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Observer-based output feedback for an age-structured SIRD
model

Candy Sonveaux, Christophe Prieur, Gildas Besangon, Joseph J. Winkin

Abstract—An age-structured Susceptible-Infected-Recovered-Deceased
(SIRD) epidemic model is considered. The aim of this paper is to
design an observer-based output feedback control law, representing an
immunization process, typically vaccination, intended to decrease the
peak of infected individuals in the population. At first, well-posedness
and stability of the system in open-loop are investigated. Then, to obtain
the observer-based output feedback law, a state feedback law is designed
by using a normal form. Conditions to ensure stability are established.
However, due to physical constraints, this law needs to be adapted.
Therefore, a constrained state-feedback law is implemented. This law is
designed to fulfill the physical constraints while having good properties
(Lipschitz for instance), needed for the last part of the article. Finally, an
observer-based output feedback law is obtained using high-gain observer.
At each step of the design, convergence properties are obtained. Finally,
numerical simulations are performed.

Index Terms—dynamical analysis, epidemic control, nonlinear system,
observer-based output feedback, stability

I. INTRODUCTION

In order to face an epidemic, it is of major importance to un-
derstand the underlying dynamical processes. Once the dynamics of
an epidemic is understood, we may want to act on it. This can be
done by treating infected people or by enhancing immunity before
individuals are infected by the disease (typically by vaccination). In
the second approach, an interesting question that arises is “how to
implement an immunization strategy by taking into account the ages
of the individuals?”. This question is particularly important because
several factors in disease propagation are age-dependent, see [7] for
instance. This is the case for childhood diseases such as measles
(e.g. [31]), the AIDS epidemic (e.g. [11]) and also for cattle diseases
(e.g. [4]), where cattle management is influenced by the age of the
animals.

This paper aims to address this previous essential question. This
question has been tackled for instance in [11], in the context of the
AIDS epidemic, drawing conclusions based on HIV age profiles and
common sense. In the present work, a systematic strategy based
on control theory is developed. This methodology has been used
by various researchers (see [14] or [27] in the case of COVID-
19 pandemic) but not always applied to age-structured models with
output feedback.

To address this question, a model considering the age of individuals
is needed. The model that is used is an extension of the well-
known SIR (Susceptible-Infected-Recovered) model of [21], where
an additional category is added, the group D of dead individuals.
Moreover, the age is a key factor of this research. Therefore the
SIR model is adapted into an age-structured SIRD model. There
are two ways to describe age-dependent epidemic models, either by
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considering the age to be continuous (see for instance [17], [15],
[20] or [30]), or by discretizing it (as done for instance in [1]). In
this paper, the second option is used. Therefore each individual lays
in a given class of age and in a given state of health (susceptible,
infected, recovered or dead). Hence, the age represents the age of
an individual, contrary to the work in [32] for instance, where the
infection age is considered. The dynamics of the disease propagation
is described by a set of 4n nonlinear ordinary differential equations
(ODE), where n denotes the number of classes of age. The model
considered here can be seen as an age-discretized version of the
partial integro-differential equation model studied in [30], where the
aging effect is not considered, since it is not relevant for short-term
diseases.

In order to solve the question of interest, an immunization strategy,
modeled under the form of a feedback control approach can be
adopted. Some studies on the impact of some control policy for
fatal illness, using ODE models, were done (e.g. as in [5]). But
given that the precise full state of the system is typically unknown
in practice, output feedback strategies become necessary. This issue
has been explored concerning epidemic processes in [26], along with
an optimal control method. Here an alternative observer-based output
feedback control is presented with the purpose to decrease the peak
of infected people.

First, the designed control law is a linearizing feedback for the
model in normal-form that reduces the maximum number of infected
individuals. Conditions ensuring the non-negativity of the input are
established. Besides the fact that the latter is mandatory due to its
physical interpretation, it is shown that, for the case of one class of
age, such an input yields a lower peak of infected individuals with
respect to the zero-input case.

Then, due to feasibility constraints (limited number of actions
per unit of time), this work presents an amplitude limited feedback
for which asymptotic convergence is investigated. However, this law
cannot be designed in practice because it requires the knowledge
of the whole state. Therefore a high-gain observer is designed in
order to build an observer-based age-dependent output feedback law.
The analysis of the closed-loop system resulting from observer-based
feedback is based on a separation principle. It is shown that such a
design leads to performance recovery, namely pointwise attractivity.

The paper is organized as follows. In Section II, the age-structured
SIRD model studied in this paper is presented. The dynamical
analysis of the open-loop model is performed in Section III. Results
on boundedness of the states and on pointwise asymptotic stability
are obtained. Then, two state feedback laws are designed in Section
IV. The observer issue is then addressed in Section V , leading to an
observer-based output feedback law. Finally, numerical simulations
illustrating the analytical results are performed in Section VI on an
example inspired by literature results on COVID-19 and real data.

II. MODEL FORMULATION

In this section, the age-dependent SIRD epidemic model used in
the following is described. It is inspired by the papers [5] and [8],
but here an input representing an immunization process is added.

In SIRD models, the population is divided in four distinct classes:



the class S of susceptible individuals who can get the disease, the
class I of infected individuals who can transmit the disease; those
infected individuals can either recover from the disease and join the
group R of recovered individuals, or die and go to the D class of
dead individuals. The age of the individuals is taken into account by
considering classes of ages. In the following, n classes are considered.
Therefore, the dynamics of the disease propagation is given by a set
of 4n nonlinear ordinary differential equations

% (1) = =250 2, M'”T[j’(t) — b (1) Sk (1)
% (1) = ASk() ; Mk]TIj(t) — (Ve 4 v0,) I ()
% (t) =Rk (t) + il (t) Sk (t)

% (t) =01 (8),

M
where, for k = 1,...,n, the state variables Sk, Ix, Rx and Dy
denote the number of susceptible, infected, recovered and deceased
individuals in the kth class of age, respectively. Remark that, when
considering only one class of age, i.e n = 1, we recover the classical
SIRD model with no class of age. The sum terms correspond to
the fact that a susceptible individual in the kth class of age can be
infected when a contact occurs with an individual of any class of age.
Moreover, in those equations, the aging effect is not considered since
migration of individuals from a class of age k to the (k + 1)th class
of age is not taken into account. Therefore, this model is best suited
for short-term disease. In view of the equations, a closed population
is considered. This means that the total number of individuals in
the population (deceased individuals included) is constant. Indeed,
by summing the equations for a given k, it is obvious that ‘ifi\’;’“
is identically 0 where N, =

Sk + I + Ry + Dy is the total
number of individuals in the kth class of age. Hence IV is constant.
In this case, only 3n equations are needed because, by knowing
Ni = Sk(0) + Ix(0) + Rx(0) + Dr(0) and 3n appropriately
chosen state variables, the last n ones can be recovered. Moreover,
the model parameters Mj;€ [0, N;], vr, € [0,1] and vp, € [0, 1]
are age-dependent and represent the social contact (average contact
per unit of time from an individual of the kth class of age with
individuals of the jth class), the recovery rate and the death rate,
respectively. The parameter A denotes the transmission probability
of the disease. Those parameters need to be calibrated thanks to
parameters identification approaches. Concerning the coefficients
My, these can be derived through the use of the online tool Socrates
(Social contact rates) from [34], [35] where statistical surveys have
gathered data about the contact habits of the participants. Finally,
the function 6y (¢) is the input variable representing the rate of
action on susceptible individuals in the class of age k at time
t. The parameter pr € (0,1] represents the probability for the
immunization to work for the kth class of age. This immunization
can, for instance, be seen as an ideal vaccination. Indeed, it is used on
the susceptible individuals. So it is a preventive mechanism. However,
model (1) relies on the assumption that the immunization process
works perfectly: once immunized, an individual never catches the
disease. Improvements in this area require further study.

III. DYNAMICAL ANALYSIS

This section is devoted to the analysis of some properties of the
open-loop model. More precisely, the fact that the state variables are
non-negative and bounded is first underlined, showing consistency

with the physical meaning of the problem. Indeed, the states should
stay in the set

B = {(Sl...Sn,Il...In,Rl...Rn,Dl...Dn)T e R

0 < Sk < N, 0 < I < Ni,0 < R < Ni, 0 < Dy < Ny
fork=1,..,n}

Moreover, a proof of the pointwise attractivity of the equilibria of
the model in open-loop is also provided.

In the next proposition, the space Lig(R4) is introduced. It
describes the space of locally essentially bounded functions on R,
ie Lig(Ry) ={f: Ry — R where V compact subset K C R,
there exists a constant C'x such that |f(z)| < Ck almost
everywhere in K}.

Proposition 1: Let 6, € L. (Ry) such that for k = 1,...,n and
for all t > 0, 0x(t) > 0. Then the compact set B is positively
invariant for model (1).

The proof of this proposition is based on the concept of essential
non-negativity. Additional details can be found in [28]. This
proposition implies that the model is well-defined for dealing with
numbers of individuals. Moreover, notice that this proposition
applies to model (1) in closed-loop with non-negative feedback law
in L{2 (R™). This fact is used in Theorem 2. Moreover, notice that
this regularity condition on 60y, for k = 1, ..., n ensures the existence
of a unique global solution to the model (1), for all ¢ > 0 and
xo € B. This is a consequence of [22, Theorem 3.3].

Another result concerning pointwise attractivity of the equilibria in
open-loop can be obtained. A set X is called pointwise attractive if
every solution of the dynamical system converges to one equilibrium
of the set of equilibria, i.e. lim z(¢) exists in X. This is inspired
by the concept of pointwise st;boﬁity (see for instance [16, Definition
3.1]),but where the equilibrium points are not necessarily Lyapunov
stable. Indeed, this requirement is not relevant in the study of
epidemic models.

Proposition 2: For k = 1,...,n, let 6, € Li(R4) be a control
of feedback-type, 0i(t) = O (x(t)) where O : B — R is a locally
Lipschitz function such that for all v € B, ©(z) > 0. The set of
disease-free equilibria of model (1)

X*={reB:I;=0and 0,S, =0,k =1,...,n}

is  pointwise  attractive. In  particulay, any  trajectory
starting in B converges to a given equilibrium point
in this set, i.e for all initial conditions xo =
(51(0)...5,,(0), I1 (0)...I5,(0), R1(0)... Ry, (0), D1 (0)... Dy (0))T €
B, there exists a unique equilibrium x* € X* such that x(t) — x*,
as t tends to infinity, where x(t) is the solution of model (1) with

initial condition xg.

Proof. In what follows, z* € X denotes any equilibrium of model
(1) and the corresponding input is denoted by 6* = (67, ...,0;).
Therefore, it follows from the last ODE of (1) that I} equals 0
for k = 1,...,n. Moreover, the first and third equations imply to
solve the relation 0;S; = 0. Three cases can be considered, either
Sp€ (0, Ng] then 0 = 0 or S;, =0 and 65 # 0 or S}, = 6 = 0.
Furthermore, since there is no condition on the other variables and
since they may take any value in [0, Ni], it follows that there is an
infinity of possible equilibrium points (ST, ..., Sx,I7 =0,...,I}; =
0,RY,..., Ry, D7, ..., D}) corresponding to the disease-free case.

LaSalle’s theorem (see for instance [22, Theorem 4.4]) leads to the
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conclusion about the attractivity of the set X *. Indeed, considering
v = (Sl7 vy Sy Ihy ey Iny Ry oy Rn) such that (U, Dy, ..., Dn) S
B C R*" where B is a compact set which is positively invariant with
respect to nmodel (1) by Proposition 1, we can define the function

V(v) = Z (Sk + I + Rx) > 0. The time derivative of V' along

k=1
the trajectories of model (1) is given by

o\ ~~dSk | dl; | dRy
VI =2 T ta
k=1
=> =0, Ik (t)
k=1
<0

on B. Therefore, by LaSalle’s theorem, any solution starting in B
converges to the set X* as time goes to infinity. Moreover, since

%t(t) < 0 and Si(t) > O for all ¢ > 0, it follows that Sy(t)
converges to an equilibrium point Sj. The same applies to Ry (%)
that is increasing and upper bounded by N}, for all ¢ > 0. Therefore
it converges to an equilibrium point Rj. It follows that Dy = Ny —
Sk — Rk — I converges to D = Ni — S — Rj; Finally, we can
conclude the proof by combining LaSalle’s theorem and convergence
of bounded monotone functions which implies pointwise attractivity
of the set. t

IV. NON-NEGATIVE BOUNDED STATE FEEDBACK DESIGN

The aim of this section is to design a control law to decrease the
maximal total number of infected individuals in the population over
time. This will reduce the impact of the disease in terms of hospital
burden. The next proposition emphasizes that a control action can
help to decrease the peak of infected individuals in the population.
Then, two problems are solved in the following. The first one
aims to develop a control law to get the asymptotic convergence
of the state trajectories towards a disease free equilibrium with an
exponential rate of convergence of the infected individuals towards
zero. The other problem concerns the design of an amplitude limited
control where the amplitude constraint is set a priori, in view of
the maximum number of people who can get handled per unit of time.

Proposition 3: Consider two trajectories x(t) and T(t) of model
(1) with k=1 (hence the indices are not written), with the same initial
conditions x(0) = z(0) € B such that

1(0) = I(0) > 1, 2
N (yr +7p)
AM

The first trajectory z(-) is obtained without control, i.e. such that
6(t) = 0 for all t > 0, whereas the second one, T(-), is such that 3
0>0:

S(0) = 5(0) > = g 3)

O(t) >0 ¥t € [0,6] and 0(t) >0 Vit > 6.

Then, the maximum number of infected individuals, all ages consid-
ered subject to the input 0(t) is smaller than the one without input,
i.e
It I(t).
g 1) < eI

Proof. When only one class of age is considered, the dynamics
of the infected individuals are given by I(t) = (aS(t) —~)I(t)
and the dynamics for the susceptible are given by S(t) =
(—al(t) — p10(t)) S(t).

Thanks to (2) and (3), I(0) > 0. Therefore, the trajectories for

the infected individuals are initially increasing. Furthermore, the
functions I(t) and I(t) tend to O as time tends to infinity, by
Proposition 2. Hence, there exists time 7" and T where I(T") and
I(T') equals I(0) and I(0) respectively. Since the functions I(¢) and
I(t) are continuous on [0,77] and [0, 7], it follows that n}g};} I(t)
te[o,
and rrfa)g] I(t) are reached at times t,, and £, such that I(t.,) = 0
tefo,T
and j(fm) = 0and 0 < I(tm),[(fs) < Ni. This implies that
S(tm) = Stm) = §=1 Moreover, after t,, and %,,, the sus-
o

ceptible trajectories remain lower than 7 since they are decreasing.
o

It follows that I(¢) < 0 and f(f) < Oforalt>tmand t > i

respectlz/ely. This miplles thilt trerﬁ)%] I(t) = max I(t) =: Imax and
max_[(t) = max I(t) =: Imax
tefo, 7] t20
—aST — p16
Now, considering % = 2‘217_? (where the set

{(S,I): aSI — ~I = 0} is of Lebesgue measure zero) and integrat-
ing, one gets

§ o T G
/ asS 'de:7/ oJ-l—plG(I)dI
s 9 Io I

S Imax §
@ (S' - SO) —7In <§;> = -« (fmax - Io) — D1 / 79(11) dl,
I

0

where (0) = Z(0) is used and 6(I) := (t(I)), for t € [0, t,,,]. This
can be defined since I is an injective function (strictly increasing,

I(t) > 0) for all t < ty. It follows that

fIIlaX 0
_bh @d[, %)

Imax:_l‘FSO‘f'lln(L) +IO
« o a J, 1

0550
In the case where no input is considered, (4) still holds with ]
replaced by 0. Hence,

@ J,

because Imaz > To, O(I) > 0 for the first T and 0 < Iy < I < Ipax.
O

Remark that conditions (2) and (3) are trivially satisfied since
there are automatically met at the beginning of an epidemic.
Moreover, this proposition implies that in order to decrease the
maximum number of individuals in the whole population seen as a
single class of age, it is better to act than doing nothing.

The extension of Proposition 3 to the case of an arbitrary number of
classes of age is still an open question.

A. Unconstrained Feedback law

In this subsection, the model is put into normal form to implement
a control law that implies that the infected individuals for each class
of age are bounded by a decreasing exponential function, improving
the result obtained in Proposition 2, where only asymptotic stability is
proved, without additional information about the rate of convergence.

1) Feedback design:

In view of model (1) and the control objectives, only the first
2n equations are needed in the feedback design. Indeed, for
k = 1,..,n, the control of Ix(t) (and therefore Dy(t)) relies
only on the dynamics of Sy and Iy since the (Sk,Ix)-system
is in cascade with the (R, Dy)-system. Therefore, the 2n first



equations of model (1) are a nonlinear control affine system, written
in state-space form as

{20 = Ie@sE000 s
y() = h(z@®)

where @ (t) = [I1 (), ..., In (t), 51 (), ..., S (8)]" € R®", for all
t > 0 is the state space vector, h (x (t)) = [I1 (t) , ..., In (t)]" € R",

for any ¢ > 0 is the output to be controlled, which is chosen equal

to the infectious population and 6 (t) = [61 (¢),...,0. (t)]" € R",
for any ¢t > 0 is the input function. Moreover,
@)= (_ oo (5b)
—prdiag(Sk (t))k=1,...,n

where diag(ax)k=1,...,» denotes the diagonal matrix whose elements

are ai, ..., an,
Fl@®) = (fr (@) fon (z ()" (5¢)
where
fr (z (£)) = ASk (¢ Zc,w (vry +v0,) I (£), (6)
frtk ((t)) = —ASk (¢ chj @)
for k = 1, ..., n, where the notation C},; refers to * for readability.

. . J . .
In this case, the relative degree of the system equals the dimension
of the state space for any z € D C R*" where

D= {g,- ER™ st Sk #£0and Y Cy;l; # 0,k =1, n}
j=1
(3

Hence, we can introduce a nonlinear invertible (for x € D) coordinate
change

21k (1) = hi (2 () = Ik (¢)
2ok () = Lyhi (z (1)) = fr (z (1)) ©)

for k = 1,...,n. Notice that this change of variable is only invertible
for x € D. However, the aim of the control is to bring the number
of infected individuals to zero, which does not belong to D. Hence,
in Section IV-B, a constrained feedback law is implemented to take
this fact into account.

Thanks to this change of variable, the model dynamics in normal
form, in the neighborhood of any x € D is given by

d t
a®) L
dose (1) 10y
ol o D (@ (0) + Loy Lohe (2 () 00 (1)
for k =1,...,n, where
Lihy (x (1)) = ASk (t ch]f]

Z Cui1;

_(fyRk: +7Dk)fk( ())+)‘fn+k

Let A(z(t)) = diag <—Apk5k ZC;W > k=1,.
such that v (z (t)) =

T

v(z(t) = (v (z (t)) Un (w (t)))

—ab fi (x (t)) — ¥ I, (t), where of and of are some free param-
eters that will be tuned in order to get stability with exponential

convergence for the infected individuals. Moreover, b(x (t)) =
T
(b1 (z (1) bn (x (1)), where by (x (t)) = Ljhx (2 (t)).

This allows us to design a stabilising and linearising state feedback,
inspired by [19, Chapter 5].
The state feedback control law defined by

0(t)=A"" (z (1) (v(z (1) ~b(z(?)),

_ (v @®) = Lim (@ () v (@) — Liha (2 (1)
Lg, Lyhy (2 (t) "7 Lg,Lyhy (z(t)

(11)
for all z(t) € D, where A, b and v are defined above, applied on

system (5), induces the linear closed-loop dynamics given for k =
1,...,n, by

d t
Zlk:( ) — 2ok (t)
a2 a2
7 = —abz (t) — ok 21k ()
which can be written as
. _ Onxn Idn
0= ("5 1%)s0,
= Az ()
where z (t) := [z1, (£) - 21, (t) 22, (£) - - 22, (£)]".

Moreover, the infected individuals converge exponentially for
the closed-loop system under some appropriate conditions.

Theorem 1: Pick an initial condition xo € D, where D is given
by (8). Assume that the control tuning parameters satisfy oz.’; > 0 for
j=1L2and k=1,...,n
Then, as long as the closed-loop states with the state feedback (11)
remain in D, the infected populations Iy (t), for k = 1, ..., n, of model
(1), are bounded by a decreasing exponential function, i.e there exist
pr > 0 and Ci > 0 such that ¥ zo € D, x(t) € D and

Ii(t) < Crelp(0)e ** VWt >0and k=1,...,n

Moreover the susceptible, recovered and deceased populations con-
verge asymptotically to some constants S;,, R}, and Dj, respectively,
fork=1,...n

Proof. Since the closed-loop dynamics (12) is a system of decoupled
ODE’s it can be written as

Znew (t) - Aznew (t) 5
(13)
{ y(t) = Hzpew(t)
with zpew == (21, 22, 21, 72,) s A =blockdiag(Ay),
- 0 1
where A = (—a]f —0/2“) and H = (1 o1 --- 1 )

Therefore, A is stable if all its eigenvalues are in the open left
half-plane. However, the eigenvalues of A are those of the A’s
matrices. Since of and af are positive, the real parts of the
eigenvalues of Ay (hence of A) are negative. Then the control law
(11) exponentially stabilizes the model in normal form (10).

Therefore, znew (t) exponentially converges asymptotically to zero.
It follows that z1% (t) = Ii (t) converges to zero as time goes to
infinity for £ = 1, ...,n. Moreover, by the convergence of bounded
monotone functions, it follows that, for k = 1,...,n, Skx(t) — S;,
Ry (t) — Ry and Dy (t) — Dy, as times goes to infinity. O

Notice that the bound on Ix(t) allows to find the following

bound on Dy,

Dr < 70, Crlk(0)

i

)

T
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t
by using the fact that Dy(t) = / Yo, Ix(T)dT. Hence, by an

appropriate choice of the parameters of and of, it is possible to
make —2 small, which has for consequence to make Dj; small.

Furthefumkore, remark that the trajectory leaves D if there exists k
such that S, = 0 or I = 0. This event will occur asymptotically,
meaning that as time tends to infinity, it is inevitable that one of
these conditions will be satisfied. In those case, the state feedback
is not well defined. Therefore, an adapted feedback law, based on
(11), is introduced in Section I'V-B.

2) Non-negativity of the input:

Obviously a control law of vaccination type should be described by
a non-negative function. This in turn will ensure both a physical
meaning and the non-negativity of the state, as stated in Proposition
1. The following theorem provides sufficient conditions for the
non-negativity of the control law.

Theorem 2: Define

= e (YR, +7Dy) (14)
Forall k=1,...,n, select of and o such that
ar > (Y, +70y) (F + i)Mw) (15)
j=1
and
ab =R, + D, +F+iMkj. (16)

j=1
Then, as long as the closed-loop states with the state feedback (11)
remain in D, the set B is forward invariant for model (1) with input
(11), the input generated by the control law (11) is non-negative
andthe conclusions of Theorem 1 hold.

Proof. First, one can notice that Sy (¢) and I;(t) are non-negative
for all t > 0 and k = 1, ..., n. This follows a same reasoning as for
Proposition 1 (since the essential non-negativity of the functions f
is independent of the choice of Ok for those variables).

- L3 The
R Lg Ly hi
that 0, = —’Uk-‘rL?hk > 0since Ly, Lyhr = Lg, fr = prfn+r <0
for z € D. Notice that, for ease of readability, the dependence in ¢
or in z(t) is dropped in the following calculation. It remains to study
the sign of ék First observe that

Furthermore, to show that 6, = > 0itis enough to show

(YR, +7D0) fr + Mt chjfj

j=1

O = ASk Y Ciifj —
j=1
+ab fi + of I,

=Sk > Crifi + <F +> Mkj> + Mtk Y Cril
j=1 j=1 j=1
k
+ a1[k7

by the choice of condition (16). The definition of f,, 4 in (7) implies
that

n n n 2
Ok = ASk > Cijfj + fr (F + ZMkj> — A28 <Z ckj1j>
j=1 j=1 j=1

—+ alflk

n n n 2
j=1 j=1 j=1
+ (vBy, +7Dy) <F + Zng> I,

j=1

by the choice of condition (15). Using definition of fj, it follows
that

n n 2
Ok > ASK > Cijfj — XSk <Z ij1j>

j=1 j=1

(ASkZCk] (Yri + YD) k> (F + ZMM)
j=1
+ (Yry, + D) <F + ZMkJ> Iy,

j=1

> ASk <Z Crifi + (Z Ckﬂj) (F + ZMkJ>
j=1 j=1 Jj=1

) (Z ckj[j>2>
m)

> AS), <Z Chj ()\S > Cul -
= 1=1
n 2
j=1 j=1 j=1
thanks to the definition of f; in (6) and of I" in (14). Thus

Or > Sk, <Z Cr; (ASJ- ZCM>

j=1 1=1

o) (Ee) -+ (500) )

Cj (/\S- > cjlfl>

(i
() oge)
;

o) ).

since ij.lj S ijNj = Mkj. Finally,

Ok > ASk <Z Ci; (,\Sj > Cﬂll>

j=1 =1
-0 CuL Y Mkj) >0
j=1 j=1

since A < 1.
Moreover, since the feedback design parameters are positive, Theo-
rem 1 concludes the proof. |
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Fig. 1. Representation of the construction of the constrained feedback-law,
Osat k (33 )

B. Constrained Feedback law

In the previous section a stabilizing state feedback law has been
defined by

vn (2 (t)) — Lihn (z

0(t) = (”1 (z (t) = L3h (= (1)

Lg, Lyha (z (t) Lg, Lihn (z (t)

where Lg, Lrhg (z (t) = —prASk (£) Y CiiI; (t) . As predicted
j=1

in Theorem 1, Z Ci;1; (t) tends to 0 and the feedback blows up.

=1

Moreover, therejis no proof that the solution will remain in D, which
is an assumption needed to obtain the conclusion of Theorem 2. To
avoid this and to take into account design specifications, where an
amplitude constraint on the control, denoted by 0., is imposed
in practice, we define a new control law inspired by the previous
one but with saturation and insurance that x is in D when the
law (11) is used. This law will solve the second problem that
consists, as mentioned before, of designing an amplitude limited
control that improves performance with respect to the open-loop
system regarding the peak of total infected individuals (thanks
to Proposition 3, at least in the case of one class of age), while
maintaining asymptotic convergence.

Let us define a new state feedback law by
Osat, + [0, Ni]" T - R
where, with © = (Sk, I1...1,,),

(Qkék)(m)

0 otherwise (A area)

if S > Sy and Iy, > I, (B area)
Osaty (x) =

a7
where (qx0%)(x) denotes qx ()0 () and the area refers to the visual
representation, available in Figure 1. The functions 6} and g are
defined on I[Ska] 5 [0, Ni] -+ x [0, Nig] x [fk,Nk] % [0, Ni] x
-++x[0, Ni] and allow the new state feedback law (17) to have desired
properties, such as boundedness and Lipschitz properties, which are

proved in the sequel. They are given by
B Qk (.T) if gk («T) < esup
Ok (z) (18)

Osup otherwise,

(t)))T, !

Fig. 2. Representation of the control law Osqt,, (t)

where 6., correspond to an amplitude constraint on the control and

if Sy, > Sy and I, > I
(B area)

éarctam <I:k_[~k> if I, <
n I — I _

a(2) 756 — {k (Sk - gk) + I
Sk — Sk
and I < Iy (B3 area)

4
— arctan
s

otherwise (B3 area),

(55)
S — S
~ ~ (19)

where the constants S'k and I r are chosen larger than S'k and fk,
respectively. Moreover, Sy and I have to be selected appropriately
as shown below.
Note that this law is constructed following a similar approach to the
one introduced in [24], where the authors also propose a constrained
control law but to ensure the forward invariance of a safe set. This
safe set can represent the fact that the number of infected individuals
remains below a certain threshold. B
This new law is represented in Figure 2 for S =358=51=
2, I = 6. With this definition, fsq¢ . 1s globally bounded and Lipschitz
as a function of I; and Si. Those properties will be useful in the
design of the observer-based output feedback, developed in Section
V. Moreover, 8sq¢, has the advantage to be well defined even if «
does not belong to D anymore. Indeed, it is based on the “old” law
(11), denoted by 6, when there is the absolute certainty that = belongs
to D and is zero otherwise, as defined in (17). Some performance
properties of this law are shown in the sequel.

The first result states the asymptotic stability of the trajectories
for the closed-loop model under saturated feedback.

Proposition 4: Choose the control tuning parameters to satisfy
the assumptions of Theorem 2. Then, the saturated state feedback
(17) implies the pointwise attractivity of the disease-free equilibria
set of model (1). Moreover the susceptible, recovered and deceased
populations converge asymptotically to some constants Sy, R}, and
Dy, respectively, for k=1, ...,n.
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Proof. This proposition is a direct consequence of Proposition 2 since
the saturated state feedback (17) is, by construction, non-negative. [

The following lemma introduces an invariant set helpful to prove that
the constrained feedback law (17) has a finite number of “jumps” in
the definition (17) of @sq¢, . This implies that there exists a time T’
such that x(t) remains in the A area or in the B area, for ¢t > T

('VRk + 'VDk) I
A}jkuj

X [0, Ni] is forward invariant for model

Lemma 1: Let I, > 0 and Sk < . Then, the set

hé@x[mh}meﬂ
(1), for any non-negative input.

Proof. First, observe that the non-negativity of the states follows
from Proposition 1 since 0sq¢, is non-negative. The same propo-
sition implies that each state is bounded by Nx. Moreover, let
(Sk(t), Ix(t)) € [O, S'k} X [O, fk], for some ¢ > 0 arbitrarily fixed.
For, S, two cases can happen. Either there exists ¢1 such that
Sk(t1) = 0, in that case, Sk(t1) = 0. It follows that Si(t) = 0
for all ¢ > t; and remains in fO,S’k]. Either Sk (t) # 0 for all

dSk(t)

t > 0. It follows that < 0 since the input is non-negative.
Therefore, at the border, when Sy (t) =
the susceptible remains in the set |0, Sk

happens at the other border, when Iy, (t) = Iy and Si(t) < Sk(t).
Then,

S‘k, the state trajectories for
. Furthemore, focus on what

(e +v0,) Ik

Sk(t) S gk S n
A Zj:l M’W A Zj:l Cril;
=ASk(8) > Cijlj — (YR, +v0,) I <0
Jj=1
d[k(t)
<0.
=1 = 0

Therefore, we can conclude that the set [0, Sk] X [0, I, k] x [0, Ng] x
[0, Ni] is forward invariant. d

The next property ensures that the solution will end up in the
invariant set introduced in Lemma 1. Consequently, the control
law (17) cannot switch anymore, in finite time. In view of the
application, this guarantees that there exists a finite time after which
further immunization is unnecessary.

Property 1: Let I, and Sp be chosen as in Lemma 1 and let
xo € B. Then, there exists a finite time ¢,, such that Iy (tz,) = I
and V' t > tg, [x(t) < I.. Therefore, there is a finite number of
switches, m, for the function .., defined in (17), at times ¢; <
o <t < g

Proof. Let k = 1,...,n, and consider three cases. First, assume that
there exists 7' > 0 such that S;(T") = 0. In that case, S (t) = 0 for
all t > T since Sx(T) = 0, implying that Sy (t) = 0 < Sy for all
t > T'. Then, no more jump is possible thanks to the definition (17)
of esatk .
Second

AEZCM

the elements in the equation, this case is only possible if [ (7") =0
for all k = 1,...,n and if Osa¢, () = 0. Therefore, Ik(T) =0
implying that Iy (t) = 0 < I, for all ¢ > T. Then, no more jump is
possible thanks to the definition (17) of Osa¢, .

assume that there exists T > 0 such that

) + pBsat, (T') = 0. Thanks to the non-negativity of

I _
g Osaty, = O (@)
Xo
I Osat, = Qe ()0 (x)
ik = (0)
Sy S Sk

Fig. 3. Illustration of the finite number of jumps for the saturated control
law, esatk (t)

Finally, in the case where Si(t) # 0 and )\ZCM

Prbsat, (t) 0,k =1,...,n, ¢t > 0 then Si(t) is strlctly decreasing,
since the feedback 6sq¢, (t) is non-negative. Moreover, S;, has zero
as a lower bound therefore it converges to some equilibrium Sj.
Since Ij(t) tends to zero, thanks to Proposition 4, so the couple
(Sk(t), I(t)) tends to (Sx,0) when ¢ goes to infinity. By absurd,
assume that there exists an infinite number of switches. In this
case, there always exist time instants ¢ such that Ij(t) > I~k, for
the switches to occur. This contradicts the fact that the infected
individuals tend to zero. Remark that, in the case where the
equilibrium is such that Sj < Sy, illustrated in Figure 3, the strictly
decreasing property of Sy can be invoked to show that there exists a
finite time instant T where Sy, (T') = Sy. Afterwards, the control law
will remain switched off and the trajectory will enter the invariant
region [O, Sk] X [O, I k] since the infected individuals tend to 0. OJ
Finally, it can be shown that the constrained feedback law, as
defined in (17), is Lipschitz. This property is a crucial assumption
for the design of an observer-based output feedback, presented in
the next section.

Property 2: The function 654, is Lipschitz on its domain, bounded
and such that 0s.¢, (0) = 0.

Proof. This proof is quite computational. Therefore, only some
key elements are presented here. Some additional information is
available in the Appendix. Moreover, the reader can refer to Figure
1 to better understand the areas considered in each case.

Let 2z = (a?k,y1,~~~ S Yk, e 7yn)T and z;c =
(T yls - Yes o ye)T € [0,Ng]™™'. Three main cases

can be identified.
1) Assume that z, and z, are such that zz,z), < Sj
or ymyr < In (2 and 2z, € A). Hence,

|98atk (zk)
Lo > 0.

— Osaty (z1)] = 0 < Lollzi — 2 for all

2) Assume that zj and z;, are such that (xy,yx) and (x},y5) €
[S'k,Nk] X [fk,Nk] (zx and z;, € B). Therefore,

Osary. (21)] = [(ak0) (2r) — (qr0k) (21)]
< Lllzk — zkll,

|0saty, (21) =

with L > 0, the Lipschitz constant of g0 (see details in the
Appendix).



3) Assume that z and zj, are such that (zx,yx) € [S’k, Nk] X

[fk,Nk] and z}, < Sy or Y < I (zx € B and z;, € A).
Then,

0sats (21) = Osar, (24)] = (@ufe) (20)]
= (qrbk)(2k).
Three subcases can again be identified.
a) zy such that (xx,yx) € [S’k,Nk] X [fk,Nk] with x5 >

S‘k and yr > I:k (zr € B1). Hence,

|0$at;c (Zk) - gsatk (Z]/c)‘ = g_k(zk)
< Gsup
< Laflzk — 2l

where L1 = % with

d(A7 Bl) = inf

a€AbeEB,

since by definition, d(A, B1) < ||zx — 21 ||-
b) zr such that (x,yx) € [S’k,Nk] X [fk,Nk} with

lla —bl|,

Io— 1 N -

Yk < H (mk - Sk) + 1), and yi < I (21 € Ba).
Sk — Sk

Therefore,

-]
< — arctan < :k ~k> Osup
I — Iy
49511, 4
S = P~ (yk - Ik)
71'(]19 —]k)
=: La(yx — Ii)

since arctan is a Lipschitz function with constant 1. Now,
if yj, < Iy, then
Buate (21) = Buats, (24)] < La [ — v) + (v — T0)]
< La(yx — k)
< La|lzk — 2.

On the other hand, if yj, > Iy, that means that 2}, < S
and we have that

b — T
|0saty, (25) = Osary, (24)| < Lo =——

Sk — Sk
=:Ls [(Ik — ) + () — S’k)]
< La(xk — )

< Lal|z — 2.

(zx — Sk)

¢) zy such that (zx,yx) € [S'k,Nk] X [fk,Nk] with g, >
Iy — I

Sy — S : .
using similar reasoning as (b), it follows that

(mk — S‘k) + fk and zx < g‘k (zx € Bs). By

|0saty. (2k) — Osary, (20)] < Lallzk — 2.

Therefore, there exists K = max {Lo, L, L1, L2, L3, L4} > 0 such
that, for all zx and z}, € [0, Ni|" "

)

|Osat (2k) — Osary, (21)] < K2k — 22]l-

Moreover, 0sq¢, (0) = 0 by definition since 6.4, (0) corresponds to
the case where Sx = Ir = 0. The boundedness follows from the
saturation imposed in the definition of fsqas, . O

V. OBSERVER-BASED OUTPUT FEEDBACK DESIGN

The feedback considered in the previous section may need the
use of state variables which are not measured. Typically indeed, in
epidemics, one usually measures the number of dead individuals in
each class of age. Therefore, the goal of this section is to design
and analyze an observer-based output feedback law which is based
only on such measurements. The technique used in this work is
inspired by the separation principle introduced in [2] for multi-input
multi-output systems.

First, a change of variable is introduced to rewrite model (1)
as a chain of integrators. Furthermore, as mentioned previously, in
the case of epidemic, data on the dead individuals can be collected.
Therefore, in the following, we use model (1) where only the
equations of Sk, I, and Dj, are kept due to the constant population
assumption, with outputs given by yi(t) = Dik(t), k = 1,...,n.
Hence, the following change of variable is performed:

21k = Dk:

22k = YDy, Ik

Z3k = YDy {/\Sk ()Y CiiIi(t) — (yry, +vpy) Ik (t)} (20)
j=1

fork=1,...,n. ,
Letting z = (211 221 231 212 222 232 Z3n) . this
change of variables implies that z € Z where
Z ::{2 S Rgn 0 < 21 < Nk70 < zop < ’kaNk,

— (Yry, + Dy ) 22k < 238 21)

< Nk'YDk)\ZéijQj — (’}/R,C + ’ka) zor Vk =1, ...7’/7,}7

j=1
corresponds to the set B for the original variables. Remark that this
change of variable corresponds to the change of variable (9) intro-
duced previously, for z2 and z3x, kK = 1,...,n, up to multiplication

by the factor vyp, . Therefore, it is also invertible if Z Cy;l; # 0.
j=1
Indeed, the nominal coordinates can be obtained by

Dy = 21k,
I = =% 22)
VDy,
23k 22k
S — > + (YR, +Dy,) 2
k= VD = "Dk otherwise
)\ Z ékj 225
j=1
~ . Mo
where Ci; = Cri = by - and Sf is the equilibrium for the

. YD j
susceptible individuals in the kth class of age. Notice that this value

does not need to be computed since it is known that the state-feedback
is O in this case. In simulation, one does not need to compute the
output feedback in this case, it can just be set to 0.

One can notice that zo; = 0 for all j = 1,...,n is equivalent to the
fact that I; = 0 for all j = 1, ..., n. Therefore, it implies that z3; = 0
for all j =1, ...,n in view of the change of variable (20).
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Therefore, in the new variables, model (1) becomes

Z1,, (1) = 22k (t)
Zo, (1) = 23k (1)

O lf ZQj,Zgj :0 V]
7;31c (t) = {
hi (2(t), u(=(t)))

otherwise
(23a)
where
hie(2(t), u(2(t))) = (23k(t) + (YR, +VDy,) 22k (1))
N D Cryzas(t)
X (A" Cryza (1) — prun(2(t) + Zo———— = (v, + 70,
=1 D Cryzay(t)
j=1
+ (Yry, + 70, )* 22k (1)
(23b)
where u(z) = (u1(2), ..., un(2))" with,
Osaty, (2) if 2 € Z,
uk(z) =
0 otherwise

and fqt,, is obtained from the kth component of the given bounded
non-negative state feedback (17), combined with the change of
variables (22).
This control is introduced to be defined even if the observer states
leave Z.

Remark 1: Thanks to Property 2 and its definition, uy, is Lipschitz
and bounded. o

Moreover, it can be shown that the vector field of this system
is continuous. Indeed, in the proof of Lemma 2, it is shown that

n

E ij23j
Jj=1

n

E ijZQj
j=1

< K. The squeeze theorem completes the argumenta-

tion.
Model (23) rewrites as
{0 =420+ Bo.u0) o
y(t) =Hz(t)
with z(0) = zo, where z € Z C R3" is the state vector,
u=0(2(t)), (25)

such that w € U C R", is the control input (i.e. the exact state
feedback) and y € Y C R" is the measured output. The matrices

A, B and H are given by A = blockdiag|A, ..., Alsnxsn, B =

blockdiag[é, ...,B]3n><n and H = blockdiag[H, ..., H]nx3n, Where
0

0 1
A=1{0 o ,B=(© 0o )", A=( 0 0).
0 0

1
0

In order to establish the main result of this section, namely
Theorem 3, some additional properties are needed. They are stated
in the following lemmas. Then, the desired observer-based output
feedback will be obtained using the high-gain observer (28). For this
proof the uniform norm on R®" will be used.

Lemma 2: Let

U= {U = (U1, Un)T €R™: 0 < Upy < Gaup, k = 1, n}

The function ¢ : Z x U — R" is Lipschitz in its arguments on its
domain.

Proof. First, observe that Yk = 1, ..., n and Vz such that z2; # 0 and
z3; # 0 for some j € {1,...,n}, ¢r(z,u) is locally Lipschitz in z
and in u on the set Z, defined in (21), and U since ¢y, is of class ct
on{z € Z:z3; # 0 or z3; # 0 for some j € {1,...,n}} and on Y.
Moreover, for all zo = (zo,, 20, 0O - O)T,
¢1(z0,U) is Lipschitz in Z. This means that there exists M > 0
such that Vz, z0 € Z, |¢r (2, U) — ¢r(20,U)| < M|z — z0||. Indeed,
for z € Z such that z equals to zp, the result is trivial. In addition,
considering z # zo, it follows from the definition of ¢, that

|6 (2,U) = dr(20,U)| = |n(2,U)],
< | (z3k + (VR), + YDy, 22k) | Azékﬂzzﬂ + |px Uk |
=
Zéka?’j
=

+ ||+ (. +040)

n
E ijZQj
i=1

+ ('YRk + 'YDk)2 |Z2k|7

(26)

< 1+ (e +70,) 12 = 2|

> Criza,
=1
+ ||+ (re +00) | + (vm, +90,)% M2 — 20

n
E ijZQj
j=1

Hence, for all z € Z,

A Cujlzaj] + |peUi]

L j=1

¢k (2,u) = ¢r(20,u)| < (1+ (v, +704)) [I2 = 20l

n
E ijZ;;j
=1

X AZC"ICJ’YD] Nj + esup + ]717

E ijZQj
j=1

+ (YR, +70:)° 12 — 20

+ (’VR;C + ,ka)

j=1

27

The fraction term is smaller than a constant. Indeed,
n n
> Crjzs| Y Cuylasl
j=1 < =1
n - n
chjz2j Z Chjz2j
j=1 j=1
n n
>l {0,053 i -
=1 =1
= n
D> _ Oy
j=1
n n n
A Ciyyp, N Y Chilza | T Ciylaz)
j=1 1=1 j=1

< + —
> G,
j=1

n
E ijZQj
j=1

(VRJ‘ + 'YDJ') %25 (t)}’




using the fact that yr; +yp, < T for all j, where I is given as in
Theorem 2, and the fact that 0 < .S; < N for all j over the domain
of interest. Then,

Z":éka3j AZCWD N; Z Cjiza,
j=1

- 221#0
< — +T

E ijZQj
Jj=1

n
E ijZQj
j=1

n ~

nL C
:/\ch]"yDij Z . +T
— 295
= Z2z730 ZC’W ZZ
j=1
= — - S éjl
23w 3 -
j=1 =1
22170 Ck] 225
Ckl
Ckl 221
J#l
<K

where K = AZCk]fyD N; Z Jl

kl

Jj=1
becomes

|pr(2,U) — ¢r(z0,U)| < M|z — zo||
WhereM:(1+F) )\Zékj’yDJNj +95up+K+F +F2 > 0.

j=1
The following theorem states the main result of this section.

Theorem 3: Consider model (24) and the high-gain observer given
by

2(t) = A2(t) + Bo(2(t), u(2(t))) + Gy (t) —

with 2(0) = Zo, where G denotes the observer gain, defined by
G = blockdiag|G1, ..., Gn)3nxn where

G, = (ﬁ B @) ’

e €€ ¢
with the parameters ,Bf , 7 = 1,2,3 chosen such that the roots of
s3+ Bis? + Bis+ BL are in the open left-half plane, fori=1,....n
Then, there exists € such that, for every 0 < € < €*, the equilibrium
set Z* = {Z€Z: %2k =23, =0,k =1,....,n} of system (24)
under observer-based feedback is asymptotically stable and pointwise
attractive.

HZz(t)), (28)

Proof. For the analysis part, one can replace the observer dynamics
by the equivalent dynamics of the scaled estimation error:

C_ Fik — ik
nlk - 6372‘ )
fork=1,...n
It follows that 2 = Z — D(e)n where
T
n= (7711777217773177]12, te 7773n)
D(e) = blockdiag[D, ..., D]3nx3n

2

~ e 0 0
D=0 € O
0 0 1
The closed-loop system is then given by
{ Z(t) =Az(t)+ B¢>§5( ), u(z(t) = D(n () (5
en(t) = Aon+eBg(2(t),2(t) — D(e)n (1))
where
Ao = blockdiag[ ~()1 g oeny Aon]3n><3n
) -Bi 1.0
Ag;=1-p 0 1
—B3 0 0

and g (%,% — D(e)n) =
¢ (2,u(z — D(e)n)) — ¢ (2 — D(e)n, w(Z — D(e)n)) -

In the following, the notation x = (27, nT)T is introduced. The set

of equilibria of model (29) is given by

=: Z* X 0R3n.

LaSalle’s theorem implies the conclusion about the attractivity of the
set x*. Indeed, consider the function V : Z x R® — R such that for
all y € Z x R3,

n
> (N = z1) + 0" Py > 0,

k=1

Vix) =

where P = P7 is the positive definite solution of the Lyapunov
equation PAg + A§ P = —I. The time derivative of V' along the
trajectories of model (29) is given by

n

V(X) =Y —Zk+i Pn+n’ Pr
k=1
" 1 .
=Y~ + - (Ao + eBg(3,2 = D(om)" Pn
k=1
+n" P (Aon+ eBg(z, % — D(e)n))]
GO 1
= Z—sz + - [UT (A0TP+PA0) n
k=1 €
+2¢(Pn, Bg(2,%Z — D(en)))]
n ~ 1 s
<D Rkt [—[Inll* + 26| Pl | Bg(%, 2 — D(em)]]] ,

k=1

thanks to Cauchy-Schwarz inequality. Moreover, in view of Remark
1, Lemma 2 can be used to get the following inequalities:

n

: .1
V) <Y 2+ = [=lnll* + 2¢l[ Pyl M| D(e)n]]
k=1

SN -1
<30 st |2+ 2Pl MIDI] P

=1

1

)= 3AT
‘ [Pl
Moreover, one can notice that V(x) = 0 < Zax(= Z3) = 0 and
n = 0. Hence, by LaSalle’s theorem, any solution starting in Z x R*
converges to the set x*. Furthermore, in view of the dynamics of Z1
and the nonnegativity of Zoj, in Z, it follows that Z,, is increasing and
bounded, hence it converges to a point Z7;. Therefore, x converges
to a point in x*. The definition of x* concludes the proof.

for all 0 < € < € where €* is chosen such that €* D (€&

d
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VI. NUMERICAL SIMULATIONS

In this section, numerical simulations, illustrating Propositions 2
and 4 and Theorems 2 and 3, are presented. Those simulations consist
of academic examples where the parameters were chosen thoroughly
to be close to the reality of some given epidemic. The model is di-
vided in 6 classes of age, [0—29), [29—39), [39—49), [49—59), [59—
90), 90+, since real data are taken for the social contact matrix from
Socrates, an online tools from [35], [34]. For these simulations, data
about the first covid wave in France are chosen. Even though the
authors are aware that an SIRD model with no loss of immunity is not
the best choice to model COVID-19, parameters coming from a real
epidemic give a good illustrative example to the theory developped
here. The choice of the recovery rate and the death rate is motivated
by the work of [12], where, for the region of Provence-Alpes-Cote
d’Azur, those rates equal to 0.1722 and 0.0242 respectively. In the
following simulations, the parameters are taken with the same order
of magnitude but emphasize the fact that older people are more
difficult to heal and more likely to die from the disease. This leads
to the following choice, vz = (0.3 0.3 0.3 0.1 01 0.1)7,
vp = (0.001 0.01 0.01 0.04 0.05 0.15)T. The disease
transmission probability is given by A = 0.5. This means that
the probability to catch the disease is equal to 50%. Furthermore,
the immunization is assumed to work perfectly, so pr = 1 for
k = 1,...,n. Moreover, real data, coming from [18] are taken for
the distribution of the number of individuals by class of age, N,
k = 1,...,6 where we focus on the Vaucluse department (84).
Concerning the initial conditions, it is assumed there are only a few
infected individuals in some classes of the population at the beginning
of the disease: Ip = (0 0 20 30 O 0) and that there is no
recovered people and deceased people yet, since it is the start of the
epidemic. Hence, the first susceptible individuals are computed using
the following relation: S (0) = N — I;(0). Finally, the simulation
is stopped when some convergence criterion is satisfied. In this case,
it corresponds to the time when there remains less than one infected
individuals in the whole population.

A. Open-loop case

This part is dedicated to the numerical simulation in the open-
loop case. Figures 4 and 5 show the dynamics of the infected and
susceptible individuals, respectively, without control. In Figure 4,
the convergence of the infected individuals to zero is shown. It
happens after 240 days. This means that, according to the chosen
SIRD model, this hypothetical epidemic will disappear after 240
days as there are no longer any infected individuals. Moreover, the
higher number of infected individuals appears in the first class of
age, despite the fact that there are no infected individuals in this
class of age at the beginning of the disease. This is probably due to
the high contact rate of this class of age and the higher number of
individuals in this class. To avoid hospital burden, the objective is to
minimize this number, accounting for all age groups. This justifies
the introduction of a feedback law, which will be further discussed
in the following subsections. Moreover, We can observe on Figure
5, that the susceptible individuals also tend to an equilibrium, which
differs for each class of age as predicted by Proposition 2.

B. Unsaturated state feedback

In view of Figure 4, one can wish to obtain disease eradication
faster and with less infected individuals in the population. This can
be done with the state feedback law (11) that implies exponential
convergence to zero of the infected individuals. This law was im-
plemented satisfying parameter conditions mentioned in Theorem 2,
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Fig. 4. Dynamics of the proportion of infected individuals without control
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Fig. 5. Dynamics of the proportion of susceptible individuals without control

with of = (Yr, +7D,) <max('ypk +R,) + Z Mkj) +0.1 and

j=1

n
b = VR, + D, +maz(yp, +r,) + Y M.

j=1
Figure 6 shows that the convergence of injdividuals to zero is much
faster than without control. This occurs in 25 days compared to 240
days in absence of control. Moreover, the peak of infected individuals
is much lower. By focusing on the first class of age, the proportion
of infected individuals is at most 0.266 x 10~* much smaller than
0.0341 in Figure 4. Remark that this phenomenon of reduction is
also seen for the dead individuals, as it can be expected. Indeed,
in simulation, whose graphs are not presented here, a proportion of
0.018 deceased individuals is obtained in the open-loop case, for
the first class of age, but only 9.85 x 10™® when the control law
is applied. Finally, the dynamics of the control law, not represented
here, tends quickly to infinity as expected and will not be applicable
in practice. Thus, the state feedback law (11) enables fast disease
eradication but is not implementable.

C. Amplitude constrained control

To ensure a feasible control law, the state feedback is saturated
and is given by (17). The upper bound is fixed to 0.017 to ensure
a physical meaning, as shown in Figure 7. This value has been
determined through trial and error to achieve a vaccination rate of
0.75% of the population per day, serving as a threshold. This is
depicted in Figure 8 illustrating that under the assumption that this
maximum is satisfied, the proposed control law can be practically
implemented. Moreover, the switch in the control law Osq¢, (t) is
chosen to satisfy Lemma 1 where I}, is arbitrarily set to 20 for all
k and the equality is taken to choose Si. Under this feedback, the
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convergence of the infected individuals to O is no longer exponential
as it can be observed in Figure 9. We have disease eradication
with a smaller peak of infected individuals than in the open-loop
case, a proportion of 0.0015 instead of 0.0759. The same holds
for the dead individuals (not represented here), a proportion of
0.0015 is observed with the feedback instead of 0.0891 in open-
loop. Moreover, it is interesting to observe on Figure 7 that the law
is highly age-dependent. It recommends to focus effort on the class
of age [0 —29), [59 — 90) and a bit on [49 — 59), and it is also
time dependent. At first, it suggests to begin by the age between 49
and 59. Moreover, this example illustrates the fact that the control
can be switched on and off a finite number of time. For instance,
if we focus on the class of age [49 — 59), control is needed, then
the proportion of infected individuals goes below the threshold, so
the control is stopped for this class of age. Then, the proportion
goes above the threshold and the control needs to be reactivate
for this class of age between days 28 and 33. Moreover, since
the input 6., is a state feedback, it is mandatory to design an
observer-based output feedback, which could be used in practice.
Theorem 3 shows that this law can be implemented thanks to an
observer-based output feedback and recovers the performance of
Osat,, in the sense of Proposition 2. This is illustrated in Figure
10, where the initial conditions for the estimated states are given by
Io = (100 100 100 100 100 100) and Sko = Nk — Ixo.
One can observe that the estimated closed-loop trajectory of the
infected individuals converges to the disease-free equilibrium. In this
case, the peak of infected individuals is a little bit greater than in
the case with state-feedback control law, a maximal total proportion
of 0.0016 infected individuals instead of 0.0015. However, it is
still lower than in the open-loop case, which has a maximal total

0.8

0.7
06
05
04
03l
02

01f

Fig. 8. Percentage of vaccinated people per day
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Fig. 9. Dynamics of the proportion of infected individuals with constrained
state feedback

proportion of 0.0759 infected individuals. Hence, relying solely on
data concerning deceased individuals, an age-dependent vaccination
policy is implemented. This policy looks like the state feedback law
introduced in Figure 7, although it is not explicitly depicted. As for
Figure 7, its interpretation offers a comprehensive insight into which
age groups to prioritize for vaccination, aiming to minimize the peak
of infected individuals within the population.

VII. CONCLUSION AND PERSPECTIVES

The dynamical analysis of an age-structured SIRD model was
performed and results about pointwise asymptotic stability were
obtained. In order to improve disease eradication in the sense of
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Fig. 10. Dynamics of the proportion of infected individuals with observer-
based output feedback, for e = 0.01
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decreasing the peak of infected individuals in the population, a state
feedback law was designed and exponential convergence properties
were obtained. However, since this law was not implementable in
practice, a saturated sate-feedback law was designed and shown to
decrease the peak of infected individuals. However, state feedback
cannot be used in practice, therefore an observer-based output
feedback law was obtained.

Some complementary research will still be relevant. For instance,
since there exists an infinity of state feedback gains, one can try to
find those parameters under some given conditions. For instance, find
the parameters that minimize the number of dead people instead of
just focusing on the infected individuals, as it is done in this paper.
It would also be interesting to find a feedback that satisfies some
constraints on the state given a priori. One can cite the problem of
finding a feedback that prevents the maximum number of infected
individuals to be larger than a factor of the hospital beds capacity.
In addition, while the strategy under consideration is assumed to
confer long-term immunity, it is important to acknowledge that
boosters may be necessary in certain cases to sustain immunity
over time. This scenario could be explored by permitting recovered
individuals to transition back to the susceptible compartment,
resulting in a modified model known as SIRDS. Moreover, it could
be very interesting to perform the numerical simulation on real
data that fits the SIRD model developed in this work. Therefore, a
parameter identification approach needs to be implemented in order
to find the appropriate model parameters to represent a relevant
epidemic. Considering the necessity of using real data, it is crucial
to note that the measurements are sampled. Therefore, it would be
interesting to extend Section V to the case of sampled-data high-gain
observers. The article [6] could offer valuable insights to address this
question. Moreover, modifications of model (1) could be studied.
Those modifications can occur by adding other compartments to
the model such as the compartment £ of exposed individuals for
instance. It could also be interesting to incorporate the aging effect
in the dynamics to focus on long-term diseases. Finally, it could be
interesting to compare the results obtained in this paper to some
obtained with different control strategy.

APPENDIX
LIPSCHITZ PROPERTY OF THE SATURATED FEEDBACK

This section is dedicated to the proof of intermediate tools useful
for the proof of the Lipschitz property of the constrained feedback
(17). The areas mentioned in the proof refer to Figure 1.

Lemma 3: The function qi : Dom(qx) = [Sk,Nk} x [0, Ni] x

% [0, Ni] % ik,Nk] % [0, Ni] - - % [0, Ni;] — R, defined by
(19) is Lipschitz.

Proof. Let Zk = ($k’y17v-- s Yky 7yn)T and lec =
(Th, Yl Y Yn)T € Dom(qy). Several situations can be
identified.

« Assume that zj, and z}, are such that xy, z}, > Sk and y, yj, >
I (21, and z;, € B1). Therefore,

gk (z1) — qr(2)| = |1 — 1] = 0 < Ci ||z — 2|

for all C; > 0.

o Assume that z and zj, are such that yi,y, < I:k, ye <
I — I - - In -1 - -
St (mk *Sk) +I and yj, < 5 ( Q*Sk) + I

Sk —Sk Sk _Sk

(zx and z;, € Ba). Therefore,

4 —1I
|ar(zx) — qr(z1,)| = = |arctan (Zik f“)
g Iy — I
'
—arctan (y;k ~k>'
& — Ik
<2 (‘Z’“?) - (%lk{k)‘
TN, — I, I — Iy,
! lyk — Ykl
= "7z NIYk — Uk
w(frlk)
< Collzk — 2kl

using the fact that arctan is a Lipschitz function with Lipschitz

™ (ik — ik)
Assume that z; and 2}, are such that Tp, ) < Sk, Yk >
I, —1 . . I, — I . .
% (mk — Sk) + I, and y;, > H (:c}C - Sk) + I
Sk — Sk Sk —
(2 and z;, € B3). By a similar reasoning as the previous case,
it follows that

constant 1, and taking C2> equals

gk (z) — qr(z1)| < Csllze — 2k,

. 4

with 03 ==
s (Sk — Sk)

Assume that 2, and zj, are such that z, > Sk, yx > I, yi < I
I — I ~ -

and yfc < :kijc (m}c — Sk> + Ix (zx € By and Z;C € B»).
Sk — Sk

Therefore,

|gk(21) — qr(21)] =

4 w1
1 — — arctan ?ikif
& Iy, — Iy,

4 4 w1
‘ arctan (1) — — arctan <ka f“) ‘
™ ™

_4 1_<y—1)‘
& Iy — Iy
_ 4 f ’ . ’ 7
=—F—~ (k_yk) since yj, < I,
W(Ik—fk)

=Cs (yk—y;c'f‘jk—yk)
< Cq (yk — y;c) since yr > fk,
< Oallzk — zill,

« Assume that z; and zj, are such that xx > Sk, yr > Ii, 2}, <

Iy — Iy
. Sk — Sk . .
A similar reasoning as the previous one gives

§k and y; > (.’[;c — S’k> +I~k (z1 € By and Z;C € Bs).

|k (2x) — qr ()| < Callzi — zi|l.

Assume that 2z, and 2, are such that yr < I, and

I — 1 ~ = =
Yo < H(wk—sk) + I, x, < Sk and y, >
. Sk— Sk
In—1 ~ -
H(Z’;*Sk)+1k (21 € B2 and z;, € Bs).
Sk — Sk

4 .y
lak(z6) — qr(21)| = — |arctan <?€I~k>
kE — 1k




, ~

— arctan (M)‘
Sk — Sk

T\ — I Sk — Sk

Introduce the new variables I, = I:k — Iy and Sy = g'k — S

<

. -1 S
and consider two cases. If 25— % < mkg k

, it follows that,

)

k

I
4z -5 iy
lak (z) — qr(z1)| - ( k ko Yo — Lk

Sk I

<Al _pk
T Iy Iy
=Cs (y;c - yk)

< Collzk — zill,

T, ~ _ = _
where the fact that y;, > g—k (ac;€ — S — S’k) + I — I &
Ui I _#-§ )

k Tk E— 2k \yas used.
Iy Sk ~
.y r_ G
Moreover, if Ye — ‘k > Tk ~ Sk, it follows that,
Iy Sk

4 (yx — fk Ty — ék
- Dl <= _ Rk Tk
}Qk(zk) Qk(zk)‘ =7 ( i S, >
<é ijgk_wkjék
oo Sk Sk [1]
< Csllzk — 2k, 2]

where the fact that y, < é—k (mk — §k — S'k) + fk - I & [3]
- k

l'k—Sk

Sk

ye — I
I
Finally,

was used.

lar (z6) — ar(21)| < Cllze — 21,

[4]
WithCImaX{C1,Cz,Cg}>0. O
Lemma 4: The function 0y : Dom(0y) = [S’;w Nk] x [0, Ng] x5
% [0, Ni] % fk,Nk] % [0, Ni] x -+ x [0, Ni] — R, defined by
(18) is Lipschitz. [6]
Proof. Let z;, and 2z}, € Dom(0y). As for the previous proof, several
situations can be identified. [7]
o Assume that z;, and zj, are such that 0y (21 ), 0k (2},) < Osup, it
follows that
_ _ [8]
|0k (2k) — O (2k)| = [0k (2) — Ok(21)| < K|z — 2l
since 0y, defined by (11), is Lipschitz on Dom(0y). [9]
o Assume that zj and z;, are such that 0k (2x),0k(2}) < Osup,
then [10]
|0k (21) = Ok (2k)| = [Osup — Osup| = 0 < Koz — 2], -
for all K2 > 0.
o Assume that z; and zj, are such that Ox(zr) < Osup and 121

0k (2},) > Osup. Hence,

|0k (2x) = Or(21)| = 10k (21) — Osup
= Osup — Ok (21) since Ok (2k) < Osup,

[13]

with K = max {K1, K2 }.

< O (Z;,C) — 0 (Zk) since Oy (Z;,C) < Hsup
< Killzk — 2|

where K is the Lipschitz constant of 0.

Thus, for all z and zj, € Dom(0%),

|6k (21) — Ok (21)| < K|z — 2k,
O

Proposition 5: The function qx0x : Dom(qr0) = [S’k,Nk] X

[0, Ni] -+~ x [0, Ni] fk,Nk] % [0, Nie] x -+ x [0, Ni] — R is
Lipschitz, with Lipschitz constant L > Q.
Proof. Let z;, and z, € Dom(qx0r),

| (a0) (21) = (@) (1) | < law (2) (O (21) = Ox (1))

+ 0k (k) (ar (21) = an (1))
< |0k (2) — Ok (21) |

+ Osup | (21) — ar (21)|
< Kllzk = 2]l + OsupClizk — 2|
< Lllzk — 2|

using the two previous lemma, the fact that 0 < qx < 1, 0 < ) <
Osup and defining L = max {K, 05.,,C}.

O

REFERENCES

V. Andreasen and T. Frommelt, “A school-oriented, age-structured
epidemic model,” SIAM Journal on Applied Mathematics, vol. 65, no. 6,
p. 1870-1887, 2005.

A. Atassi and H. Khalil, “A separation principle for the stabilization of
a class of nonlinear systems,” IEEE Transactions on Automatic Control,
vol. 44, no. 9, p. 1672-1687, 1999.

P-A. Bliman and A. Rapaport, “On the problem of minimizing the
epidemic final size for SIR model by social distancing,” in /FAC World
Congress 2023 - 22nd World Congress of the International Federation
of Automatic Control. ~ Yokohama, Japan: IFAC - International
Federation of Automatic Control, Jul. 2023. [Online]. Available:
https://inria.hal.science/hal-04063930

J. Brock, M. Lange, S. J. More, D. Graham, and H.-H. Thulke,
“Reviewing age-structured epidemiological models of cattle diseases
tailored to support management decisions: Guidance for the future,”
Preventive Veterinary Medicine, vol. 174, p. 104814, 2020.

G. C. Calafiore and G. Fracastoro, “Age structure in SIRD models for
the COVID-19 pandemic—a case study on Italy data and effects on
mortality,” PLOS ONE, vol. 17, no. 2, 2022.

A. Dabroom and H. Khalil, “Output feedback sampled-data control of
nonlinear systems using high-gain observers,” IEEE Transactions on
Automatic Control, vol. 46, no. 11, pp. 1712-1725, 2001.

J. B. Dowd, L. Andriano, V. Rotondi, D. M. Brazel, P. Block, X. Ding,
Y. Liu, and M. C. Mills, “Demographic science aids in understanding
the spread and fatality rates of COVID-19,” Proc Natl Acad Sci U S A,
2020.

N. Franco, “COVID-19 belgium: Extended SEIR-QD model with nurs-
ing homes and long-term scenarios-based forecasts,” Epidemics, vol. 37,
p. 100490, 2021.

R. Goebel, “Optimal control for pointwise asymptotic stability in a
hybrid control system,” Automatica, vol. 81, pp. 397-402, 2017.

D. Greenhalgh, Age-structured models and optimal control in mathemat-
ical equidemiology: a survey, ser. Routledge Explorations in Environ-
mental Economics. Routledge, 2010, pp. 174-206.

J. Griffiths, D. Lowrie, and J. Williams, “An age-structured model for
the AIDS epidemic,” European Journal of Operational Research, vol.
124, no. 1, pp. 1-14, 2000.

L. Guan, C. Prieur, L. Zhang, C. Prieur, D. Georges, and P. Bellemain,
“Transport effect of COVID-19 pandemic in France,” Annual Reviews
in Control, vol. 50, pp. 394408, 2020.

W. M. Haddad, V. Chellaboina, and Q. Hui, Nonnegative and Compart-
mental Dynamical Systems. Princeton University Press, 2010.



SONVEAUX et al.

[14]

[15]

[16]

(17]

[18]

[19]
[20]

[21]

[22]
(23]

[24]

[25]

[26]

[27]

(28]

[29]
[30]
(311

[32]

(33]

[34]

[35]

E. Hernandez-Vargas, G. Giordano, E. Sontag, J. Chase, H. Chang, and
A. Astolfi, “First special section on systems and control research efforts
against COVID-19 and future pandemics.” Annual Reviews in Control,
vol. 50, pp. 343-344, 2020.

H. W. Hethcote, “Age-structured epidemiology models and expressions
for Ro,” in Mathematical Understanding of Infectious Disease Dy-
namics, ser. Lecture Notes Series, Institute for Mathematical Sciences,
National University of Singapore, M. S. and X. Y., Eds. World Scientific
Publishing Company, 2008, vol. 16, ch. 3, pp. 91-128.

Q. Hui, W. M. Haddad, and S. P. Bhat, “Finite-time semistability and
consensus for nonlinear dynamical networks,” IEEE Transactions on
Automatic Control, vol. 53, no. 8, p. 1887-1900, 2008.

H. Inaba, “Treshold and stability results for an age-structured epidemic
model,” Journal of mathematical biology, pp. 411-434, 1990.

Insee, “Estimation de la population au ler janvier 2022 séries par
région, département, sexe et age de 1975 a 2022,” 2022. [Online].
Available: https://www.insee.fr/fr/statistiques/1893198

A. Isidori, Nonlinear control systems, 3rd ed. Springer, 1995.

P. Jia, J. Yang, and X. Li, “Optimal control and cost-effective analysis
of an age-structured emerging infectious disease model,” Infectious
Disease Modelling, vol. 7, no. 1, pp. 149-169, 2022. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S2468042721000853
W. Kermack and A. Mckendrick, “Contributions to the mathematical
theory of epidemics—ii. the problem of endemicity,” Bulletin of Math-
ematical Biology, vol. 53, no. 1-2, p. 57-87, 1991.

H. K. Khalil, Nonlinear systems, 3rd ed. Prentice Hall, 2002.

F. Lin, K. Muthuraman, and M. Lawley, “An optimal control theory ap-
proach to non-pharmaceutical interventions,” BMC Infectious Diseases,
vol. 10, no. 1, 2010.

T. G. Molnar, A. W. Singletary, G. Orosz, and A. D. Ames, “Safety-
critical control of compartmental epidemiological models with measure-
ment delays,” IEEE Control Systems Letters, vol. 5, no. 5, pp. 1537—
1542, 2021.

M. U. B. Niazi and K. H. Johansson, “Observer design for the state
estimation of epidemic processes,” 2022 IEEE 61st Conference on
Decision and Control (CDC), pp. 43254332, 2022.

M. U. B. Niazi, P. E. Paré, and K. H. Johansson, “Feedback design
for devising optimal epidemic control policies,” IFAC-PapersOnlLine,
vol. 56, no. 2, pp. 4031-4036, 2023, 22nd IFAC World Congress.

V. Ram and L. P. Schaposnik, “A modified age-structured SIR model
for COVID-19 type viruses.” Scientific Reports, vol. 11, no. 1, 2021.
C. Sonveaux, “Dynamical analysis and feedback control of age-
structured epidemic models,” PhD thesis, University of Namur, De-
cember 2023, available at https://pure.unamur.be/ws/portalfiles/portal/
89635869/2023_SonveauxC_these.pdf.

C. Sonveaux, C. Prieur, G. Besancon, and J. Winkin J., “Observer-based
output feedback for an age-structured SIRD model.”

C. Sonveaux and J. J. Winkin, “State feedback control law design for an
age-dependent SIR model,” Automatica, vol. 158, p. 111297, Dec 2023.
D. W. Tudor, “An age-dependent epidemic model with application to
measles,” Mathematical Biosciences, vol. 73, no. 1, pp. 131-147, 1985.
G. Webb and X. E. Zhao, “An epidemic model with infection
age and vaccination age structure,” Infectious Disease Reports,
vol. 16, no. 1, pp. 35-64, 2024. [Online]. Available: https:
/Iwww.mdpi.com/2036-7449/16/1/4

L. Willem, T. Van Hoang, S. Funk, P. Coletti, P. Beutels, and N. Hens,
“Socrates: An online tool leveraging a social contact data sharing
initiative to assess mitigation strategies for COVID-19,” BMC Research
Notes, vol. 13, no. 1, 2020.

L. Willem, K. Van Kerchove, C. Dennis L., N. Hens, and P. Beutels,
“Social contact data for Belgium (2010-2011),” 2020. [Online].
Available: http://www.socialcontactdata.org/socrates/

L. Willem, K. Van Kerckhove, D. L. Chao, N. Hens, and P. Beutels, “A
nice day for an infection? Weather conditions and social contact patterns
relevant to influenza transmission,” PLOS ONE, vol. 7, no. 11, pp. 1-7,
11 2012.

Candy Sonveaux was born in Belgium in 1995.
She studied applied mathematics at the university
of Namur (Belgium) and obtained her Master thesis
in 2018. Currently she is a teaching assistant and a
PhD Student at the department of mathematics of
the university of Namur . Her main research interest
focuses on applications of system and control theory
to the field of epidemic models. In particular, she is
interested in dynamical analysis and control of finite-
dimensional and infinite-dimensional nonlinear de-
scriptions of such models.

Christophe Prieur graduated in Mathematics from
the Ecole Normale Supérieure de Cachan, France
in 2000. He received the Ph.D degree in 2001 in
Applied Mathematics from the Université Paris-Sud,
France. He is currently a senior researcher of the
CNRS. He is currently an associate editor of the
AIMS Evolution Equations and Control Theory, the
SIAM Journal of Control and Optimization and the
Mathematics of Control, Signals, and Systems. He is
a senior editor of the IEEE Control Systems Letters,
and an editor of the IMA Journal of Mathematical
Control and Information. His current research interests include nonlinear
control theory, hybrid systems, and control of partial differential equations,
with applications including navigation and object tracking, fluid dynamics,
and fusion control. He is an IMA Fellow, and an IEEE Fellow.

! Gildas Besancon received an Electrical Engineering
diploma in 1993 and a PHD degree in Control
in 1996, both in Grenoble, France. He became a
full professor in 2010, and is currently affiliated to
Grenoble Institute of Engineering and Management
of Univ. Grenoble Alpes, France. He was also distin-
guished in 2010 by becoming a member of Institut
Universitaire de France. His research activities are
’ held at the Control and Diagnosis Department of
i‘ Gipsa-lab in the area of nonlinear and complex
systems, with a special interest in observer issues,
and applications in energy, hydraulics, micro/nano-sciences among other ones.
He currently serves as an Associate Editor for IEEE Transactions of Automatic
Control, as well as in various IEEE and IFAC Technical Committees.

Joseph J. Winkin is full professor at the University
of Namur, Belgium. He is also member of the Namur
Institute for Complex Systems (naXys), University
of Namur, Belgium. His main research interest is in
the area of system and control theory, especially dis-
tributed parameter (infinite-dimensional) system the-
ory and applications, linear-quadratic optimal con-
trol, spectral factorization techniques and dynamical
analysis and control of (bio)chemical reactor models.
He has also research interest in nonlinear system
analysis and control and in application of control to
pharmacokinetics. J.J. Winkin has contributed to numerous technical papers
in these fields. He is member of the IEEE and IFAC Technical Committees on
Distributed Parameter Systems. He is also member of IEEE, BMS (Belgian
Mathematical Society) and EMS (European Mathematical Society), and serves
as a reviewer for several journals and conferences in the system and control
area. He is a past associate editor of the IEEE Transactions on Automatic
Control.



