N

N

Stabilization of the chemostat system with mutations
and application to microbial production
T Bayen, J Coville, F Mairet

» To cite this version:

T Bayen, J Coville, F Mairet. Stabilization of the chemostat system with mutations and application
to microbial production. 2022. hal-03767646

HAL Id: hal-03767646
https://univ-avignon.hal.science/hal-03767646

Preprint submitted on 2 Sep 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://univ-avignon.hal.science/hal-03767646
https://hal.archives-ouvertes.fr

Stabilization of the chemostat system with mutations and

application to microbial production®

T. Bayen', J. Coville!, F. Mairet®
August 11, 2022

Abstract

In this paper, we consider the chemostat system with n > 1 species, one limiting substrate, and
mutations between species. Our objective is to globally stabilize the corresponding dynamical system
around a desired equilibrium point. Doing so, we introduce auzostat feedback controls which are controllers
allowing the regulation of the substrate concentration. We prove that such feedback controls globally
stabilize the resulting closed-loop system near the desired equilibrium point. This result is obtained by
combining the theory of asymptotically autonomous systems and an explicit computation of solutions to
the limit system. The performance of such controllers is illustrated on an optimal control problem of
Lagrange type which consists in maximizing the production of species over a given time period w.r.t. the
dilution rate chosen as control variable.

Keywords : Dynamical system, chemostat system, global stabilization, feedback control, optimal control,
Pontryagin maximum principle.

1 Introduction

The chemostat system describes the evolution in time of bacteria interacting with a resource, and it was
introduced simultaneously by Monod and Novick & Szilard in the fifties [31, 32, 33]. Such a dynamical system
is widely used for ecological purpose for analyzing the growth of micro-organisms in natural environments
(mountain lakes, lagoon, see, e.g., [43]). It also serves in biotechnology to describe processes such as anaerobic
digestion, waste water treatment, or engineering systems related to the production of molecules of industrial
interest [2, 16, 17].

An important part of the literature related to the chemostat model deals with the stabilization of the
corresponding dynamical system at a nominal point [17]. Such a questioning is of great interest, typically
for maximizing microbial growth at steady state in anaerobic digestion models [4, 37], but also to cope with
uncertainties (which is often encountered in bioprocesses) and delays on measurements [19, 27, 28, 29, 36].
The main objective of this paper is to study the stabilization of the chemostat system whenever mutations
for microorganisms are incorporated [3, 5, 6]. This means that, in addition to the classical equations of the
chemostat, each species is able to convert into neighbor ones. It is relevant whenever the number of species is
high in order to take into account evolution (see [1, 3, 25]). Such a phenomenon leading to a coupling term
between species may be related to transposable elements, gene transfer [12, 13], or mutations (among other
possible factors). In the sequel, we employ the wording “mutations” to describe the coupling between species
that is considered throughout this work. Note that the resulting system with mutations can be viewed as an
approximation of population dynamics models involving a phenotypic trait (see, e.g., [30]).

In order to stabilize the chemostat system with mutations near a desired equilibrium point, we introduce a
linear feedback control of the state that maintains constant the substrate concentration at a desired value. Such
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a regulating feedback is usually called an auzostat (see [5] and references herein). Our main result is Theorem
2.1 which asserts that the auxostat globally stabilizes (in the corresponding forward invariant domain) the
resulting closed-loop system at the corresponding steady state. The proof of this result combines the theory of
asymptotically autonomous systems (see [41]) and an explicit computation of solutions to the limit system (see
[35]) after proving the convergence of the substrate concentration to the desired value. The same convergence
result is also established replacing the preceding feedback by a non-linear variant of practical interest when one
has access to measurements of the global biological activity (e.g., biogas production or oxygen consumption,
depending on which process is considered). It is worth mentioning that Theorem 2.1 is proved with Monod
kinetics for the species because in that case, the Perron-Frobenius Theorem guarantees the uniqueness of a
steady-state apart the washout. When considering Haldane’s kinetics, it is well-known that stability properties
of the chemostat system are more involved since various stable equilibria exist [23, 40] (bistability for instance).
When mutations are present, the system with a constant dilution rate also exhibits several equilibria. For each
feedback control, we provide in this case a discussion about global stability of the resulting closed-loop system.
To conclude the exposition about stability properties of the chemostat system with mutations, we would like
to emphasize that global stability is an open question whenever the dilution rate is constant (except for small
enough values of the dilution rate [3] or in the case where kinetics are close to a nominal one [12]). Thus, it
is of great interest to consider feedback controls that globally stabilize the resulting closed-loop system.

The second issue addressed in this paper is concerned with analyzing the benefit of employing auxostat
controllers in a real-world microbial production problem (see, e.g., [20, 22] for related problems). Doing so, we
consider an optimal control problem which consists in maximizing w.r.t. the dilution rate (chosen as an open
loop control) the total production of species in a chemostat system with mutations over a time frame (see,
e.g., [6, 14, 15]). We start by giving properties of optimal controls that can be found using the Pontryagin
Maximum Principle (PMP), see [34]. We also inspect the Legendre-Clebsch condition which allows us to
obtain insights into the optimal synthesis and the turnpike structure of optimal controls [42]. Next, we turn
to the definition of auxostat controllers via the resolution of the static optimization problem that is naturally
associated to the optimal control problem under investigation. Its solution provides a nominal equilibrium
point allowing the startup of the feedback controls. We then compare for various time frames the value of
the cost function computed for the auxostat controls to the value function of the optimal control problem
(computed numerically via a direct solver bocop [8]). We observe that whenever the time period increases,
the gap between the value function and the cost function computed for the auxostat controls tends to be very
small. In contrast, when the dilution rate is fixed as an optimization parameter (maximizing the cost function
at steady-state), numerical simulations indicate that the approximation of the value function is less accurate.

The paper is structured as follows. In Section 2, we introduce the stabilization problem and we prove
Theorem 2.1 which is our main result. We end-up this section by relating the desired steady-state (defined
thanks to a given nominal value of the substrate) to the coexistence equilibrium when considering a constant
dilution rate (see [3]). We also discuss global stability properties when Haldane’s kinetics are considered in
place of Monod functions. In section 3, we introduce the optimal control problem related to the maximization of
species and we first derive properties on optimal controls using the PMP. Next, we compare the performance
of the auxostat controllers defined in Section 2 to the optimal solution computed numerically via a direct
method. We end up the paper with conclusions and perspectives (Section 4).

2 Stabilization via auxostat controllers

2.1 Statement of the problem and main result

Throughout this paper, we consider a chemostat system with n > 1 species, one limiting substrate, and
mutations between species (represented by a linear coupling). The resulting dynamical system can be written:

T, = pi(s)r; —uzx; +e(Mx);, 1<i<n,
n

§ == pi(s)a; +u(l—s), (2.1)

j=1

where x;, resp. s denotes the concentration of species i, resp. the substrate concentration, u is the dilution
rate (at this step, u is constant), p; : Ry — Ry is the growth function associated with species 4, M is the
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and the input substrate concentration s;, has been normalized to 1 (with regards to classical notation in the
literature, see, e.g., [23], this amounts to take s;, = 1 which is always possible from a mathematical point of
view). Note also that we assumed yield coefficients to be all equal (based on experimental studies (see, e.g.,

[33] and remarks about this point in [3]) and thus also normalized to 1. The positive number ¢ is called the
mutation parameter.

Remark 2.1. When ¢ = 0, we retrieve the classical chemostat system whose properties such as the competitive
exclusion principle can be found in [23, 40]. The mutation matriz M is related to the discretization of the
one-dimensional Laplace equation (Poisson problem) with Neumann boundary conditions [30]. A more general
mutation matriz could be considered in place of M as long as the equality E?Zl m; ; = 0 remains valid for
every 1 < i < n in order to ensure mass conservation. Here, we can see that for every 2 < i < n —1,
species i converts into 1 — 1 and i + 1 whereas for i = 1 and i = n, it converts into species 2 and n — 1. The
particular expression of the mutation matriz in the first and last row is required for mass conservation. If yield
coefficients are not equal, the study of (2.1) may be more involved since mass conservation will no longer hold
true. So we chose not to address this issue here.

In what follows (except in Sections 2.3 and 3.5), we suppose that for 1 < ¢ < n, u; is of Monod type, i.e.,

m;Ss
/J"L(S) = k'—T—S’
4

where parameters m;, k; are positive for all 1 < ¢ < n. Following [3], initial conditions for (2.1) are in the set
D := R} \{Og~} x (0,1],
that is forward invariant by (2.1). The next property can be easily obtained from [3, Property 2.2].

Property 2.1. Let v : RX R" xR — Ry, (t,z,5) — v(t,x,s) be a real-valued measurable function with
non-negative values, € > 0, and (2%, s%) € D. If there exists a global solution (z(-),s(-)) to (2.1) with u = v
such that (z(0),5(0)) = (2%, s%), then,

Vi>0,V1<i<n, z(t)>0. (2.3)

Our main aim in this work is to stabilize system (2.1) near a desired steady-state via an autonomous
feedback control of the state. Doing so, we consider (2.1) in which w is replaced by a function ¢ : R” xR — R,
(z,s) = ¢(z, s), which amounts to write:

T = pi(s)z; — p(x, 8)z; +e(Mzx);, 1<i<nmn,

n

. 24
§ == m(s)a + el (1 - ). (24)
j=1
Let us now introduce a feedback control ¢, as
1 < n
o () = o ij(a)xj, x € R™, (2.5)
j=1

where o € (0,1) is fixed. Such a linear control w.r.t. x is called auzostat [5]. This terminology is justified by
the following property : if we put ¢, in place of ¢ in (2.4), then, for every ¢y > 0, one has

s(to) =0 = s(t)=o0, Vt>to,

1 As usual, matrices are named using capital letters and coefficients are represented by lower case letters.
2i.e., defined over Ry



by uniqueness of solutions in Cauchy-Lipschitz’s Theorem. For practical interest in bioprocesses [26], it is also
relevant to introduce the feedback control v, given by

Yo(s,x) =

1 n

o Zuj(s)xj, (s,x) € (0,1] x R", (2.6)
j=1

where o € (0,1) is fixed. Its interest comes from the fact that v, is related to microbial growth in a bioreactor,

and one can have easily access to measurements of this quantity. Our main result about global stabilization

in this paper can be stated as follows.

Theorem 2.1. For every (g,0) € RY x (0,1), the system (2.4) in which ¢ = @, or ¢ = Vs has a unique
steady-state (z°¢,0) € D that is globally asymptotically stable in the set D.

As we will see in Section 2.2, the equilibrium point (z7¢,0) € D is defined as the unique solution to the
system

Dgx —ur+eMx=0 ; szJrs:l ;s =o0, (2.7)
j=1

where Dy € R™ " is the diagonal matrix D, := diag(p1(s), ..., pn(s)) and w is the Perron root of the quasi-

positive irreducible matrix3
A.s:=Ds+eM e R™",

(see, e.g., [3]). Note that the first equality in (2.7) defines the vector x as the Perron vector of A. , up to a
positive multiplicative constant, i.e., * = Ka. , for some x > 0 where a. , is the unitary Perron vector of A, ,.
The second equality in (2.7) allows to uniquely define the eigenvector vector = as x = %aag where k 1= a. , -1,

1:=(1,...,1) € R, and - denotes the standard inner product of R".

2.2 Proof of Theorem 2.1
To prove Theorem 2.1, we start by studying the asymptotic behavior of the total mass of the system

n
b= ij + s,
j=1

and of s(-) in the case where ¢ = ¢, in (2.4).

Lemma 2.1. Let (¢,0) € R x (0,1) and let (1%, s°) € D. Then, the unique solution of (2.4) associated with
the feedback control given by (2.5) starting from (x°,s°) at time t = 0 satisfies
lim b(t)=1 and lim s(¢) =o.

t—+oo t—+o0

Proof. From (2.4), b satisfies b = ¢, (2)(1 — b), therefore b(t) = 1 + (b(0) — 1)e~ Joes @) aT for all ¢ > 0. Let
us then consider the three following cases.

Case 1: b(0) = 1. Then, b(t) = 1 for every ¢ > 0 so that lim;_, o b(t) = 1.

Case 2: b(0) > 1. It follows that b > 1 and that b(:) decreases over R;. Thus there exists £ > 1 such that
limy_y 4o b(t) = £. We deduce that b and = are bounded over R, and so is . We suppose by contradiction
that £ > 1. By applying Barbalat’s Lemma (see [24]), one must have b(t) — 0 as t — +oo which implies
that ¢, (z(t)) — 0 as t — +oo. Hence, for every 1 < k < n, one has zj(t) — 0 as t — +oo. It follows that
s(t) — £ > 1 as ¢ — +oo which contradicts the fact that [0, 1] is invariant by the equation of § in (2.4) (see
Property 2.1).

Case 3: b(0) < 1. Similarly as in case 2, one has b < 1 and b(-) also increases over R, thus, there is £ € (0, 1]
such that lim;_, o b(t) = £. We again argue by contradiction supposing that ¢ < 1. By Barbalat’s Lemma,
one must have b(t) — 0 as t — 400, and similarly as previously, we deduce that ¢, (z(t)) — 0 as t — 400,

3Recall that given a quasi-positive irreducible matrix A € R™*™, the Perron-Frobenius Theorem ensures that the Perron root
of A denoted by A\(A) (its greatest eigenvalue) is simple and that the Perron vector  (the associated eigenvector) is with positive
coordinates. The fact that A. s is quasi-positive irreducible is standard (see, e.g., [3]).



hence, for every 1 < k < n, one must have zy(t) — 0 as t — +oo. This implies that s(t) — £ as t — 4oo0.
Observe now that one has

n

3500 = Y s e()es 0 - (300 0) (3 0.

Jj=1

Now, there is @ > 0 and ¢y > 0 such that for every ¢ > tg, one has p;(s(t)) > « for every 1 < ¢ < n and every

t >ty If we set 8 :=maxi<i<p l;i_(?v

ia’cj(t) > aixxt) —ﬁ(ixmf - a(iw) (1- gimm).

From the previous inequality, we deduce that 2?21 x; is necessarily increasing over some time interval [t(, +00)
where ¢, > to. This contradicts the fact that it converges to zero as t — +o00. Hence, one must have £ =1 as
was to be proved.

We now address the convergence of s(-). From (2.4) with ¢ = ¢, and using Property 2.1, one has for every
time ¢t > 0, (1) _, = _Z;L:1 pi(Dxj(t) < 0. We deduce that s(t) < 1 for every ¢t > 0. Now, the ODE*
satisfied by s can be equivalently written as follows:

we obtain for every ¢t > tq:

(0 = (1 s0) s [ 112 - U] - sopo - s) St @8

where for 1 < j < n,

15(Q)

¢ ¢ €(0,1). (2.9)

1
ai(t)i= [ F(slt) + €0~ s())dE and py(0) =
0
By a direct computation, we find that for ¢ € [0,1), one has

s (0 =)+ 15(6)
P](C) - (1 _ C)g .

Hence, there exists m > 0 such that for every ¢ € [0, 1), one has p’;(¢) > m for every ¢ € [0,1) implying that
for every t > 0, one has a;(t) > m.

Case 1: s(0) = 0. Then, s(t) = o for every time ¢ > 0 implying that s(t) — o as t — +o0.

Case 2: s(0) > o. In that case, s(-) decreases over R, thus it converges to some value § € [o,1). Without any
loss of generality, we can assume that s(0) < 1 (since s(-) decreases). Now, let n > 0. Because s(-) decreases
and Z;—;l zj(t) - 1— 35§ ast — +oo, we deduce that there exists ty > 0 such that for every ¢ > ¢, one has

s(t) <1—nand Z?:l x;(t) > 1§§. We obtain the inequality

st < M= (6 ),

for every t > tg, thus s(t) — o as t — 400 as was to be proved.
Case 3 s(0) < o. In that case, s(-) increases over Ry, thus it converges to some value § < ¢ (and we can
assume that § > 0). Similarly as in case 2, there is ¢y > 0 such that 2?21 z;(t) > 152 for every ¢t > t5. We
deduce that for t > tg, one has
m(l —35)(1 —
s> MU= o,

We conclude in the same way. O

The same properties as in Lemma 2.1 hold true with ¢ = 1, in (2.4). For sake of completeness, we give
details of the proof in that case because the closed loop system (2.4) with ¢ = 1), is not identical to (2.4) with
© = @, thus, the proof slightly differs.

4Ordinary Differential Equation.



Lemma 2.2. Let (¢,0) € R x (0,1) and let (2%, s°) € D. Then, the unique solution of (2.4) associated with
the feedback control given by (2.6) starting from (x°,s°) at time t = 0 satisfies
lim b(t)=1 and m s(t) =o.

li
t—+oo t——+oo

Proof. First, we check that
6:1/10(5578)(1_1)) and $ = —t,(z,s)(s — o), (2.10)

from which we deduce that b and s are monotone and bounded, so there exist £ := lim;_, ., b(t) and § :=
lim; s o0 s(t). In addition, we claim that § € (0,1). Indeed, if s(0) = o, the result is clear from Cauchy-
Lipschitz’s Theorem. If s(0) < o, resp. s(0) > o, then, s(-) is increasing, resp. decreasing, whence the result.
Case 1: b(0) = 1. It follows that b(t) = 1 for t > 0. If § # o, according to Barbalat’s Lemma in (2.10), we
obtain that 1, (2(t),s(t)) — 0 ast — +ooand 337, x;(t) — 0 as well. Using that b(t) = 1 = > 7_, x;(t)+s(t)
for ¢ > 0, we obtain that s(t) — 1 as ¢ — 400 which is a contradiction. Thus, § = o.

Case 2 : b(0) > 1. It follows that ¢ > 1. Suppose that ¢ > 1. Using Barbalat’s Lemma, we obtain
that ¢, (z(t),s(t)) — 0 as t — +oo and Z;.Lzl zj(t) - 0 as t = +oo. We deduce that s(t) — ¢ > 1 as
t = +oo in contradiction with 5 € (0,1). Hence, £ = 1. Going back to b = > 7_, x; + s, we obtain that
Z;'L:1 zj(t) > 1—5 >0 ast — 4oo. Again by Barbalat’s lemma, if § # o, then, one should have $(t) — 0
when ¢t — +o00 as well as ¥, ((t),s(t)) — 0 when t — +oo from which we deduce that Z?:l zj(t) = 0 as
t — 400 which is a contradiction. Hence, we obtain § = o.

Case 3 : b(0) < 1. In that case, suppose that £ < 1. Then, again, we obtain that ¢, (z(t),s(t)) — 0 as
t — +o00, thus z;(t) — 0 as t — 400 for every 1 <14 < n. Hence, the following expression

St = S i) ()1 > as0)]
J=1 J=1 j=1

is necessarily positive for ¢ large enough which contradicts the fact that 1, (x(t), s(t)) — 0 as t — +oo. This
concludes the proof. O

We now turn to the existence of steady-states for the closed loop system (2.4) with the feedback control
Po OF g
Proposition 2.1. For every (¢,0) € R% x(0,1) system (2.4) with ¢ = p, or ¢ = 1, has a unique steady-state
(x7%,0) € D defined by (2.7).
Proof. Fix (¢,0) € R} x(0,1) and let (z,s) € D be a steady-state of (2.4) with ¢ = ¢, and note that  # Ogn.
It follows that (z,s) is a solution to the system

n

Sats=1 5 > lo(s) = ps(o))a; =0, (2.11)
j=1

Jj=1

where p; is defined in (2.9). Since the kinetics are of Monod type, the second above equality implies that
s = 0. Now, in the case where ¢ = 1), a steady-state (z,s) € D of (2.4) with ¢ = ¢, necessarily verifies

Yajts=1 ; Zﬂj(s)mj[l— 1_8}:0, (2.12)
j=1 j=1

1—0

implying also that s = o (since in the set D, s # 0 and z # Ogn). It follows that a point (x,s) € D is a
steady-state of (2.4) with ¢ = ¢, or ¢ = ¥, if and only if

n
Acox =uzr and E zj+o=1,
Jj=1

where u = ¢, (x) or u = s (x,0). By the Perron-Frobenius Theorem, the matrix A, , has a unique positive
eigenvector ”° (the Perron eigenvector of A, ,) up to a positive multiplicative constant and thus w is nec-
essarily the Perron root associated with A, ,. Using that b = 1, we deduce that 7 € R™\{Og~} is unique.
We can conclude that for every € > 0 and every o € (0,1), system (2.4) with ¢ = ¢, or ¢ = 1, has a unique
steady-state (z7¢,0) in D and that A(A: ») = ¢ (27°) = Yo (27, 0). O



Remark 2.2. If the invariant domain D is replaced by the set R"\{Orn} x [0,1], then, (2.4) with ¢ = 1, has
another equilibrium point (x,s) such that x; = 1/n for all 1 <i <mn and s = 0. But we have seen in Lemma
2.2 that for every initial condition such that s(0) > 0, then, s(t) — o ast — +oo. So, convergence to this
equilibrium point occurs only if s(0) = 0 which is excluded by definition of D. We shall also see in Section
8 that s = 0 is not interesting from an application point of view because in that case, the cost function to be
maximized is minimal at s = 0 (see Proposition 3.2). That is why, we have excluded s =0 in the set D.

Our next aim is to establish a global convergence result for the system
= Dsx — p,(x)r +eMzx (2.13)

in the invariant and attractive set
n
Dy = {:r € RE\{Orn} ; ij =1- a}.
j=1

Lemma 2.3. For every (¢,0) € R% x (0,1) and for every 2° € D,, the unique solution to (2.13) such that
2(0) = 2° verifies

otAco g

Z?:l (etAE’U xo)] ’

0

2(t) = (1 — o) t>0. (2.14)

In addition, one has limy_, 4 z(t) = z7°.

Proof. The proof of the next Lemma is adapted from [35] taking into account the presence of mutations. For
1 <4 < n, the function ¢; := {7 verifies the ODE:

i = (1u:(0) = Y 15(0)a5) +<(Ma):. (2.15)

Let then r(-) denotes the unique solution to the (linear) Cauchy problem

{ 7 = Ao,
r(0) = q(0).
A direct computation shows that if we set z := ﬁ, then z satisfies (2.15). In addition, Z?:l r;(0) =

Z;‘L:1 %(?T) = 1 because 2° € D,. It follows that z(0) = 7(0) = ¢(0), hence, by uniqueness of a solution to a
Cauchy problem, we deduce that ¢(t) = z(¢t) for every t > 0. Since z = (1 — 0)g, we obtain (2.14).

Next, we prove the convergence of z(-) to z2¢. Doing so, let us denote by Ay > Ag--+ > A, the n
eigenvalues of A , (we omit hereafter the dependency w.r.t. € and o to simplify the exposition). Recall that
A1 is the Perron root of A, ,, hence the first inequality between A; and A, is strict by the Perron-Frobenius

Theorem. Let P € R™*" be the eigenvector matrix such that P~1A. ,P = H where H is the diagonal matrix

H = diag(A1, -+, A\n). The first column of P is a column vector that we denote by v and that is proportional
to 29, i.e., v = va®< for some v > 0. If we set y := P~ 1z, we obtain from (2.14)
tH
0
y(t) = (1 — o) —r & Y0 t>0.

D (Petfy(0));"

Hence, for every 1 < k < n, one has

Art 0
w0 sy
> =1 Dietity;(0)

where p; := Z?:l pij for 1 < j < n. It follows that for 2 < k < n, one has yx(t) — 0 as ¢ — 400 and for
k =1, we find that y;(t) — 125_1". Going back to z(-), we obtain that x(t) = y1(¢)v+o(1) as t — +oo implying
that

ye(t) = (1 — o)

n

l—o= ij(t) = y1(t) Y v +o(1) = y1(D)p1 + o(1) = y1 (v (1 — ) + o(1).

j=1

Consequently, y1 (t) — % as t — +o00. Since x = Py, we deduce that x(t) — ¥ = 17 as wanted. O



Proof of Theorem 2.1. Take an initial condition in D. System (2.4) with ¢ = ¢, can be written
&= Dypyx — po(v)x +eMuz,
whereas with ¢ = 1,, (2.4) becomes
&= Dy — o (z,s(t))x +eMa.

From Lemmas 2.1 and 2.2, one has s(t) — ¢ as t — 400, thus the two preceding systems are asymptotically
autonomous systems and the limit equation is (2.13) (since s(t) — o as t — 400 and the convergence of the
dynamics is also uniform in z). From Lemmas 2.1 and 2.2, one also has b(t) — 1 as t — +o0o. Now, every
solution to (2.4) is bounded and is such that its w-limit set is a subset of D, x {c}. We deduce from Lemma 2.3
and from the theory of asymptotically autonomous systems (see [41]) that z(t) converges to 27¢ as t — +oo,
which ends the proof. O

2.3 Comments and remarks about Theorem 2.1

We start by giving a relationship between steady-states of the closed-loop system (2.4) with (s, z) = ¢, ()
or p(s,x) = P, (s, ) and steady-states of (2.1) associated with a constant control u. For € > 0 and s € [0, 1],
set uc(e) := AN(Dy +eM) and ji(s) := max(p1(s), ..., in(s)). Remind from [3] that for every (e,u) € R} x RY.
such that u < u.(¢), system (2.1) has a unique locally asymptotically stable equilibrium point E. , € R"*!
that is called coexistence steady-state (since every species is present asymptotically).

Proposition 2.2. (i) Given (g,0) € RY. x (0,1) such that i(c) < (1) — 2, there is a unique uq € (0,uc(e))
such that the steady-state (x7°,0) defined by (2.7) verifies (x7°,0) = Ec y, .-

(ii) Conversely, given u € (0,uc(g)), there is a unique o := s=* € (0,1) such that E.,, = (7, 0).
Proof. Let us prove (i). Thanks to Theorem 2.1, the Perron root of A, , fulfills the equality

D iy k(o) (x7%); '

M) = 0o (27%) = o (0,27%) = =S 2oy
j=1 J

=1 (o) (@7%);

Thus, if we set Uy := ey
’ _7‘:1(93 €);

, we have

o < () < (1) 22 < A(Dy + M),

where the last inequality follows from [3, Proposition 3.2]. It follows that (z?¢, o) is a steady-state of (2.1)
with u = s, hence (z7°,0) = E.,, .. In order to show the uniqueness property, suppose that there is
u € (0,uc(e)) such that (z7°,0) = E. ,,. We then have u = A(A. ), hence u = u, . as was to be proved.

Conversely, given u € (0,u.(¢)), let us set o := s=* where s** is the unique solution to the equation
M Ds +eM) = u. Since Monod kinetics are increasing, the mapping s — A(Dy + €M) is increasing over [0, 1].
Because 0 < u < A(D1 +eM), we deduce that 0 < s*“ < 1. Finally, observe that the steady-state E, , is the
unique solution to the system

(Ds +eM)x =uzx ij—i—s:l u=XNDs+eM). (2.16)
j=1
By uniqueness of the solution to (2.7), we thus deduce the desired equality E; ,, = (z7¢,0). O

Thanks to the preceding proposition, instead of considering a nominal substrate concentration o € (0, 1)
(giving raise to the unique equilibrium given in Theorem 2.1), we can also pick up a dilution rate u € (0, u.(g))
defining a unique coexistence steady-state E. ,, and, next, we can apply an auxostat controller that globally
stabilizes the closed-loop system (2.4) around E. , (remind that it is still an open question if E, , is globally
asymptotically stable for (2.1)). We end-up this section by two remarks in the case where e = 0 and whenever
the kinetics is of Haldane type.



e For ¢ = 0, the techniques above still apply to globally stabilize (2.4) around a desired equilibrium
point for which only the dominant species survives. More precisely, let us given o € (0,1) such that
p1(o) > -+ > pp(o). From Lemmas 2.1 and 2.2, one has s(t) — o and b(t) — 1 as t = +o00. Now, in
contrast with Proposition 2.1, system (2.4) with € = 0 has n equilibria apart the washout. But, Lemma
2.3 still applies with € = 0 showing that lim; o 2(t) = (1 — 0,0,...,0) (which is also the limit of (2.1)
with u := ¢, (27¢) thanks to the competitive exclusion principle [23, 40]). The rest of the proof using the
theory of asymptotically autonomous systems remains unchanged. More generally, note that as long as
wi(o) # pi(o) for i # j, then, lim;_, y o z(t) = (0, ...,0,1 - 0,0, ...,0) where the only non-zero coordinate
corresponds to the unique iy € {1,....,n} such that fi(o) = p;, (o).

e In this remark, we highlight the interest of considering auxostat controllers in the case where kinetics
are of Haldane type (although hypotheses of Theorem 2.1 are no longer fulfilled in that case). Recall

that Haldane’s kinetics are given by
m;s

pi(s) :

kit s+

where all parameters are positive and 1 < ¢ < n. In contrast with Monod’s kinetics, u; is no longer
monotone (see Fig. 2). This implies that given (e,u) € R% x (0, u.(€)), the mapping s — A(Ds +eM)
is no longer strictly monotone, so, the equation \(D; + M) = u may have several solutions over [0, 1].
It follows that the coexistence equilibrium E. ,, may no longer be unique (apart the washout). But, one
can still consider (2.4) in closed-loop form with ¢ = 1,. Lemma 2.2 and Proposition 2.1 still hold true
in that case, so that Lemma 2.3 can be applied to prove that v, renders (2.4) globally asymptotically
stable. In contrast, when ¢ = ¢,, the corresponding closed-loop system may have several equilibria
apart the washout (the mapping p; is no longer monotone in (2.11)). Because y; is non-monotone, the
convergence of s(t) to o as t — 400 is no longer guaranteed (Lemma 2.1 no longer holds true). In
conclusion, both feedbacks may still be implemented in practice, however, in that case, only 1, globally
stabilizes the resulting closed-loop system at the desired steady-state point.

3 Optimization of microbial production

In this section, we study the problem of maximizing biomass production (i.e., the production of every species)
w.r.t. the dilution rate ¢ — wu(t). Remind that the dilution rate can be easily controlled from an application
point of view, so, it is commonly used as a control variable in bioprocesses. Our aim is to show the efficiency of
the feedback controls (2.5) and (2.6) in this context w.r.t. optimal strategies giving that way an alternative to
classical approaches using the PMP or numerical methods. Let 7" > 0 and let us consider the optimal control
problem of Lagrange type:

T n
max  Jp(u) ;:/0 u(t) Y a;(t)dt, (3.1)
j=1

u() € [07u1naz]

where (z(-), s(+)) is the unique solution to (2.1) starting at some fixed initial condition in D and associated with
a measurable function ¢ — u(t) with values within [0, Umqs] over [0, T]. Here tpmq, > 0 is fixed and represents
the maximal feed rate of the reactor that can always be chosen large enough from a practical point of view
(in particular, in such a way that singular arcs are always admissible, see, e.g., [7] in which saturation in the
chemostat occurs). Now, the existence of an optimal control of (3.1) is straightforward since the problem is
linear w.r.t. the entry uw. Our approach to study (3.1) is as follows.

e In Section 3.1, we apply the Pontryagin Maximum Principle on (3.1) which allows us to derive properties
on optimal controls.

e In Section 3.2, we study the Legendre-Clebsch condition along any singular arc. This enables us to
formulate a conjecture about the structure of optimal controls.

e In section 3.4, we describe an alternative approach for studying (3.1) based on Section 2 and the utiliza~
tion of feedback control laws.

e In Section 3.5, we provide numerical results about the comparison between the value function associated
with (3.1) (i.e., max,.) Jr(u)) and the value of Jr computed with the feedback controls ¢, and 1, .



3.1 Application of the Pontryagin Maximum Principle

In its present form, the most convenient way to derive necessary optimality conditions on optimal solutions
of (3.1) is to apply the PMP (see [34]). Since there are no terminal constraints on the state, the Hamiltonian
H = H(x, s, \,u) associated with (3.1) can be written in normal form as follows:

H = Z — Ang1) i (s) x]—I—eZ)\ Mz), +u[z :Ej—i—)\nﬂ(l—s)} (3.2)

Jj=1 Jj=1

where A € R™*! is the covector. Let (z,s,u) be an optimal triple of (3.1). According to the PMP, there is
an absolutely continuous function X : [0,7] — R"*! (the adjoint vector) such that the quadruple (z,s, A, u)
fulfills the following conditions:

e The adjoint vector satisfies the terminal condition A(T") = 0 together with the adjoint equation
A(t) = =V, JH(z(t),s(t), A\(t),u(t)) ae.tel0,T]
that can be equivalently written

/.\i = (/\n+1 — )\l),ul(s) — &‘(M)\)l + ’U,(>\Z — 1), 1<1<n,
At =200 A = A ()5 + udna,

e The optimal control u satisfies the Hamiltonian maximization condition:

u(t) € argmax 1H (2(t), s(t), A(t),v) ae.te[0,T].

VE[0,Umax

In order to make more explicit this condition, let us denote by ¢ the switching function

Qb Z ]. - 5))\71%»1‘

j=1
The Hamiltonian condition then implies that every optimal control u satisfies the following property

¢(t) >0 = u(t) = Umaz;

Pp(t) <0 = wu(t)=0, (3.3)

for almost every t € [0, T], except along (possible) singular arcs® Slt1,t5) Which are sub-arcs such that ¢ = 0 on
the corresponding time interval [t1, t5] (recall that (3.1) is affine w.r.t. the control). Next, we denote by B_,
resp. By a bang arc u = 0, resp. 4 = Umq,. Remind that a switching time t, is an instant such that the control
is non-constant in every neighborhood of ¢ = t,, so that we necessarily have ¢(t;) = 0. Before developing
further the analysis of singular arcs, we give the following property about optimal controls in a neighborhood
of the terminal time.

Property 3.1. For every initial condition in D and for every optimal control u of (3.1), there is n € (0,T)
such that

Vte [T —n,T), u(t) = tmaz- (3.4)
In addition, for every 1 < i < n, the function p; :== A1 — A\; 1s negative over [T —n,T).
Proof. Since A(T') = 0, we deduce that ¢(T") > 0 which implies (3.4). Now, using the adjoint equation, we
deduce that for 1 < i < n, p; satisfies the ODE:

= 37 W (s(8); (B)p; + (ult) — ms(s(t)pi + u(t) + (MA).. (3.5)
j=1

Thanks to the terminal condition, we obtain that for 1 < i < n, one has p;(T) = 0 and p;(t) = Umasz + 0(1)
when ¢t — T'. Hence, taking n small enough if necessary, we get that p; < 0 over [T'—n,T) for every 1 <i<mn
as wanted. O

Thanks to this property, every optimal trajectory ends up with a bang arc By. Thus, a maximum of
biomass is harvested at the end of the culture.

5We refer to [9, 10, 38] for more details about singular arcs.
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3.2 Optimality of singular arcs

In this section, we investigate the structure of optimal controls through the analysis of singular arcs. We would
like to know if an optimal control is rather of bang-bang type, or if it can contain a singular arc. To study
qualitative properties of singular arcs, we need to differentiate twice the switching function w.r.t. the time ¢
following geometric control theory for mono-input control-affine systems (see [9, 10, 38]). We find that ¢ and
(5‘“ are given by the following expressions (next, we omit the variable ¢ to simplify the notation):

o =30 (x4 (1= 8) X0 (A — Ay (s);,
O =21 =)0y w8z 4 (1= 8)2 30 (Angr — Al ()5,

over [0,T]. Recall from [9, 10, 38] that if a singular arc is optimal over a time interval [¢1, ¢5], then one must
have

¢(t) = d(t) =0 and ¢y, (t) >0,

for every t € [t1,ta]. The non-negativity of <5|u is known as the Legendre-Clebsch necessary optimality condition.
If one has é‘u > 0 over [t1, 2], we say that the strict Legendre-Clebsch condition is verified.

Proposition 3.1. Let u be an optimal control of (3.1) with e = 0. If u has a non-saturated® singular arc over
a time interval [t1,ta] and if p; < 0 over [t1,ts], the strict Legendre-Clebsch necessary optimality condition is
verified over [ty,ta].

Proof. In view of the expressions of i, one has uj < 0 for every 1 <4 < n. It follows that the second sum
in the expression of ¢, is positive. Since the first sum in the expression of ¢, is also positive, the result
follows. o

Remark 3.1. (i) Showing that p; < 0 along a singular arc is an open question that could be addressed using
the fact that (3.5) is cooperative (see [39]). This property is not straightforward : we only know that p; < 0
in some time interval [T —n, T] (Property 3.1). Establishing this property globally is more involved and out of
the scope of the paper.

(ii) Under the hypotheses of Proposition 3.1, only singular arcs of first order may occur. This means that the
corresponding singular control can be derived from the expression of ¢ since ¢|, > 0 as a feedback control of
the state and covector, see [9, 10, 38]). In particular, no chattering occurs.

(iil) From a numerical point of view, the Legendre-Clebsch condition can be used to confirm the optimality of
a singular arc once a candidate has been computed numerically (via a direct or an indirect shooting method).

Based on the preceding remarks and on numerical simulations (see Section 3.5), we posit the following
conjecture related to the structure of an optimal control.

Conjecture 3.1. Giwven T > 0 and (zg, sg) € D, an optimal control u of (3.1) is of turnpike type, i.e., it
consists of three arcs concatenaed as follows:

B:t - S[thtz] - B+.

The structure of the control given above is in line with the turnpike phenomenon [42]. This means that
an optimal control is everywhere almost stationary (i.e., the extremal (z, s, A\, u) is close to a stationary point
of the associated static optimization problem, see Section 3.3 and Fig. 4 and 5) except in a neighborhood of
t =0 and t = T. However, the optimal control problem under investigation is linear w.r.t. the entry, so, it is
not clear a priori how to apply the results of [42] in our setting. At time ¢ = 0, the bang arc By depends on
the initial condition and it is difficult to know in advance if one has u(t) = 0 or w(t) = Umas in a neighborhood
of t = 0. Nevertheless, the existence of a last bang arc B, is given by Property 3.1. In any case, providing
an optimal synthesis (i.e., the construction of an optimal control in feedback form) in a high dimensional
(non-linear) optimal control problem is in general non tractable. The theoretical properties obtained from the
PMP serve to have insights into the structure of an optimal control. The study of optimal controls can be
completed by a numerical study in two steps:

64.e., the associated singular control is with admissible values within 0 and wmqq over [t1,t2].
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e the optimal control problem is solved numerically by a direct method (like bocop, see [8]) which provides
a control u. (see Section 3.5 for the numerical results) ;

e the control u. serves to initialize an indirect shooting method (taking as parameters A(0), ¢; and t2) to
compute an optimal control u}.

Following this procedure, we would obtain that way a numerical approximation of an optimal control ¢ — u(t)in
open loop associated with some initial condition. Due to uncertainties in the process and measurements in the
reactor (biogas or concentration), it is desirable from an application point of view to synthesize an efficient
strategy in feedback form (also called sub-optimal strategy). This is what we do in what follows.

3.3 Static optimization problem

Our objective now is to implement the feedback controls ¢, and ¥, in (3.1) in order to compare the corre-
sponding value of the cost function to the value function associated with (3.1). Note that the controllers ¢,
and v, depend on a parameter o that needs to be determined. This parameter will be defined as the solu-
tion to the following (static) optimization problem associated with (3.1). Remind that system (2.7) uniquely
characterizes the coexistence steady-state. Hence, the static optimization problem associated with (3.1) can
be gathered into

n Az s = ux,
(u,Iarcl,%)}v(’c‘Q uz zj st | Do rts =1, (3.6)
J=1 AMAes) = u,
where Q := [0, Umaz] X R} x [0,1] (remind that A(A) denotes the greatest eigenvalue of a quasi-positive

irreducible matrix A € R™**™).

Proposition 3.2. The optimization problem (3.6) has a solution and it is equivalent to

MAL (1 — s). 3.7
Sggﬁ)( s)(1—=5) (3.7)

Proof. Clearly, (3.6) is equivalent to (3.7). Moreover, the existence is straightforward using the continuity of
s+ A(Aes)(1 — s) over [0,1] (see, e.g., [3]) and the fact that s — A(Ae s)(1 — s) is non-negative, vanishes at
s =0 (because in that case A(A: ) = A(M) =0) and at s = 1. O

Remark 3.2. Based on numerical simulations, we believe that the solution to (3.6) is unique in the case of
Monod kinetics for (2.4). Nevertheless, we have not detailed this issue here to avoid complicated computations
involving the second derivative of the Perron root .

On Fig. 1, we depict the mapping s — A(Aes)(1 — s) over [0, 1] verifying numerically the existence and
uniqueness of a maximizer of this function over [0, 1] for various values of the parameters defining the kinetics.

Figure 1: Plot of s — A(A:s)(1 — s) over [0,1] for e = 0 (left), e = 0.01 (middle), and € = 0.1 (right). The
number of species is n = 5 and kinetics are arbitrary Monod functions.
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3.4 Definition of sub-optimal strategies

We now furnish an alternative method to the PMP or numerical simulations via a direct or indirect method
for studying (3.1). First, we suppose that ., fulfills the inequality

Umaz > [L(l), (3~8)

in order to ensure the admissibility of the feedback controls (without saturation). As mentioned previously,
Umae can always be taken large enough from a practical point of view. The next property is related to the
admissibility of the feedback controls ¢ = ¢, and ¢ = ¥,

Property 3.2. Given (¢,0) € R} x (0,1), there is a time to > 0 such that for every solution to (2.4) with
© =@y or @ =1,, one has:

Yt > to, o(x(t)) < Umaz and Yy (z(t),s(t)) < Umas-

Proof. Consider a solution to (2.1) starting in D with u = ¢, (z) or u = ¥ (x,s). Theorem 2.1 implies that
when ¢t — +o00, one has ¢, (x(t)) = use and VY, (x(t), s(t)) as well. Now, uq e < fi(0) < (1) < Umaq and the
result follows. O

So, if the feedbacks are non
Next, given € € R} and T' € R’ , we propose the following sub-optimal strategy in feedback form:

e Step 1 : we compute o € (0,1) as a solution to (3.6) and we consider (2.1) with a single input u ;

*

e Step 2 : if the state x is an available output, we apply the feedback control (2.5) with ¢ = o}. If
microbial growth? is an available output, then we apply (2.6) with o = o*.

In the next section, we compare the optimal value of cost function to the cost function computed thanks to
the above strategy.

3.5 Numerical simulations
We have carried out numerical simulations of (3.1) with four strategies:

e the functional Jr is computed with the constant dilution rate u(t) = u? corresponding to the optimal
solution of the static problem ;

e the functional J7 is computed with the feedback control ¢, to regulate the substrate concentration at
the optimal value of the static problem ;

e the functional Jr is computed with the feedback control ¢+, with the same set-point ;

e the minimum of Jr si computed numerically with a direct solver bocop [8], using Lobatto ITIC discretiza-
tion method with 200 time steps.

In the simulations, we consider 10 species and their specific growth rates are taken of Monod type, as follows:

18

-, =
245’

wui(s) = 1,..,,10.

This represents a trade-off between substrate affinity and maximum growth rate (in line with [21]), so that
each species is the best for certain substrate concentrations (see Fig. 2). The other parameters are taken as
follows: & = 0.01, s;,, = 100 (in place of s;,, = 1 in (2.1)), and Umaz = 5.

Trajectories are represented in Fig. 3. With the two feedbacks, the substrate concentration rapidly reaches
its set-point, while this takes more time with the constant dilution rate. The optimal trajectory obtained
with bocop is very similar to the feedback trajectories: the substrate concentration rapidly reaches the static
optimal value oZ. The main difference is the Bang arc B at the end, in order to harvest all the biomass.

We also compare the performances of the four above strategies as a function of the time horizon T (see
Fig. 4), using the numerical optimal solution (obtained via bocop) as a reference. When the time horizon is

"Microbial growth and biogas activity in a continuous stirred tank reactor are quantities proportional to 2oy 1y (s()z; (t).
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Figure 2: Specific growth rates p;(-) over [0, s;,,] for the ten species used for our simulations. Fig. left: Monod
functions. Fig. right: Haldane functions.
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Figure 3: Trajectories with Monod growth functions using either a constant dilution rate u?, the feedbacks

o OT g, or the optimal trajectory obtained numerically with bocop.

short, the constant dilution rate strategy performs the worst, while the two feedback strategies are similar,
slightly under the optimal value of the cost function. When the time horizon becomes large enough, all the
strategies give almost the same performance. All the trajectories stay the majority of the time on the optimal
steady states, and the differences in the function appearing during the transients (¢ = 0 and ¢t = T') become
negligible.
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Figure 4: Comparison of the criteria between the different strategies, as a function of the time horizon. The
curves for the two feedbacks are overlapped.

Finally, we have also considered specific growth rates with Haldane type (see Fig. 2):

1-5
i+ 54070152

pi(s) =

i=1,..,10,

and for the other parameters, we have chosen ¢ = 0.01, s;, = 30 (in place of s;, = 1 in (2.1)), and Umae = 1.
The same four strategies are simulated and numerical results are depicted on fig. 5. When using a constant
dilution rate, we observe that washout occurs. Actually, when considering inhibition, it is well known that
the monospecies chemostat model presents bi-stability [18]. It appears that our system possesses a similar
behavior : if we start with a high value of the dilution rate and a high input substrate concentration, the
chemostat is washed out. On the other hand, the two feedback controls give accurate results with a production
(i.e., the value of Jr) close to the optimal one computed numerically via bocop.

4 Conclusion and perspectives

In this paper, we have introduced feedback auxostat controllers in the chemostat system with mutations
allowing the regulation of the substrate concentration at a desired value. The feedback control ¢, requires
measurements of the concentration of species x; whereas the feedback 1, can be used if one has access to
measurements of the microbial growth. We have proved that the resulting closed-loop system is globally
asymptotically stable around the desired steady-state of the system.

Next, we have considered an optimal control problem which consists in maximizing the production of all
species in the chemostat system over a given time interval. Thanks to the PMP, we have given qualitative
properties of optimal controls and singular arcs that confirm the turnpike structure of optimal controls obtained
numerically. Since this approach furnishes an open loop control for each initial condition, it may suffer from
lack of robustness in presence of uncertainties. So, we introduced sub-optimal strategies using the auxostat
controllers regulated at the optimal solution to the static optimization problem associated with (3.1). We
have seen that when the terminal time is large enough, these sub-optimal strategies provide an accurate
approximation of the optimal cost value whereas with a constant control, the approximation of the optimal
cost value is less accurate.

One main feature is that the proposed control strategies depend on the state only, so, once the static
optimization problem has been solved, they can be used in practice to face uncertainties under the condition
that one has access to one-line measurements of the state. Thanks to numerical simulations, we have also seen
that the feedback controls are also of interest in the case where the kinetics are of Haldane type (in that case,
global convergence results may no longer be guaranteed depending on the choice of the feedback control).

Future works related to the first part of the paper about the chemostat system with mutations could
investigate the study of global convergence of (2.4) in the case where the control u is constant (this question
remains difficult, see [3]) and in the more general case of Haldane’s kinetics for the species. Another perspective
could be to consider the case where yield coefficients are no longer equal to one (so that mass conservation is
no longer guaranteed) and with a more general mutation matrix M.
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Figure 5: Trajectories with Haldane growth functions using either a constant dilution rate u*, the feedbacks
o OT g, or the optimal trajectory obtained numerically with bocop

Concerning the second part of the paper about the study of the maximization of the production of species,
it could be interesting to refine our approach by incorporating two bang arcs (over [0,¢1] and [t2, 7] in line
with Pontryagin’s Principle) while keeping a stabilizing feedback control over [t1,ts] (or taking the constant
static optimal value of the control), and to optimize the cost function w.r.t. the switching instants (see, e.g.,

11)).
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