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Approximation of chattering arcs in optimal control problems
governed by mono-input affine control systems

Térence Bayen*, F. Mairet!
May 30, 2023

Abstract

In this paper, we consider a general Mayer optimal control problem governed by a mono-input affine
control system whose optimal solution involves a second-order singular arc (leading to chattering). The
objective of the paper is to present a numerical scheme to approach the chattering control by controls
with a simpler structure (concatenation of bang-bang controls with a finite number of switching times and
first-order singular arcs). Doing so, we consider a sequence of vector fields converging to the drift such that
the associated optimal control problems involve only first-order singular arcs (and thus, optimal controls
necessarily have a finite number of bang arcs). Up to a subsequence, we prove convergence of the sequence
of extremals to an extremal of the original optimal control problem as well as convergence of the value
functions. Next, we consider several examples of problems involving chattering. For each of them, we
give an explicit family of approximated optimal control problems whose solutions involve bang arcs and
first-order singular arcs. This allows us to approximate numerically solutions (with chattering) to these
original optimal control problems.

Keywords : optimal control, singular arcs, chattering, numerical methods.

1 Introduction

In numerous optimal control problems arising in various areas such as aerospace, biology, mechanics, the
optimal solution involves what is called Fuller’s phenomenon. In that case, we also say that chattering occurs.
This property means that the optimal control possesses an infinite number of extremal bang arcs over a finite
time interval. This particularly interesting behavior of optimal controls was originally discovered by A.T.
Fuller in the seminal works [10, 11, 12]. Since then, many properties related to chattering were studied by
several authors (see, e.g., [20] and the monograph [27] giving a large panel on the chattering phenomenon).

Fuller’s phenomenon arises whenever an optimal control problem presents a second order singular arc.
Recall that in geometric optimal control theory, a singular singular arc is a time interval on which the optimal
control takes values within the interior of the admissible control set. The occurrence of such arcs is of utmost
importance to compute an optimal solution since it completely determines the optimal synthesis. This situation
is encountered typically when computing minimum time syntheses in the two-dimensional setting in presence
of a turnpike singular arc (see [4] or [2]). In the setting of Mayer optimal control problems governed by an affine
control system, the application of the Pontryagin maximum Principle (in short, PMP) shows that several cases
may occur (see, e.g., [7]). First, geometric control theory predicts that the control input is present explicitly
in the expression defining the derivative of order 2n, n > 1, of the switching function. So, if the control input
is present in the second-order derivative of the switching function (allowing to compute the singular control
as a function of the state and co-state), then, we say that a singular arc of first order occurs. But, it may
happen that the control is present explicitly only in the fourth-order derivative of the switching function (and
not in the second-order derivative) leading that way to a second-order singular arc and to chattering, see, e.g.,
[27, 21]. More generally, it is possible to encounter optimal control problems involving singular arcs of order
greater than three. But, we shall restrict our attention here to the case of first and second order singular arcs
that are the most common ones in the application models.
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A striking point related to second order singular arcs is that they arise in simple examples from mathe-
matical modeling such as in aerospace [28, 29], in biomedicine [15, 14, 22], in biology [16, 17], or in physics
[19]. The simplest problem involving chattering is known as Fuller’s problem for which the underlying system
is the two-dimensional double integrator associated with a quadratic cost. It is worth noticing that chattering
renders the analysis of optimal solutions more delicate than for instance in the case of a first-order singular
arc for which the optimal synthesis involves in general a low number of switching times. In particular, the oc-
currence of chattering raises the question of implementation of an optimal solution from a practical viewpoint.
The question is how to bypass non-implementable solutions and how synthesizing an adequate sub-optimal
control (typically based on a finite number of bang-bang arcs). This question was studied by several authors
for instance in [6] by modifying the objective function via bounded variation controls.

In the present paper, we consider another approach to tackle chattering based on a perturbation technique.
More precisely, we consider a general optimal control problem governed by a mono-input affine control system
whose optimal solution involves a second-order singular arc. We suppose that there is a sequence of dynamics
converging to the original one such that the associated optimal solution involves only first-order singular arcs.
This sequence is constructed by approximating the drift term. From a practical viewpoint, we thus approach
the original optimal control by a perturbed one for which the optimal solution does not involve chattering.
We first prove that, up to a sub-sequence, an extremal of the perturbed optimal control problems converges to
an extremal to the original optimal control problem. As well, we prove the convergence of the value function
associated to the perturbed optimal control problem to the value function associated with the original optimal
control problem. Convergence of optimal controls (up to a sub-sequence) is also guaranteed on time intervals for
which the limit trajectory is non-singular. Interestingly, the approximated optimal control is a concatenation
of a finite number of bang and singular arcs. Next, we show how to construct such approximating sequence
on three examples with chattering : a variation on Fuller’s problem, a resource-allocation model [13], and a
quantum control system [19].

The paper is organized as follows. In Section 2, we introduce our methodology and we prove convergence
results between the sequence of approximated optimal control problems and the original optimal control prob-
lem. Next, in Section 3, we address three examples for which we provide an explicit sequence of approximated
optimal control problems. For each of them, we verify that the limit problem possesses chattering whereas
perturbed optimal control problems involve only first-order singular arcs. In addition, for each example,
we provide numerical solutions (with an increasing number of arcs as the sequence approaches the original
dynamics) to the approximated optimal control problems via a direct method [23].

2 Approximation and convergence result

2.1 Second order singular arcs

Hereafter, we denote by AT the transpose of a matrix A and the inner product in the Euclidean space is
written a - b where a, b are two vectors. Let n € N* and consider two vector fields f, g : R™ — R" of class C,
a terminal pay-off 1 : R® — R of class C!, and let C be a non-empty closed convex subset of R”. Given T > 0
and xy € R", we consider the Mayer optimal control problem

w(t) = f(z(t) +ul)g(z(t)) ae tel0,T],
in{{@/}(x(T)) s.t. z(0) = xo, (OCP)
e «(T) €C,

where U denotes the set of admissible controls w : [0,7] — [—1, 1] that are measurable. The aim of this paper
is to provide alternative strategies in order to study (OCP) whenever f and g satisfy the condition:

l9,[f: 9]l =0 over R", (2.1)

or whenever the covector is orthogonal to [g,[f, g]] along a singular arc, where [f,g|(z) := D,g(z)f(x) —
D, f(x)g(z) denotes the Lie bracket of f and g and where D, f(z), D,g(x) stand respectively for the Jacobian
matrix of f and g. Under one of these two conditions, we know that optimal controls may involve an infinite
number of switching times over [0,7]. This phenomenon renders the analysis of optimal trajectories quite
involved (e.g., the determination of the switching locus in this context). Thus, from a numerical point of view,
it is desirable to deal with controls having a finite number of switching times.



First, we would like to remind why condition (2.1) implies the so-called Fuller’s phenomenon (or chattering).
From Pontryagin’s Principle [18, 24], if u is an optimal control and z denotes the associated solution of the
system defined over [0, 7], there exist p° < 0 and an absolutely continuous function p : [0,7] — R"™ (the
covector) satisfying the adjoint equation

P(t) = =Dy f(x(t)) "p(t) — u(t)Dag(z(t)) " p(t) ae.t€[0,T], (2.2)
together with the transversality condition
p(T) +p°Vip(a(T)) € =Ne(x(T)), (2.3)

where N¢(z) denotes the (convex) normal cone to the set C' at some point x € C. The pair (p°,p(-)) also
fulfills the non-triviality condition (p°,p(-)) # 0. Finally, the Hamiltonian maximization condition gives us
the following control law:

u(t) = sign(p(t)) a.e.t €[0,T] s.t. ¢(t) #O0, (2.4)

where ¢(t) := p(t) - g(x(t)) is the switching function. On a sub-interval [t1,t2] C [0,7] on which ¢ vanishes,
a different analysis should be carried out in order to find the expression of an optimal control (in particular
(2.4) is useless). If this situation occurs, then, we say that the extremal! (z,p,u) is singular over [ti,ts]
(equivalently, we say that the trajectory has a singular arc over [t1,t2]). The study of singular arcs relies on
the expressions defining the derivatives of ¢ w.r.t. the time. A simple computation shows that one has

o(t) = p(t) - [f,9)(x(t), te[0,T],

and that
o(t) = p(t) - [f, [f, gl (x(t)) + u(t)p(t) - [g, [f, g))(2(t)) ae. t€[0,T]. (2.5)

Thus, under (2.1), if a singular arc occurs, the (corresponding) singular control u cannot be expressed thanks
o (2.5), but further derivations of é are needed to compute the singular control (at least two according to
the geometric control theory). This leads to the singular arcs of order at least two. In this direction, let us
remind the following result about the occurrence of the chattering phenomenon for second-order singular arcs

(see [21]).

Proposition 2.1. Suppose that (2.1) is fulfilled. Consider a normal extremal (x,p,u) containing a singular
arc over [t1,ta]. Suppose that one has

vt e [tlatQL p(t) : [g’ [fa [f7 [fa g]“](l’(t)) > 03 (26)

and that the corresponding singular control is admissible over [t1,t2]. Then, the singular arc is of second order
and it cannot be concatenated with a bang arc.

This means that the only possibility for an optimal control to connect the trajectory to the singular arc is
an infinite sequence of bang arcs since the proposition excludes the concatenation of the singular arc to the
optimal trajectory by a finite number of bang arcs. Also, singular controls may exceed the largest admissible
value leading to saturation [1], that is why, the singular control is supposed to be admissible in Proposition
2.1. In addition to this proposition, let us also recall Legendre-Clebsch’s condition [21] in the above context
(with a single input). If a singular arc of order? ¢ € N* is optimal over some time interval [t1,#], then it must
satisfy the condition

o d*

Ou dt24
If this inequality is strict, we then speak of the strict Legendre-Clebsch condition. Typically, if ¢ = 1, then, ¢
must satisfy ¢, > 0 along a singular arc whereas if ¢ = 2, then, it must satisfy ¢|, =0 and ¢ | <O0.

¢ <0.

1An extremal is a triple (z, p, u) satisfying the state-adjoint system, the transversality condition, and the Hamiltonian maxi-
mization condition.
2We mean that along a singular arc, the input is present explicitly in the expression of ¢(29) and not in 27, r =1,...,q— 1.



2.2 Approximation of the optimal control problem

In order to avoid Fuller’s phenomenon, we propose the following approach. We suppose that there is a sequence
fr : R™ = R™ (of class C*° for each k € N) such that

Ifx — fllL= — 0, (2.7)
together with
”Dxfk - D:r:f||L°° - 07 (28)
as k — 400 (where L™ := L°°(R™) is the set of bounded functions) and such that
9. [fx,9]] #0 over R", (2.9)

for every k € N. This hypothesis will allow us to prevent chattering (see the discussion in Section 2.4).
Consider now the approximated Mayer optimal control problem:

B0) = fue(®) + uOg(e(t) ac e 0,T],
in{{@/)(x(T)) s.t. z(0) = xo, (OCPy)
ue x(T) €,

and let us introduce additional hypotheses in order to ensure existence of solutions to (OCP) and (OCPy).
Hereafter | - | denotes the Euclidean norm in R™.

Assumption 2.1. We suppose that for every k € N, the target set C' is reachable from xy for the controlled
dynamics
z(t) = fe(x(t)) + u(t)g(x(t)) ae.te€][0,T], (2.10)

where u € U. Similarly, we assume that C is also reachable from xq for the controlled dynamics
(t) = fla(t)) + u(t)g(xz(t)) a.e.te€]0,T], (2.11)
where u € U. In addition, we suppose that there is ¢ > 0 such that
k€N, [fu(@) < ezl +1) 5 [f(@)] < cllzl +1); g(@)| < c(la] +1) forallz € R™.  (2.12)

Note that for simplicity, we supposed that the sequence (fj) satisfies a linear growth condition, but this
hypothesis could be removed in view of (2.7).

Lemma 2.1. If Assumption 2.1 is satisfied, then for every k € N, (OCPy) has a solution as well as (OCP).

Proof. Since the velocity sets associated to (2.10) and (2.11) are convex w.r.t. u, we can apply Filipov’s
existence Theorem (see [8]), whence the result. O

2.3 Convergence results

For every k € N, let u, be an optimal solution of (OCPy). According to the PMP, there exist p) < 0 and an
absolutely continuous function py, : [0, 7] — R™ such that (p?, pr(-)) # 0 and such that

Pr(t) = =Dy fr(w(t)) " pr(t) — ur(t) Dag(zr(t)) Tpr(t) ace. t €[0,T], (2.13)
together with the transversality condition
pi(T) + ppV(2x(T)) € —Ne(z(T)). (2.14)

In addition, the Hamiltonian maximization condition implies that

up(t) = sign(¢x(t)) a.e.t€0,T] s.t. ¢p(t) #0, (2.15)

where ¢ (t) := pr(t) - g(zx(t)). Finally, since the problem is autonomous the Hamiltonian of the problem is
constant almost everywhere, that is, for all k£ € N, there is Hy € R such that

Hy = pi(t) - fu(zr(t)) + ue(®)pe(t) - g(zi(t)) ae t€[0,T].



The transversality condition (2.14) implies that for every k € N, there exists & € N (xx(T)) such that
pr(T) + PRV (ax(T)) = =&,
so, the scalar rj, := 1/(p?)? + | |? is with positive value for all k € N since the pair (p{, px(-)) is non-trivial.

Hence, we can set
qi ‘= pk/rk- (216)

Hereafter, we say that a sequence (z},) of absolutely continuous functions over [0, T'] strongly-weakly converges
to a function z* : [0,T] — R™ if and only if ||z}, — 2*||L(jo,7]; rn) — 0 and &}, — &* (weak convergence in
L2([0,T] ; R™)).

Proposition 2.2. Suppose that Assumption 2.1 is satisfied. For every k € N, denote by ux an optimal solution
of (OCPy) and let qx be defined by (2.13)-(2.14), and (2.16). Then, there exists an extremal (z*,p,,u*)
associated with (OCP) such that, up to a sub-sequence, (xy,qr) strongly-weakly converges to (z*,p) over
[0,T]. In addition, one has the pointwise convergence uy(t) — u*(t) on every time interval [t1,ts] such that
¢(t) # 0 where ¢(t) := p(t) - g(a*(t)), t € [0,T]. In addition, u* is an optimal solution to (OCP).

Proof. From the linear growth assumption on the sequence of dynamics (fi) and f (Assumption 2.1), we easily
obtain that the sequence (x) is uniformly bounded over [0, T since the set of admissible controls is bounded.
So, the sequence (z(T)) is also bounded, hence, up to a subsequence, we may assume that it converges to
some value w € R™. Now, let us set oy := pg/rk and Sy := —¢&/ri so that the transversality condition reads
as follows:

@ (T) + V(i (1)) = By
By compacteness of the unit ball in R1*" we may assume (extracting a sub-sequence if necessary) that the
sequence (g, Bx)x converges to a limit (o, 8) € R which is non-zero and such that o < 0. By closedness
property of the normal cone, one also obtains that —8 € Ng(w). Next, observe that the Hamiltonian of the
problem and that the adjoint equation are linear w.r.t. the covector, so the triple (zx, g, u) satisfies:

7, =

Hy : = qr(t) - fre(@n(t) + ue(t)qr(t) - g(zk(t)) a.e. t € 0,77, (2.17)

Tk

together with the state-adjoint system

{ in(t) = flen(t) +ue(B)g(@e(t) + ik (t), (2.18)

Qr(t) = —Daof(wr(t)) " ax(t) — ur(t) Dog(@r(t)) " au(t) + i (t),
where for a.e. t € [0,T], 7x(¢) and 7, (¢) are defined as:

Me(t) = fr(ze(®) = flan() 3 ik(t) == Do f(xr(t) T ar(t) — Dafi(ar(t)) ar(t).

Setting 2y, := (2, qr) and using that (zx) is uniformly bounded over [0, 7], we obtain that there exists ¢/ > 0
such that for every k& € N one has

lz2e(®)] < (2] + 1) ace. te0,T), (2.19)

where | - | denotes the Euclidean norm in R?". From the preceding inequality and the fact that (zx(T), qx(T))
converges, we obtain after application of Gronwall’s Lemma that (z(-), gx(-)) is uniformly bounded over [0, T7.
Now the multi-function

F(amq) = {(f(x) +u9(x)v _sz(x)'l'q - uDng(x)Tq) HEIAS [_17 1]}7

is with compact convex values for every (z,q) € R?". Remind that z(T) converges and note also (using the
uniform boundedness of (zx,qx) in L([0,T] ; R™)) that the sequences 7 () and 7 (-) uniformly converge
to zero. Hence, we can apply [9, Theorem 1.11] which shows the existence of an absolutely continuous pair
(z*,p) as well as a control function u* € U such that

{ () = fla*(t) + u*(t)g(z*(t)),

p(t) = =Daf (& (1) Tp() —u* (1) Dagla* (1) (1), (220

(@31



for a.e. t € [0,7]. In addition, (zx,qx) strongly-weakly converges to (z*,p) over [0,T]. Also, by passing to
the limit as k — +00, we obtain that 2*(0) = x¢ and that p(T) + aVip(x*(T)) = 8 € —Ne(2*(T)) (using the
closedness property of the normal cone) where (a, ) is non-zero and « < 0. This proves the first property of
Proposition 2.2.

Let us now address convergence of the sequence of controls (uy) to u*. Suppose that there is to € [0,T]
such that ¢(tg) > 0. By uniform convergence of ¢ to ¢, there exist kg € N, ¢ > 0, and x > 0 such that for
every k > ko and every t € [tg — &, ], one has ¢i(t) > k. Thus, by the Hamiltonian maximization condition,
we obtain that ui(t) = +1 for every t € [to — €,%o] and every k > ko. Hence, for all n € (0,¢) and for all
k > ky, one has

1 / " i) di= / " fule(®) + gl ()] dt.

n 0o—"n n o—n
Thus, if we let & — 400 (utilizing uniform convergence of the sequences (fx) and () and also weak conver-
gence of (&)) and next n | 0, one obtains using that almost every to € [0, 7] is a Lebesgue point of u* (since
u* is bounded):
i*(to) = f(2"(t0)) + g(z"(to))-
It follows that u*(tg) = +1 = sign(¢(x*(to))). By repeating this argumentation in a neighborhood of every
point tg € [0, 7] such that ¢(x*(¢y)) # 0, we obtain that u* satisfies the Hamiltonian maximization condition
(2.4) as desired as well as the pointwise convergence of (ux) to u* at every point ¢y € [0, T] such that ¢(tg) # 0.
This concludes the proof of the convergence of the sequence of controls (ux) to u*.
Finally, let us check that u* is an optimal solution to (OCP). Doing so, observe that

Y(x(T)) < p(Tk(T)),

for every admissible pair (Zy, @) of (OCP). Note also that @ is a fixed control in U. So, again using Gronwall’s
Lemma, we can check that (Z) strongly-weakly converges to & over [0,7] where Z is the unique solution to
z(t) = f(&(t)) +u(t)g(E(t)), a.e. t € [0,T] together with #(0) = z. Hence, passing to the limit as k — oo
(1 being continuous) implies that

P(a*(T)) < (1)),
for every admissible pair (Z,4) to (OCP). This shows that «* is an optimal solution to (OCP) which ends the
proof of the proposition. O

Remark 2.1. As a byproduct of the previous proposition, we obtain that the value function associated to
(OCPy) converges to the value function associated to (OCP). In addition, the control uy uniformly converges
to u* on every segment [t1,ta] such that ¢(t) # 0 over [t1,ts].

2.4 Discussion about the employed methodology

Recall that in the present setting, chattering may occur whenever (2.1) is verified or whenever the covector is
orthogonal to [g, [f, g]] along a singular arc. So, under one of these two conditions, we propose to introduce a
sequence of functions (fi) approaching f (see (2.7) and (2.8)) and such that (2.9) is verified for every k € N.
The main advantage of considering (OCPy) in place of (OCP) is that the behavior of an optimal solution to
(OCPy) might be simpler to handle. Indeed, as shows Proposition 2.1, one can expect Fuller’s phenomenon
for an optimal solution to (OCP) involving a singular arc. In contrast, if (zy, pk, ur) is an extremal of (OCPy),
then, according to the PMP, the corresponding switching function ¢y fulfills:

Ok (t) = pr(t) - [, i )] (2 (1) + wn(t)pi(t) - g, [frr 9l (ze(t))-

We can thus expect that along a singular arc pg(t) - [g, [fr, g]](zx(t)) # 0, so Fuller’s phenomenon may not
arise. In addition, if Legendre-Clebsch’s condition is verified for every k € N, then, we can also expect the
occurrence of a singular arc of turnpike type (thus a first-order singular arc without involving an infinite
number of switching times, see, e.g., [2]). Hence, for the approximated problem, Fuller’s phenomenon may
not arise even if Legendre-Clebsch’s condition is not verified (in that case, we speak of anti-turnpike [3, 4]).
Note that we supposed the terminal time 7" > 0 fixed, but it can also be free (in that case, we can adapt
the previous properties by using classical techniques considering an augmented state, see, e.g., [5]). In the
next section, we provide three examples for which an optimal solution contains a second-order singular arc.
Doing so, we introduce an explicit sequence of functions fj approaching the dynamics such that the associated
optimal control problem does not possesses chattering.



3 Application to three examples involving chattering

Throughout this section, we are given a sequence (ex) of positive numbers such that e | 0 as K — +o00. By
limit problem, we mean the optimal control problem for which e, = 0 (i.e. without perturbation).

3.1 A variant of Fuller’s problem
3.1.1 Presentation of the problem

Let p,£: R — R be two smooth functions. Consider the three-dimensional optimal control problem

T = I9, 1‘1(0) :1‘(1) eR
in 23(T) st. $ da =plz1) +u(t), ;¢ 22(0) =23eR ; z(T)eC, (3.1)
uell, TER i3 = L(z1) + el z3(0) =0
where C' C R? is a non-empty closed convex subset. Suppose that £ : R — R has a unique minimum z7* over
R such that ¢/ (27*) = 0 together with ¢”(z7*) > 0. Without any loss of generality, we may also assume that
0(z7") = 0 (by translation). Furthermore, assume that —p(z7*) € [—1,1] (this is required for admissibility of
singular arcs).

Remark 3.1. Fuller’s Problem corresponds to the “limit” case e, = 0 together with p(x1) = 0, £(z1) = 22,
and C = {(0,0)} x R.

The previous framework encompasses this example setting

) 0 )
f@):=| plz1) | 1 g9@):=| 1 | fulz):= p(z1) ;
£(xq) 0 (1) + epa’

since we can easily check that [g,[f,g]] = 0 and [g, [fx,g]] = (0,0, —2¢4)T # 0 (for e > 0). We now provide
more details on optimal solutions of (3.1) for e > 0 and in the limit case.

1. Study of the optimal control problem in the case where ¢; > 0. By application of the PMP
considering only normal lifts, the Hamiltonian of the problem becomes:

Hy := p122 + pap(x1) + pou — £(x1) — £x75.

Indeed, using the transversality condition, we obtain that p3(T) = —1 and because Hj, does not depend on
x3, the function ps must be constant. It follows that the adjoint equation can be written as:

pr = —p2p'(z1) + ' (21),

P2 = —p1 + 2e522.

The switching function is ps which satisfies
Po = pap’(w1) — €' (21) + 2exp(x1) + 26 u.

We are now in a position to characterize singular arcs for every €, > 0. Using that the Hamiltonian is zero
along any extremal (since the terminal time is free), every singular arc is such that:

t'(z1)
25k ’

()
25k

skxg =L(x1); uf = —plx1); & =

where u} denotes the singular control. The set of points (z1,z2) € R? such that e,x3 = ¢(z1) is the singular
locus. In addition, for every k € N, we find that pg = 2¢j > 0 thus Legendre-Clebsch’s condition is verified
along a singular arc. In particular, since € # 0, every singular arc is of first order.

2. Study of the optimal control problem in the limit case. Using similar notation as when ¢, > 0, we
find that the switching function associated with the optimal control problem with €, = 0 now satisfies

P2 = pap'(x1) — ' (21),



thus, we need to differentiate po at least four times to check the order of the singular control. Note also that
we must have —¢'(x1) = 0 along a singular arc, hence, 1 = z7*. By differentiating po w.r.t. ¢, we find that
Py = —0"(x1)x2, hence x5 = 0 along the singular arc (because ¢/ (z7*) > 0), and finally P’y = —¢"(z7")u. In
that case, a singular arc is then characterized by

* * __ . * m
] =2y x5 =0; u* = —p(z7"),

where u* is the singular control. We conclude that the limit case has a second-order singular arc which is such
that 5’y = =" (27") < 0, thus Legendre-Clebsch’s condition is also verified. In addition, |u*| = | — p(27*)| <
1, thus the singular arc is admissible.

Remark 3.2. (i) When e > 0, the singular arc is of turnpike type, however, a saturation phenomenon may
occur since for t > 0, one has |u}(t)| <1 if and only if

Uz (t))

5o, ) =1

Since ey, is small, the singular arc is admissible only if 1 is close to xT*. This defines a “small” subset of the
singular locus in the plane (x1,x2) for the admissibility of the singular arc. We also see that the singular locus
as € 4 0 is a small deformation of the origin (the singular locus for the problem with €, = 0).

(ii) Uniform convergence of the sequence (fi) and its derivative (D, fi) to f and D, f respectively is straightfor-
ward over compact subsets of R®. But, since for a given initial condition (x9,29,0) € R3, optimal trajectories
of (3.1) are uniformly bounded, the uniform convergence of fi to f on compact subsets is enough to apply the
results of Proposition 2.2.

In the next section, we depict numerically optimal solutions when 5 > 0 and also in the limit case.

3.1.2 Numerical simulations on the perturbed optimal control problem

For all the examples presented in this article, simulations were carried out with the direct method, using
the Bocop solver [23]. For sake of simplicity, the final time was fixed. The Gauss II method® was used for
discretization, with 1000 time steps. Simulations of the perturbed Fuller’s problem (i.e., Problem (3.1) with
p(z1) = 0 and £(z1) = 23) are depicted on Fig. 1 and 2 for different values of ;. In line with our previous
results, the trajectories are of type Bang-Singular. In particular, Fig. 2 highlights the fact that optimal paths
(for g, > 0) lie in the singular locus exz3 = 2?7 before approaching the target point (see Remark 3.2). As
€) decreases, we can see that the number of bang arcs increase and the trajectories approximate that of the
original problem. Optimal controls are a succession of bang arcs together with a ”small” terminal first-order
singular arc such that the optimal path lies in the singular locus and then reaches the target point.

Also, we have performed a numerical simulation of optimal paths when ¢, < 0, see Fig. 3. In that case,
Legendre-Clesbsch’s condition has the opposite sign leading that way to an anti-turnpike behavior. It follows
that approximated optimal controls are a succession of bang arcs (see, e.g., [3]). In that case, no singular arcs
occurs.

3.2 Application to a resource allocation model
3.2.1 Presentation of the model

We consider a control system describing a self-replicator model of bacterial growth where x; is the concentration
of precursors within a cell and x5 denotes the concentration of gene expression machinery. The control u with
values in [0, 1] will denote the resource allocation parameter defining the proportion of precursors used for
making gene expression machinery. The dynamical resource allocation model amounts then to maximize
biomass, in order to understand cellular regulations acquired through evolution. For more details on the
modeling, we refer to [13]. This yields the three-dimensional Mayer optimal control problem

1 =e(l —xz9) — (1 +x1)h(x1,x2), r1(0) = a9,
inf z3(T) st. < 22 = h(z,x2)(u(t) — z2), ;¢ ma(0) = ad, (3.2)
u(+)€[0.1] i3 = —h(z1, ), z3(0) =0,

31t is an implicit method of fourth order in two stages to solve numerically an ordinary differential equation, [23].
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Figure 1: Simulations of the perturbed Fuller’s problem with different values of ¢y.
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Figure 2: Simulations of the perturbed Fuller’s problem with different values of ;. Left: trajectories in the
phase plane. Right: Zoom around the origin. The dashed lines correspond to the singular locus e,23 = 7.

where h(z1,22) == 2, e, K are positive constants, (29,29) € Ry x [0,1], and T > 0 is fixed. The objective
function in (3.2) represents the biomass to be maximized. We can observe that x5 is always bounded between
0 and 1 provided that z3 € [0, 1], but, this property does not hold for x; (for more details, see [13]).

The expression of h will lead to chattering (see below), making the use of this model and its variants (see
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Figure 3: Simulations of the perturbed Fuller’s problem with €5 < 0. Note that in that case, Legendre-
Clebsch’s condition has the opposite sign (i.e., P2, =26k < 0), so, we have an anti-turnpike behavior for the
solution to the approximated optimal control problem leading to an increasing number of bang arcs.

e.g. [26, 25]) more complex. A way to avoid this behavior is to make a slight perturbation of the system

replacing h(xz1,x2) by he(x1,22) 1= K?II 1+“”€29L,2~(ac‘cually, we replace xg9 — xo by z9 —> 1+$T2zz) Hereafter, we

keep € in place of ¢, for convenience. Setting f(z1) := e and ge(2) = T34, we can rewrite the above
control system as follows: 5

iy =e(l—a2) — (14 1) f(21)ge(22),

Ly = f(21)ge(w2)(u(t) — x2), (3.3)

—f(21)ge(w2).

So, for ¢ = 0, we are in the limit case with chattering (see below) whereas for every € > 0, the optimal synthesis
may exhibit singular arcs of order at most 1 (see below). In addition, it is easily seen that

3

2

8332 ’
. — Ty = <eslge — 1] < 3e,
|9:(22) — 22| 1+ery = €5 lgc(x2) | €

for every e € (0,1] and every x5 € [0,1]. Hence, the convergence results of the previous section can be applied.
We shall now verify the properties related to the occurrence of a singular arc by application of the PMP.

1. Study of the optimal control problem in the cases where ¢ > 0. We apply the PMP with the
maximum convention. Observe that the cost to be minimized is ®(z(T)) := x3(T), so the terminal adjoint
vector is p(T') := —=V®(x(T)) = (0,0, —1). It follows that H can be written

H =pre(l — x2) — pr(1 + 21) f(21)g= (v2) + p2f (1) ge (w2) (u — 32) + f(21)ge (22) — Jnax

so u(t) = sign(pa(t)) except along (possible) singular arcs. Note that the switching function ¢ is ¢ :=
p2f(x1)ge(z2), but since f(x1)g-(x2) > 0, we will compute the derivatives w.r.t. ¢ of ps in place of ¢ for

10



simplification. Now, the covector fulfills over [0, 7] the adjoint equation:

{ o= Plgs($2)(f( 1) + (1 + $1)f’($1)) P2f (21)ge (22)(u — 22) — f’($1)g5($2),
P2 =pre+pi(l+z1) f(@1)gl(22) — paf(@1) (gl (@) (u — 22) — ge(22)) — F(21)gL(22).

Let us now address the occurrence of a singular arc. Doing so, suppose that ps = 0 over [t1,t2] where [t1,to]
is a sub-interval of [0,T]. We get pa = 0 thus

pile+ (1+ 1) f(1)gl(2)) = fla1)gl(x2).

We now turn to the computation of ps (along ps = ps = 0 over [t1,t2]). We get:

=pile + (14 21) f(21) gt (22)] +P1ddt( + (L+ z1) f(z1)gl(x2)) — %(f(fl)gé(l‘ﬂ)

= [prge(@2) (f(@1) + (14 21) /(1)) = ' (21)g= (22)][e + (1 + 21) f (1) gL (22)]
+pi[in(f(z1)ge(@e) + (14 20) f (21)gl(x2)) + (1 + @1) f(w1) gL (w2) 2]
— ['(@1)ge(z2)d1 — fla1)gl (w2)
To compute po =~ there are two contributing terms (from @5). We get replacing p; by its value in the second
equality:
B2y, = (L+21) [ (@1)gZ (22)g- (w2)pr — [*(21)gZ (22)g- (x2)

f(@1)g (w2) 72

=1+ 1) f (=1)g: ($2)gs($2)e+ 0+ o) fan)gi @) o (w1)ge (w2)ge(2)

_ —efQ(ﬂ?l)gs(fz)g”(ﬂfz) _
e+ (1+ 1) f(z1)gl(z2)

Proposition 3.1. Let e > 0 and consider an extremal of the optimal control problem. If a singular arc occurs,
then, the Legendre-Clebsch condition is fulfilled.

Proof. From the preceding expression of piz, , we deduce that along a singular arc, the switching function

satisfies 5 .
él _ —ef (xl)gs(f%) gz (22) -0
tet (Tt a)f(a)gl(z2)
since g, is strictly concave, whence the result. O

2. Study of the optimal control problem in the limit case. We can rewrite the system as follows

#1 = e(l—z) — (1+a1) f(1)22,
iy = fz1)wa(u(t) — x2),

i3 = —f(x1)w2.

Again, we apply the PMP with the maximum convention and similarly, the terminal adjoint vector is p(T") =
(0,0,—1). It follows that the Hamiltonian H can be written

H = pie(1 —a2) = pr(1+ 1) f(@1)22 + p2 f(21)22(u — 22) + fz1)2 — Jnax,

so u(t) = sign(pa(t)) except along (possible) singular arcs. As previously, we shall compute the derivatives
of ps w.r.t. t in place of the switching function ¢ := pof(x1)zs (since f(x1)zs > 0). The covector fulfills the
adjoint equation over [0, T:

{ p1 = pwa(fer) + (1+20) (1) — paf' (w1)22(u — 22) — /(1) 22,
P2 =pile+ (L4 21)f(21)) + p2f(21) (222 — u) — f(21).

Let us now address the occurrence of a singular arc. Doing so, suppose that ps = 0 over [t1,ts] where [t1, 5]
is a sub-interval of [0,T]. We get pa = 0 thus

prle+ (L+z)f(21) = flan).

11



We now turn to the computation of pgk), k =2,3,4 (along py = ps = 0 over [t1,t2]). We get replacing p1, p1,
and &1 by their respective value:

z1) + (1 + z1) f'(z1)]d1 — f'(z1)d1
) = f'(z1)@a]le + (1 + z1) f(21)]
He( — @) — (1 + 1) f(21) 2]
)f

L+ @) f(x1)] + pi
(1) + (1 + 1)
f(@1) + (1+ 1)

p2=pile+ (1+

= [praz(f (
+pi[f (

— f@)le(l—22) — (142

(
=pilf(@1) + (1 +22) f'(21)] — '(961)6
= @(1’1)7

f(
F(@)
(@)
1

1

where - _
\I/(.I?l) — e[f (1'1) - €f~(l‘1)].
e+ (1+z1)f(x1)

We deduce that if a singular arc occurs, then it is at least of second order since gﬁu = f(l’l)in).g‘u =0, i.e.,
p(t) - g, f, 9]](x(t)) = 0 along the singular arc. In addition, we obtain that if a singular arc occurs, then, we
have py = po = iz = 0, so ¥(z;) = 0 which gives 21 = 27 := VeK. We also obtain p'y = ¥/ (2;)d; = 0. A
computation shows that

Qme

(2Ke + evVKe + VKe)(K +VKe)’

which is obviously non-zero, hence, x; remains constant along the singular arc and, so, the singular arc is at
least of second order. Finally, differentiating a last time w.r.t. ¢ yields

By = W(a1)dy = W (21)(—d2(e + (1+ 1) f(21))).
This gives @2 = 0, hence x5 = 0 or 2 = u. The case x5 = 0 implies that £; = e > 0 in contradiction with the
fact that 7 = 0. So, we can conclude that w = z5. Hence, the singular arc can be characterized as:

gt ¢ _ VelWerVE) oL
VeK YT et (L+anf(@) 14et2yevVE T

U (2]) =

* _
] =

Finally, we get that
By, ==V (a7)(e+ (1 +27) f(2]))r3(2]) <0,

hence, Legendre-Clebsch’s condition is satisfied.

3.2.2 Numerical simulations on the perturbed optimal control problem

Fig. 4 depicts trajectories obtained for different values of g5 > 0. Following [13], simulations are carried out
with a fixed final time, and only the transients until reaching the optimal steady-state are depicted (bang arcs
also appear at the end of the simulations, but they are not relevant for the biological problem). The results
are similar to those of the Fuller’s problem. For €, > 0, optimal controls are a concatenation of bang arcs
together with a terminal singular arc approaching the singular arc in the limit case. A value of ¢, = 0.01 is
enough to obtain an accurate approximation of the optimal trajectory to the original problem.

3.3 Application to a quantum control system
3.3.1 Presentation of the problem

Here, we consider an optimal control problem introduced in [19] in which chattering occurs. The model
describes the control of a three-level quantum system to be steered from a given initial condition on the unit
sphere of R3 (denoted by S') to the north pole (0,0,1). This yields the following optimal control problem
(written in Mayer form):

: x; 2;1 i’“(t)xi’n (21(0), 22(0), 23(0),24(0)) € S* x {0},
p i TSy — (b, and { (23(T), 29(T), 2(T), 22(T)) € 1(0,0,1)] x R.

_7’.1
=5,

12
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Figure 4: Simulations of the perturbed resource allocation problem (3.2) with different values of €.

As it can be verified, the dynamics of (1,22, x3) is with values in ;. We assume for sake of simplicity that
x3(t) > 0, ¥t € [0,T] (by choosing initial conditions) so that one can reduce the dimension of the system.
Thus, we can introduce the following control system:

T, = —Io,

iy =x1 —u(t)\/1— a3 — 23,
. 1.2 £€,.2

Tz = 5T+ 573,

proceeding as previously, that is, by adding a small perturbation term in the state x3. The optimal control
problem then amounts to minimize x3(7") w.r.t. the pair (T, u) such that x1(T) = z2(T) = 0 starting from
some initial condition (9, 29,0) € R3 such that (29)? + (29)% < 1.

1. Study of the optimal control problem in the case where £ > 0. In that case, the Hamiltonian

associated with the problem can be written (taking into account that p3 = —1 is constant):
x? x3
H = —p1xy +poxy —upay/1—a? — a3 — 2 — =2 max
2 2 u€[—1,1]

and it is conserved over [0,7] (since the problem is autonomous) and also equal to zero (because the terminal
time is free). The adjoint equation reads as follows:

; — Uy po
P = —p2— — + 71,
\1—z{—x3

Uuxr2p2

—py — e ey
D2 D1 \/I:;?:;g 2

Now, the switching function is ¢ := —ps\/1 — 2% — 23, so, it is enough to study the behavior of p;. Along a
singular arc, we have po = po = 0, thus p; = —ezs. Replacing into the Hamiltonian yields the singular locus
ex3 = 22 in the state space. By differentiating this expression, we obtain the value of the singular control

1+e)|x
ur = j:—( )|z .
ey/1—a? — a3
We note that the value of |u}| may exceed 1, so in that case, we have saturation (see [1]). However, numerical

simulations indicate that it is admissible when the trajectory is close to the origin (what can be expected).
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Finally, the second order derivative of py satisfies: fia = —ey/1— a7 — 23 < 0. It follows that Legendre-
Clesbsch’s condition is satisfied (since ¢ = —pa).

2. Study of the optimal control problem in the limit case. In this case, the switching function is also
¢ = —pso. By differentiating w.r.t. t, we find that ¢ = —p; + %. Let us examine singular arcs in this

V1 —zf—z3 22
case. Supposing that ¢ = 0 over some time interval [tq, t3] gives us —pjzes — %+ = 0. The equatlon QS =0 also

implies that p; = 0, hence z; = 0. Along the singular arc, we can write (b = —p1 = x1, thus qu —T1 = X,
and finally ¢ = i = 21 — u\/1 — x? — x3. To conclude this case, we obtain that the singular arc satisfies:

sf=a3=u"=0;¢,=0; ¢, =-1<0.
We can thus conclude that the limit case is indeed a second-order singular arc for which Legendre-Clesbch’s
condition is verified.

3.3.2 Numerical simulations on the perturbed optimal control problem

The results obtained for the perturbed quantum control system are presented on Fig. 5. Here again, we can see
that the number of bang arcs increases as €, decreases. In addition, the trajectory ends up with a singular arc
approaching the singular arc of the limit problem (corresponding to u = 0). This example, like the previous
ones, confirms the applicability of the method to various control systems.
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Figure 5: Simulations of the perturbed quantum control system with different values of eg.

4 Conclusion and perspectives

In this work, we have studied how to slightly modify optimal control problems involving a second order
singular arc in order to obtain a ”simpler” optimal control problem whose solutions do not possess chattering.
The advantage of these modified optimal control problems is that they are more tractable from a numerical
viewpoint since optimal controls involve only a finite number of switching times. The examples we have
studied show that we obtain that way a deformation of the singular locus (corresponding to the second-order
singular arc) into a ”small” singular locus (corresponding to a first-order singular arc). Since approximated
optimal controls may involve both singular and bang arcs, our approach somehow differs from other approaches
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using only a sequence of bang-bang arcs to approach the chattering control. In particular, our methodology
allows to apply the PMP on the approximated problem and to obtain that way qualitative properties of the
approximated control (like the value of the singular control for the approximated problem). Other applications
such as in [15] could be investigated in future works. As well, an interesting question could be to find out if
every control system involving a second order singular arc (typically, in our setting, when [g, [f, g]] is identically
zero) can be approximated by control systems with a first-order singular arc (for which this Lie bracket is non-
zero), and how to determine an approximated system. Additionally, convergence of the singular control (for
the approximated problem) to the singular control (for the second order singular arc) could also be addressed
in future works.

Declarations

Ethical Approval: not applicable.

Competing interests: not applicable.

Authors’ contributions: All authors contributed equally in this manuscript.

Funding: not applicable.

Availability of data and materials: not applicable.

Acknowledgments

We thank Anas Bouali and the Inria Biocore team for helpful discussions on the subject.

References

[1]

2]

T. BAYEN, O. CoTs, Tangency property and prior-saturation points in minimal time problems in the
plane, Acta Appl. Math., vol. 170, pp. 515-537, 2020.

T. BAYEN, P. GAJARDO, F. MAIRET, Optimal synthesis for the minimum time control problems of fed-
batch bioprocesses for growth functions with two mazxima, J. Optim. Theory Appl., vol. 158, 2, pp. 521-553,
2013.

B. BONNARD AND M. CHYBA, Singular trajectories and their role in control theory, Springer, SMAIT, vol.
40, 2002.

U. BoscAIN AND B. PiccoLi, Optimal syntheses for control systems on 2-D manifolds, vol. 43, Springer-
Verlag, Berlin, 2004.

A .BRESSAN AND B. PiccoLl, Introduction to the mathematical theory of control, Institute of Mathemat-
ical Sciences, 2007.

M. CAPONIGRO, R. GHEzzI, B. PiccoLi, E. TRELAT, Regularization of chattering phenomena via
bounded variation controls, IEEE Trans. Automat. Control, vol. 63, no 7, p. 2046-2060, 2018.

Y. CHITOUR, F. JEAN, E. TRELAT, Singular trajectories of control-affine systems, SIAM J. Control
Optim., vol. 47, 2, pp. 1078-1095, 2008.

L. CEesARl, Optimization-Theory and applications. Problems with ordinary differential equations,
Springer-Verlag, New-York, 1983.

F.H. CLARKE, Y.S. LEDYAEV, R.J. STERN, P.R. WOLENSKI, Nonsmooth analysis and control theory,
Springer-Verlag, New-York, 1998.

A.T. FULLER, Study of an optimum non-linear control system, J. Electronics Control, vol. 1, 15, pp.
63-71, 1963.

15



[11]

[12]

[13]

[14]

[15]

[16]

[20]

[21]
[22]

A.T. FULLER, Further study of an optimum non-linear control system, J. Electronics Control, vol. 1, 17,
pp- 283-300, 1964.

A.T. FULLER, Relay control systems optimized for various performance criteria, IFAC Proceedings Vol-
umes, vol. 1, 1, 1960, pp. 520-529.

N. Giordano, F. Mairet, J.-L. Gouzé, J. Geiselmann, H. De Jong, Dynamical allocation of cellular resources
as an optimal control problem: nowvel insights into microbial growth strategies, PLoS computational biology,
12(3), 1004802, 2016.

E. GRIGORIEVA, E. KHAILOV, Chattering and its approximation in control of psoriasis treatment, Dis-
crete Contin. Dyn. Syst. Ser. B, vol. 24, 5, pp. 2251-2280, 2019.

U. LEDZEWICZ AND H. SCHATTLER, Singular controls and chattering arcs in optimal control problems
arising in biomedicine, Control and Cybernetics, vol. 38, 4B, pp. 1501-1523, 2009.

F. MAIRET, T. BAYEN, The promise of dawn: microalgae photoacclimation as an optimal control problem
of resource allocation, J. Theoret. Biol., 515, 110597, 2021.

F. MAIRET, T. BAYEN, Parameter estimation for dynamic resource allocation in microorganisms: a
bi-level optimization problem, IFAC PapersOnLine, vol. 53, 2, pp. 16814-16819, 2020.

L.S. PONTRYAGIN, V.G. BOLTYANSKIY, R.V. GAMKRELIDZE, E.F. MISHCHENKO, Mathematical theory
of optimal processes, The Macmillan Company, 1964.

R. RoBIN, U. BoscaIN, M. SIGALOTTI, Chattering phenomenon in quantum optimal control, New
Journal of Physics, 2022, vol. 24, 12, pp. 123037.

E.P. RYAN, Singular optimal controls for second-order saturating systems, International Journal of Con-
trol, vol. 30, 4, pp. 549-564, 1979.

H. SCHATTLER, U. LEDZEWICZ, Geometric optimal control, Springer, New-York, 2012.

H. SCHATTLER, U. LEDZEWICZ, Optimal control for mathematical models of cancer therapies. An appli-
cation of geometric methods, Springer, 2015.

TeEAM COMMANDS, INRIA SacrLAy, BOCOP: an open source toolbox for optimal control,
http://bocop.org, 2017.

R. VINTER, Optimal Control, Vol. 2, No. 1, Birkh&auser, Boston, 2010.

A. YABO, J.-B. CAILLAU, J.-L. GouzE, H. DE JONG, F. MAIRET, Dynamical analysis and optimization
of a generalized resource allocation model of microbial growth, SIAM Journal on Applied Dynamical
Systems, vol. 21, 1, pp. 137-165, 2022.

I. YEGORoOV, F. MAIRET, J.-L. GOUZE, Optimal feedback strategies for bacterial growth with degradation,
recycling, and effect of temperature, Optimal Control Applications and Method, vol. 39, 2, pp. 1084-1109,
2018.

M. I. ZeLIKIN, V. F. BOrisov, Theory of chattering control, Systems & Control: Foundations & Appli-
cations, Birkh&user, 1994.

J. Znvu, E. TRELAT, M. CERF, Minimum time control of the rocket attitude reorientation associated with
orbit dynamics, SIAM J. Control Optim., vol. 54, 1, pp. 391-422, 2016.

J. Znu, E. TRELAT, M. CERF, Geometric optimal control and applications to aerospace, Pacific Journal
of Mathematics for Industry, vol. 9, 1, pp. 1-41, 2017.

16



