds + 6TV(u)> , (5)

uweld,T>0
with initial and final constraints
z(0) =z, =(T)=0, (6)
where TV (u) denotes the total variation of w.

Definition 1. By chattering control we mean a measurable u : [0,t,] — U such that there exists an
increasing sequence {t, fnen converging to t, with the property that TV (ulj,]) < oo for every n, and

nh_)H;O TV (uljo,t,)) = +00.

In the following result we consider the case in which problem @), (@), ([6), with ¢ = 0 has an
optimal solution which either has bounded total variation either is chattering in the sense above.

Theorem 1. Assume that
(i) Lieg F = ToRYN and 0 is small time locally controllable for the control system (@);

(1) the optimal control problem (@), @), (@) with ¢ = 0 admits a unique solution v* : [0,7%] — U
whose corresponding trajectory is denoted by x*;



(iii) for every (t,x) € R x RN the set
V(t, ) = {(f(z,u), L(t,z,u) +7) |u € U,y > 0}
1S conver;

(iv) there exists b > 0 such that, for every u € U whose corresponding trajectory satisfies (@), we
have

tu + |[Tulloo < b

and U is compact.

Then, for every e > 0, the optimal control problem (@), @), (@), admits a solution u. : [0,T;] — U.

Moreover,
Te

T
i [ Lt 2 (t), ue(t)) dt = / L(t, " (1), u* (1)) dt. (7)
e—=0 Jo 0

Theorem [ implies that whenever the optimal control uv* is chattering, it can be replaced by a
non-chattering one u., paying a price that goes to zero as the total variation of u. grows. In other
words, u. is quasi-optimal for the problem with € = 0 in the sense that the cost along u. converges
to the value function of the reference problem. To prove Theorem [Il we use an auxiliary result (see
Lemma [2] in Section []) which provides convergence of the cost along a sequence of controls obtained
by truncating the optimal chattering control, without the convexity assumptions (iii) or the a priori
estimates (iv) on trajectories.

Remark 1. According to Definition [I] a control having one accumulation of switchings is chattering.
When a solution of ({@l), ([B) with e = 0, (6) presents a finite number of accumulations of switchings
the problem can be tackled by applying iteratively Theorem [Il

The estimate on the error as the total variation grows can be sharpened. This is the statement
of next theorem which gives the existence of suboptimal controls whose associated cost converges
sufficiently fast to the optimal one. The rate of convergence is related to the regularity of the time-
optimal map defined below. The idea is to consider the optimal control v* until a time 7* —n and then
steer the system to the origin with a control having total variation uniformly bounded with respect
to 7.

We define the time-optimal map associated with the problem (), (6]) as

Y(zg) =inf{T > 0|2 = f(z,u),z(0) = zg,z(T) = 0}.
Theorem 2. Assume that
(i) Lieg F = ToRY and 0 is small time locally controllable for the control system (H).

(17) The optimal control problem ), @), (6) with e = 0 admits a unique solution u* : [0,T*] - U
whose corresponding trajectory is denoted by x*.

(iii) The time-optimal map is C% for some o € (0,1] on a neighborhood of 0.

Then there exist ng > 0 and C > 0 such that for any n < ny there exists an admissible control
vy [0,T,] — U whose corresponding trajectory x,, : [0,T,] — RY starting at o satisfies the terminal
constraint x,(T;) = 0, such that TV (v,) < 0o, and

T, T
/ L(t, zy,v,) dt — / L(t,z*,u*)dt < Cn™. (8)
0 0
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Moreover, the following convergences hold

}zig% T,=T"
lim o, — w1 =0
limn [y — " Joc = 0.
Remark 2. Sufficient conditions for Assumption (iii) have been studied in [2]. Moreover the authors

provide an estimate on the Holder exponent.

The following corollary combines Theorems[Iland 2l It gives an estimate on the rate of convergence
of the cost for the optimal control problem (), (E),([@) with € > 0 to the optimal cost with ¢ = 0 in
terms of the growth of the total variations of the optimal controls.

Corollary 1. Let assumptions (i) — (iv) of Theorem[1 hold. Assume moreover that
(v) the time-optimal map Y is C% for some a € (0,1] on a neighborhood of 0;

Then, for every € > 0, the optimal control problem ([{l), [@), (@), admits a solution u. : [0,T.] — U.
Moreover, there exists M > 0 such that

Te T*
/ L(t, 2 (£), ue (1)) dt — / Lit, 2" (8),u* (£)) dt < M(u® + &), )
0 0

where 1 is such that
TV (u*[jo,1+—p) < TV (ue).

3 Application to hybrid systems

In this section, we prove a direct adaptation of Theorem [ to hybrid systems. To this aim, we first
recall some basic definitions in the context of hybrid systems (see also [10, [13]).
A hybrid system is a collection H = (Q, X, f, E, G, R) where

e () is a finite set;

e X = {X,},ec0 is a collection of subsets X, C R called locations;

f = {fi}qeq is a collection of smooth vector fields f, : RY — RY;

E C @ x Q is a subset of edges;

G is a set-valued map that associates with each edge (q,q¢’) € E a subset G(q,q’) C X, called
guard set;

R is a set-valued map that associates with each pair ((¢,¢’),z) € E x X, a subset R((¢,¢'),z) C

Xy

A trajectory of H is a triple (7,q(-),z(-)) where

o T = {Ti}i]\io is a sequence of increasing positive numbers such that 7p = 0 and M < oco. Set
I =07 if M <o0, =10,7p) if M =o0.

e ¢: 1 — @ issuch that, for every i =0,... M — 1, q(t) is constant on [1;, T;41). Set ¢; = qljr, =, )



e for every i = 0,..., M — 1, 2;(-) = ¥|(5, r,,,) is an absolutely continuous function in (7;,7i11),
continuously prolongable to [7;, 7;11] and such that x;(t) € X,,.

e for almost every t € (7, Ti41)
i = fo(w). (10)

e forevery i =0,...,M —1(¢,qi+1) € E, zi(1i+1) € G(¢,qi+1) and, for every i = 0,..., M — 2,
zit1(Ti1) € R((gis g+1), Ti(Tix1))-

A trajectory (7,q(-),z(-)) is called Zeno if M = oo and T, < oo. Note that in this case we have

o0
Too — E T; < OQ.
=0

Given a hybrid system #, a Lagrangian for H is a family L = {L,}scq, Lq : R x X; — R such that,
for every trajectory (t,q(-),z(-)) of H and every i = 0,... M — 1, the function ¢t — L, (¢, z;(t)) is
continuous in (¢;,t;4+1). Given a Lagrangian for H, we can define the corresponding cost functional C
by

M—1

tit1

Cratna() =Y [ Lattao)at
i=0 “ti

Casting Theorem [ in the language of hybrid systems we obtain the following result. Let H =

(Q,X, f, E,G,R) be a hybrid system with a Lagrangian L and corresponding cost functional C. Fix
an initial condition (go,zo) € @ x Xg,.

Theorem 3. Let H be a hybrid system such that [ Xy = RN for every ¢ € Q and let L be a
Lagrangian for H with corresponding cost functional C(-). Assume that (7*,¢*(-),x*(-)) is a Zeno
trajectory starting at (qo,zo) and that

C(.a' (o' () = min  C(ra().a() < oo,

where the minimum is taken over all trajectories of H starting at (qo,xo). Let 7" = {1)}°,. Define
the sequence of trajectories (7,q"(-), 2" (-)) by

o T ={r5, T, ..., Th TR}
o ¢"(t) = q*(t) for every t € [0,7), q"(t) = ¢*(7}}) fort € [T, TX];
o 1"(t) = x*(t) for every t € [0,7)] and for almost every t € 1, 7] x™ satisfies

" (t) = for () (" (1))

Then the following convergences hold

12"() =" (lle = O(r5s = 77) (11)
C(r"q"(),2"() = C(r" ¢ (), 2" () = O(1% — 7). (12)

The main idea is to interpret the role of the discrete part of the hybrid system in (I0) as a control.
Since there are no final constraints the proof simplifies with respect to the proof of Theorems [, 21

!The assumption X, = RY is not essential and can be dropped, provided that each location X, is invariant with
respect to the vector field f, for every ¢’



Proof. Since ¢"(t) converges to ¢*(t) almost everywhere in [0, 7% ], by [I7, Theorem 1 p.57] we deduce
(D). As for (I2), notice that since the Lagrangian is continuous, there exist constants ¢, ¢ such that
¢ —c> 0, for every n

*

[ Lata™ @)t < a(rs ),

*
n

and, for every i,

g (r5)(t, 2" (t)) > ¢, almost everywhere in [7, 7,7 4].

Therefore,

0 < CE ") = O 0 () = [T L@ =Y [ Lyt @)

[eS)
< =) —ed (i — 7)) = (@E— )Tk — )
1=n

This concludes the proof. O

4 Proofs of the main results

4.1 Proof of Theorem [1

Before going into technical details, let us outline the proof of Theorem [II First, we remark that
the local controllability assumption provides existence of a solution wu.,z. to (@), (), (@), for € > 0.
Second, we show that, thanks to the assumptions on the velocity sets and the equiboundedness of
trajectories, there exists an admissible control w and a positive measurable function 7 such that
t— (f(ze(t), uc(t)), L(t, xe(t), us(t)) converges to t — (f(xy(t), w(t)), L(t,xqy (t), w(t)) + y(t)) for the
weak™ topology in L°°. Third, we use the optimality of u. to prove that w is optimal for the problem
with € = 0, which by uniqueness implies w = u*. Fourth, we demonstrate v = 0 which implies that
the Lagrangian cost along u. converges to the Lagrangian cost at u*. This fact is proved thanks
to Lemma [2 which exhibits a sequence of admissible controls v, for which TV (v,) < oo and the
Lagrangian cost converges to the Lagrangian cost at u*. Finally, to construct v, we use a topological
result, Lemma [, providing admissible controls steering a point to the origin with total variation
uniformly bounded in a neighborhood of the origin.

For the sake of readability, we start by presenting the two auxiliary lemmas mentioned above and
then proceed to the proof of the theorem.

Lemma 1. Assume that Lieg F = ToRY, the origin is small time locally controllable and let Ty > 0.
Then there exist r, M > 0 such that for every y with |y| < r there exists a piecewise constant control
wy : [0, 7,] = U with the following properties:

(1) wy steers y to 0 in time 1, < Tp;
(i) supjy <, TV (wy) < M.

Proof. Call A(z,[0,T), f) the set of points accessible from z in time ¢ < T by trajectories of the
control system & = f(x,u),u € U. Since 0 is STLC for the control system () defined by f, thanks to
[12) Theorem 5.3 a-d], it is also STLC for the system associated with —f. Therefore, for every 7' > 0
there exists a ball B,.(0) centered in the origin of radius r compactly contained in A(0,[0,T),—f).
Since f is autonomous, for every y € B, (0), we have

0€ A(y,[0,T),f) <= ye A0,[0,T),—f).



Since 0 is STLC for —f, Theorem 5.3 in [I2] implies that 0 is is small time normally self reachable
(STNSR) (see [12 Definition 3.6]) for the system associated with —f. Applying [12) Theorem 5.5],
since y € A(0,[0,T), —f) and 0 is STNSR for — f then y is normally reachable (see [12], Definition 3.6])
from 0 in time less than 7" for the system associated with —f. Namely, there exist ¢ = ¢(y) € N,
u,...uy € Uand (t1,...,t;) with ¢; 4+ - + ¢, < T such that the map

(51,--,5¢) > Bu(s1,...,8,) =00 e s1/u) oo gm8af(ua) (13)

which is defined and smooth in a neighborhood N of (t1,...,t,), satisfies E,(t1,...,t;) = y and has
maximal rank (equal to V) at (ti,...,t,). Hence there exist a neighborhood O, C A(0,[0,7"), —f) of
y on which the map E, is onto. Moreover, by continuity of the map ([3]), there exists ¢ = ¢(y) such
that

sup {81+ -+ 8¢ | (51,...,8) E NUE; 2)} < e(y)T.

€0y
In other words every point of O, is reachable from 0 with piecewise constant control with less than
q = q(y) switchings in time smaller than c(y)7" via the system & = — f(z, u). Reversing time we have
that for every point = in O, there exists a piecewise constant control with less than ¢ = ¢(y) switchings
steering system & = f(z,u) from z to 0 in time smaller than c(y)T.

By compactness, there exist y1,...,yn such that B,(0) C Uy, Oy, and, for T sufficiently small,
we can assume that T') )" | ¢(yx) < Tp. Hence, using the argument above, every point y € B,(0) can
be steered to 0 in time smaller than 7' ;" ; ¢(y) by means of a piecewise constant control with less
than ;" ¢(yx) switchings. O

Lemma 2. Assume that
(i) Lieg F = ToRY and 0 is small time locally controllable for the control system ().

(13) The optimal control problem ), @), (6) with e = 0 admits a unique solution u* : [0,T*] - U
whose corresponding trajectory is denoted by x*.

Then there exists ng > 0 such that for any n < no there exists an admissible control v, : [0,T;] —
U whose corresponding trajectory x, : [0,T,] — RN starting at xo satisfies the terminal constraint
xy(Ty) = 0, such that TV (vy) < TV (u*|jo,0+—y) + M, and
Ty T*
lim L(t, xy, vy) dt :/ L(t,z*,u")dt. (14)
n—0 Jo 0

Moreover, the following convergences hold

lim 7,, = T*

n—0

lim o, — w1 =0

li — 2|00 = 0.

lim = 2" = 0
Proof. Let r and M be given by Lemma [I] and let 79 be such that for every s > T™* — ny there holds
|z*(s)| < 7. For every n < ng set t, = T* —n. Let K = maxg 7+ |f(z*(t),u"(t))|, then

|27 (ty)| = [ (ty) — 2" (T7)| < K(T" — 1) = K.



By Lemma[Ilthere exists a piecewise constant control w,, steering z*(t,) to 0 in time 7, with TV (w,) <
M. Define v, by

u*(t) for t € [0,1,],
vy(t) = S wy(t —t,) fort e (t,,T,], (15)
0, for t € (T, T,
where T, = ¢, + 7, and T = supye, <, Ty- Denote by a,(t), t € [0,T] the trajectory of () associated

with the control v,. By construction
TV (0,) < TV (ulj0,)) + M.
Moreover

lim7T, =T d i —u* .
lim 7, and lim [lo, = |

Now set Xy = {2*(t) : t € [0,¢,]} U By, (0), Cp = supx,«u |f, C1 = supx,«u |0z f|, and Cy =
SUpy, xu |Ouf|- For every t € [0,T] and 1 < 19 one has

(1) — 2* I—‘/fwn (s ds—/f ()ds

< /0 [ F(n(s), vy(5)) — F(2*(5), 0" (5))|ds + ColT* — T
T
< /0 [F(n(s), u*(5)) — F(@*(s),u*(s))]ds + Callu* — vyll1 + Co|T* — T
T
<C’1/ |z (s) — 2™ (s)|ds + Cal|u™ — vy||p1 + Co|T™ — Ty,
0

thus, by Gronwall’s inequality,

=T )601T

[z = 2" loo < (Callu” — vyl L1 + Col T

In particular lim, ¢ ||z, — 2*||s = 0.
Let us show the convergence (I4]). Notice that, by continuity of L, there exist constants ¢ € R and
C > 0 such that
L(t,x*(t),u*(t)) = ¢, almost everywhere in [0,77],

and
|L(t,z,u)] < C, for almost every (t,z,u) € [0,T] x Xy x U.
Then
T*
/ Lt (£), vy (£))dt —/ L(t (1), u* (£))dt
0
T*
/ Lt 2y (), v (1)) dt —/ L(t, 2 (8), u* (1) )t
tn
—o(T* —t,) =C1y — en (16)
Therefore ([I4]) is proved. O

We are now in a position to prove the main result of the paper.



Proof of Theorem[1. Thanks to assumption (i), there exists a control u : [0,t,] — U steering z( to 0
and having bounded variation. Therefore, the existence of a solution u, : [0,t:.] — U to @), (&), (),
follows by Theorem Ml in the Appendix. Denoting by z. the trajectory corresponding to u. we have
2e(0) = zo and z.(t.) = 0. Let v € U be any admissible control such that TV (v) < oo, and such that
the corresponding trajectory satisfies ([@). Then, by optimality of u. we have

te ty
/ L(t,x.,us)dt + TV (u:) < / L(t, zy,v)dt + TV (v). (17)
0 0

Thanks to assumptions (7i7) and (iv), and since U is compact, we are going to show that there exists
an admissible control w : [0, t,,] — U and a positive measurable function = : [0,¢,] — R such that the
sequence of functions

t (f(ze(t),ue(t)), L(t 2 (1), us(t)))
converges to
= (f(ww(t), w(t)), L(t, zw(t), w(t)) + (1))

with respect to the weak™ topology of L™ as € tends to 0. To see this, consider the augmented system
T = f(!E,’LL), ij-l-l = L(t,x,u),
with constraints
2(0) = xo, an41(0) =0, z(T) =0, xn41(T) € [0,T7],

where I’ = fot” L(s,24(s),v(s)) ds+& TV (v) and v is as above. Denote by f(t,z,u) = (f(z,u), L(t,z,u))
the augmented dynamics.

Notice that thanks to assumption 2, the sequence ¢. is bounded and converges, up to subsequences,
to top > 0 as € tends to 0. Hence, given § > 0 there exists eg > 0 such that |t. —tg| < J for every e < g9
in the chosen subsequence. Since f(0,0) = 0, we can extend x., u. to [ts,to + d] by setting

ze(s) =0,u-(s) =0, Vs € [te,to+ 9.

Since the trajectories x. are equibounded by assumption (iv), the sequence s + f(s,z.(s),u:(s))
is bounded in L*([0,¢y + 5],]RN +1) whence, up to subsequences, it converges to a function g €
L>([0,to + 8], RN*1) in the weak* topology. Define

f(t) =X +/0 g(s) ds, To= (LE(),O).

By construction, t — Z(t) is absolutely continuous and, denoting by Z.(¢) = (x(t), fot L(s,zc(s),us(s))ds),

lim z.(t) = z(t), Yte[0,t+ 9]

e—=0t
(Note that by Ascoli Arzela Theorem, since i is equibounded the above convergence is uniform, i.e.,
Ze converges to T uniformly on [0,%9 + 0].) Let z(t) = (x(t),xn+1(t)). We are going to prove that
x(t) is an admissible trajectory for (), (@), corresponding to a control w. First notice that by the
pointwise convergence above, x(-) satisfies x(¢9) = 0. Define h.(s) = f(s,x(s),uc(s)). Then, for every
e, he belongs to the set

V = {h e L3([0,to + 0],RN*1) | h(s) € V(s,x(s)) a.e. s € [0,tg + 0]}

It is easy to see that V is closed in L2([0, o+ 0], RV *1) and, thanks to assumption (4ii), V is also closed
with respect to the weak topology. Therefore, since h. is equibounded in L2, up to subsequences, h.
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converges weakly in L? to h € V. By definition of V, this implies that for almost every s there exist
w(s) € U and 7(s) > 0 such that h(s) = (f(x(s),w(s)), L(s,x(s),w(s)) +v(s)).

We claim that h(s) = g(s) for almost every s € [0,%y + 6]. Indeed, for almost every s, since Z.
converges uniformly to

’ c(s) — f(s ze(8),us(s))| < const sup  |x(s) — z:(s)] — 0.

s€[0,t0-+9] =0
Hence, by the dominated convergence theorem,
/ [hels) — Fs,a2(). ue(s))] ds — 0.Vt € 0.t + o] (18)
E—r

For all ¢ € L%([0,to + 6], RN*1) and for all ¢ € [0,¢y + 6] we have

/ o(s)hels) ds = / (5) F(5,22(5), ue () ds + / o(5)(e(s) — Fls,ze(s) ue(s))) ds (19)
0 0 0

The left hand side of (I9)) converges to fo ©(s)h(s) ds by the weak convergence of h. in L%. The right

hand side of (I9]) converges to fo ©o(s)g(s)ds by the weak* convergence of s+ f(s,2(s),uc(s)) in L™
and by (I8]). Hence,

/ o (5)h(s) ds = / o(s)g(s)ds, Ve L2,
0 0

which gives h = g almost everywhere. The existence of measurable choices of s > w(s), s +— v(s)
follows from Filippov Theorem see [6, Theorem 3.1.1] and, since h = g, we deduce that the trajectory
corresponding to w is x. Hence in the following we denote x by x,, and tg by t.

For every admissible control v € U satisfying TV (v) < oo and the constraints (@),

/wL(t,xw(t),w(t))dt < /w(L(t,:nw(t),w(t))—1—7(t))dt
0 0
< tmswp ( | 2000 + eTV(ua)
< /tu L(t, xy,v) dt,
0

where the last inequality follows by (7). By density of BV in L' we conclude that for every control
v € U steering xy to 0 we have

/tw L(t, (1), w(t)) dt < /tv L(t, 2y, v) dt,
0 0

i.e., w is optimal for ), (), (@) with e = 0. By uniqueness of u* we have w = v* and t,, = T*. To
prove (), it is sufficient to show that
T*
/ ~(t)dt = 0.
0

The chain of inequalities above allows to show that for every admissible control v € U such that
TV (v) < 0o, we have

T* ty
/ L(t,x*(t),u*(t))dtg/ L(t, 2, 0) dt — |7 1. (20)
0 0
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For 7 small enough, let v, be the control built in Lemma 2 If TV (u*) < oo or u* is chattering, then
TV (vy,) < oo. Hence applying ([20) to v = v, we obtain that

T* T,
| s ode< [ Lt o).
0 0
Finally, thanks to (I4]), when 7 tend to 0 we deduce ||v||1 = 0. O

4.2 Proof of Theorem

Comparing the statements of Theorems [Il and [2] one notices that in the latter there is no convexity
assumption for velocity sets and there is no equiboundedness of trajectories required. This is due to
the fact that the suboptimal controls are found by different methods: for Theorem [l as the solution of
a relaxed problem, for Theorem [2] as a truncation of the given control u*. Nevertheless, as it is evident
from the previous section (see Lemma [2)), convergence of the cost along truncations of u* was also a
fundamental step in the proof of the first result. However, thanks to the regularity of the time-optimal
map, in Theorem 2 not only quasi-optimality of the truncations is proved but also a convergence rate
is provided.

The proof of Theorem 2 mainly follows the outline of the proof of Lemma[2 The main difference is
that in this case the extra assumption that the time-optimal map is Holder implies an explicit estimate
on the rate of convergence of the costs.

Proof of Theorem[3. By assumption, there exist a ball Br(0) such that T € C%“(Bg(0)). Let 1y be
such that |2*(s)| < R for every s > T*—mnqy. For every n < 1o, apply Lemma[[lwith Ty = 27 (2*(T™* —n))
to the point y = 2*(T* — 7). Denote by w, : [0,7,] = U the piecewise constant control provided by
Lemma(ll Then

T < 2Y (2 (T —n)) <2Cy[z* (T —n)|* < const n®.
TV (w,) < M.
Define v, by
u*(t) for t € [0, T* — 7],
on(t) = quy(t —ty) fort e (T —n, Ty, (21)
0 t>T,,

where T}, = T™ — n + 7,.
Using the same argument as in the proof of Lemma 2] we obtain all the required convergences.
Finally, thanks to ({6, since 7, < const n®, (&) is proved.
O

4.3 Proof of Corollary 1l

Proof of Corollary [ For every n > 0 consider the control wy, : [0, 7] — U, whose existence is stated
in Lemma [I] steering «*(7T™* —n) to 0 in time 7, such that TV (w,) < M. Define v, by

u*(t) for t € [0,T* — 7]
,Un(t) - * * *
wy(t—(T% —mn)) forte (T* —n,T" —n+m).

Let T;, = T* — n + 7. Note that, by construction

TV (vy) < TV (u*[jo. 1+ ) + M.

12



For € > 0, by Theorem [I] there exists a control u. solution of {@l), (&), (6). Therefore

Ts T’7
/ Lt 2 (1), ue () dt + TV (1) < / Lt 2y (1), v (8)) dt + TV (vy),
0 0

and by Theorem
T, T
/ Lt 2 (), 0y (1)) dt + TV (0) < / Lt 2 (8), u* () dt + Mn® + TV (v,).
0 0
Therefore
T: T*
/O L(t 2o (8), ua(8)) dit — /0 L(t, 2" (6),u* (1) dt < My + & (TV(vy) — TV (). (22)

If TV (u*) is bounded then TV (v,) < TV (u*) + M, whence e(TV (v,) — TV (u.) < e(TV (u*) + M)
and we are done.

If TV (u*) = oo then TV (u;) — oo as € — 0. Indeed, if TV (u.) < C for every € > 0 then there
exists a BV function @ such that This implies that

T Ta
lim L(t, e, ue)dt = / L(t,xg,u)dt.
0

e—0t Jo

Hence @ is optimal for the problem with ¢ = 0 and by uniqueness, & = u*. On the other hand, by
lower semicontinuity of TV (), we have that

TV (u*) < liminf TV (u.) < C,
e—0

which is a contradiction.

Notice that the function 7 +— TV(u*\[07T*_,7]) is non-decreasing. Hence for every ¢ > 0 let n(e) be
maximal such that TV (u*|jo 7+ ) < TV (ue).

With this choice of 17 we have

TV (vye)) — TV (ue) = TV (u*|o. 1+ —yiey) + TV (wye) = TV (ue) = TV (wyey) < M.

n(e

Thus @2) with 1 = n(¢) and taking the maximum between M and M we have (). O

5 Appendix: an existence result

Theorem 4. Consider the optimal control problem

&= f(t,z,u), =(0)€ My, =(t,) € M (23)
h(z(t)) > 0,..., hy(z(t)) >0 VYt (24)
ueU = {u:[0,t,] - U measurable,t, > 0} (25)
151615{1 </0 ’ L(s,z(s),u(s))ds + aTV(u)> , (26)

where f: R x RN x U — RN is measurable w.r.t. t, locally Lipschitz w.r.t. =, hy,...h € CO(RY),
L e C'R x RN x R™), U C R™ is compact, My, My are compact submanifolds, and o > 0. Assume
that
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(i) Vo € MOU M, hy(x) >0,...h(z) >0;
(ii) there exists u € U having bounded variation, steering My to My, and such that the corresponding

trajectory satisfies the constraints (24));

(iii) there exists b > 0 such that, for every u € U and every trajectory z,, of [23)) corresponding to u,
we have
tu + [|Zul|o <.
Then the optimal control problem [23), 24)), 26]) admits a solution.
Proof. Let

5 = inf ( /O " L(s.2(s), u(s)) ds + aTV(u)> ,

where the infimum is taken among all controls u € U steering My to M; and whose corresponding
trajectory satisfies ([24]). Let u, : [0,7,,] — U be a minimizing sequence of admissible controls, i.e.,

lim </0Tn L(s,zn(8),upn(s)) ds + aTV(un)> =0,

n—oo
where z,, is a trajectory corresponding to u,. Then, thanks to assumption (iii), for n sufficiently large

we have that .
oTV (1) < / L(s, 2a(s), a(s)) ds + aTV (@) + C,
0

for some constant C' > 0, which implies that u, is a bounded sequence in BV. Then by a standard
compactness result in BV there exists a subsequence, still denoted by u,,, and a control u, € U such
that

nh_{go |[un — ual|rr = 0.

Up to a subsequence, let u,, converge to u, almost everywhere, T,, converge to t, and x,(0) converge
to 20. We are going to prove that u,, : [0,%,] — U is a solution to (Z3)), (24)), 26). By |17, Theorem 1
p. 56], the convergence almost everywhere of u,, to u, implies that if z,, satisfies

To = f(t,:na,ua), 51704(0) = ':Ug

then x,, converges uniformly to z,. Hence z, satisfies the constraints (24]) and, by compactness of M
and M, we obtain that x,(t,) € M;. Hence u, is admissible. Moreover,

li_}rn L(t,xn(t), un(t)) = L(t, za(t),ua(t)), for almost every t.

Hence, thanks to assumption (iii), the dominated convergence theorem allows to conclude that

Th to
lim [ L(t, 2 (t), un(t)) dt = /0 L(t, za(t), ua(t)) dt (27)

n—o0 0

On the other hand, by lower semicontinuity of TV (-) we have
TV (uq) < linngigf TV (up). (28)
Using 7)), (28) and since u,, is a minimizing sequence, we infer that
/O Lt 2 (t), ua(t)) dt + 0TV (1) < 6
which implies that u, is optimal. O

In contrast with usual existence results see [7], we do not assume convexity of the dynamics. The
conclusion is assured by the term of the total variation in the cost functional.

14



References

[1]

2]

[10]

[11]

[12]

[13]

[14]

[15]

N. Bérend, J. F. Bonnans, J. Laurent-Varin, M. Haddou, and C. Talbot. An Interior-Point
Approach to Trajectory Optimization. Rapport de recherche RR-5613, INRIA, 2005.

R. M. Bianchini and G. Stefani. Time-optimal problem and time-optimal map. Rend. Sem. Mat.
Univ. Politec. Torino, 48(3):401-429 (1992), 1990.

J. F. Bonnans and A. Hermant. Well-posedness of the shooting algorithm for state constrained op-
timal control problems with a single constraint and control. SIAM J. Control Optim., 46(4):1398—
1430 (electronic), 2007.

B. Bonnard and I. Kupka. Théorie des singularités de 'application entrée/sortie et optimalité des
trajectoires singulieres dans le probleme du temps minimal. Forum Math., 5(2):111-159, 1993.

U. Boscain and B. Piccoli. Optimal syntheses for control systems on 2-D manifolds, volume 43 of
Mathématiques € Applications (Berlin) [Mathematics € Applications]. Springer-Verlag, Berlin,
2004.

A. Bressan and B. Piccoli. Introduction to the mathematical theory of control, volume 2 of AIMS
Series on Applied Mathematics. American Institute of Mathematical Sciences (AIMS), Springfield,
MO, 2007.

L. Cesari. Optimization—theory and applications, volume 17 of Applications of Mathematics (New
York). Springer-Verlag, New York, 1983. Problems with ordinary differential equations.

J. Frédéric Bonnans and A. Hermant. No-gap second-order optimality conditions for optimal
control problems with a single state constraint and control. Math. Program., 117(1-2, Ser. B):21-
50, 2009.

A. T. Fuller. Relay control systems optimized for various performance criteria. In Proceedings of
the 1st World Congress IFAC, Moscow, 1960, Butterworths, London (1961), pages 510-519.

M. Garavello and B. Piccoli. Hybrid necessary principle. SIAM J. Control Optim., 43(5):1867—
1887 (electronic), 2005.

M. Garavello and B. Piccoli. Traffic flow on networks, volume 1 of AIMS Series on Applied
Mathematics. American Institute of Mathematical Sciences (AIMS), Springfield, MO, 2006. Con-
servation laws models.

K. A. Grasse. On the relation between small-time local controllability and normal self-reachability.
Math. Control Signals Systems, 5(1):41-66, 1992.

K. H. Johansson, M. Egerstedt, J. Lygeros, and S. Sastry. On the regularization of Zeno hybrid
automata. Systems Control Lett., 38(3):141-150, 1999. Hybrid control systems.

I. A. K. Kupka. The ubiquity of Fuller’s phenomenon. In Nonlinear controllability and optimal
control, volume 133 of Monogr. Textbooks Pure Appl. Math., pages 313-350. Dekker, New York,
1990.

B. Piccoli and H. J. Sussmann. Regular synthesis and sufficiency conditions for optimality. SIAM
J. Control Optim., 39(2):359-410 (electronic), 2000.

15



[16]

[17]

[18]

H. Robbins. Junction phenomena for optimal control with state-variable inequality constraints
of third order. J. Optim. Theory Appl., 31(1):85-99, 1980.

E. D. Sontag. Mathematical control theory, volume 6 of Texts in Applied Mathematics. Springer-
Verlag, New York, 1990. Deterministic finite-dimensional systems.

M. I. Zelikin and V. F. Borisov. Theory of chattering control. Systems & Control: Foundations
& Applications. Birkhduser Boston Inc., Boston, MA, 1994. With applications to astronautics,
robotics, economics, and engineering.

M. I. Zelikin and L. A. Manita. Accumulation of control switchings in problems with distributed
parameters. J. Math. Sci. (N.Y.), 151(6):3506-3542, 2008.

M. I. Zelikin and L. F. Zelikina. Asymptotics of the deviation of a functional from its optimal value
when the chattering is replaced by a suboptimal regime. Russian Math. Surveys, 54(3):662-664,
1999.

16



	1 Introduction
	2 Main results
	3 Application to hybrid systems
	4 Proofs of the main results
	4.1 Proof of Theorem ??
	4.2 Proof of Theorem ??
	4.3 Proof of Corollary ??

	5 Appendix: an existence result

