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Abstract

In this paper we investigate the left invertibility problem for a class of nonlinear time-delay systems. In both cases of time delay systems
with and without internal dynamics the invertibility conditions are given. A new approach based on the use of higher order sliding mode
observer is developed for finite-time left invertibility and for asymptotic left inversion. Causal and non-causal estimation of the unknown
inputs are respectively discussed. The results are illustrated by numerical examples in order to show the efficiency of the method and its

limits.
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1 Introduction

Time delay systems represent one of the most studied class
of systems in control theory. Since the 60°, many different
problems are studied such as stability and stabilization of
time delay systems, observation and observer design, param-
eter identification, etc. In the present work we are interested
in the left invertibility problem of time delay systems with
internal dynamics. The problem of unknown inputs recover-
ing from the outputs is crucial. Such a problem has attracted
the interest of the control community since it has direct ap-
plications in many domains, such as data secure transmission
where the unknown input is the message, and fault detec-
tion and isolation where the fault is the unknown input. In
fact, left invertibility problem has been studied since at least
forty five years ago in linear control theory [33], [34] and
thirty five year ago in nonlinear control theory [15], [35].
Most of those works are in the context of nonlinear systems
without time delays, or linear systems with commensurate
delays [2], [41].

In the literature, an important tool based on non-commutative
ring, proposed in [36], is used to analyze nonlinear time de-
lay systems in algebraic framework. Using this framework,
many notions are extended to the case of nonlinear time
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delay systems and many results have already been obtained
and published [40], [37]. In the context of constant time
delay, the notions of Lie derivatives and relative degree are
defined, and the differences between causal and non-causal
invertibility are clarified in [38]. The canonical form of
invertibility is also given in [39], and in [42] a method for
estimating the unknown inputs is proposed. However, the
algorithm for left invertibility proposed in [39] was only for
system without internal dynamics (see also [4] and [13] and
their references). For system with or without time-delay,
the main difficulty when the internal dynamics appears is
to estimate the state of such dynamics. One interesting so-
Iution in order to overcome such a difficulty is to allow the
derivative of the unknown inputs [31] with a geometrical
approach and with an algebraic one. If, however, the input
derivatives are not possible, then it is necessary to compute
and analyze the internal dynamics.

For nonlinear systems without delay, if the vector fields as-
sociated to the inputs verify involutivity property, then the
internal dynamics does not depend on the unknown input.
However, this rule is not valid for nonlinear systems with
time delay. In order to analyze the internal dynamics and
estimate its state, one solution is to rewrite this internal dy-
namics such that its dynamics become independent of the
unknown input. Thus in the paper we will adapt a new way
to determine the internal dynamics for the nonlinear systems
with time-delay [1]. This method is based on the finite-time
convergence by using the existing observer for time-delay
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system in the literature [3], [12], [14], [16], [17], [20] and
the high order sliding mode proposed in [22], [23] (see also
[10] for unknown input observer) is applied in this paper.

As a continuity of our preliminary work in [19], this paper
provides a method for finite-time and asymptotic left invert-
ibility for nonlinear time delay systems with and without
internal dynamics. This method is based on a finite-time es-
timation of the state variables using a higher order sliding
mode observer and on an asymptotic estimation of the inter-
nal dynamics. The causality of the unknown input estimation
is given. Finally, in order to illustrate the result, numerical
examples are provided.

2 Algebraic framework and notations

Consider the following class of multi-input multi-output
nonlinear time-delay systems:

£= fxle = j0) + L gilele — jo)ulo).

y=h(x(t - j7)), (1)
= (), ult) = 91),
te [—ST,O} )

where x € W C R”, u(t) € R™ is the vector of the unknown
inputs and y € R” is the output, with p > m. T represents
the basic commensurate time delay, and it is assumed in this
paper that f, g; and & are all meromorphic functions, where
F(x(t—j1)), gi(x(t — j7)), and h(x(¢ — jT)) denote functions
depending on x(z), x(t — 1), x(t — 27) until x(z — s7).

This class of nonlinear time-delay systems is widely stud-
ied in the literature, and a lot of tools are used to study
their properties (see for instance [4], [13], [32] and refer-
ences herein), among which we are interested in the use of
algebraic tools to develop the invertibility conditions of sys-
tem (1) when its internal dynamics are not vanished. Since
the delay is assumed to be commensurate, this paper uti-
lizes the algebraic framework, developed in [8], [25], [27],
to study the structure of nonlinear time-delay systems. Un-
der this framework, defining #" as a field of meromor-
phic functions of finite number of variables of the form
{xi(t — jr),i € [1,n],j €[0,s]} such that & represents the
vector space over % : & = span_y {d¢ : ¢ € %} and 7 rep-
resents the basic commensurate time delay. After, in [36]
this algebraic framework is generalized and the algebraic
properties of the field % are studied.

Denote the operator 6 as a backward shift operator,
which means 8/¢(t) = ¢(t — jt) and &/(a(t)dg(t)) =
a(t — jt)dg(t — jt). With this operator, we can then de-
fine the following set of polynomials .7 (8]: a(d] =
Z;”:Oaij,aj € . The addition for the entries in J¢ (3]
is defined as usual, but its multiplication is given by the

following criteria:

ra+ry i<rq,j<rp
a(8]b(8)= Y.

k=0 it+j=k

aj(t)bi(t—jor)s*. ()

With the standard differential operator d, denote by .# the
left module over % (5]:

M = span y 5{dg, ¢ € X'} €)

Hence, % (0] is a non-commutative ring satisfying the as-
sociative law, and it has been proved in [18] and [36] that it
is a left Ore ring, which enables us to define the rank con-
ception.

In order to take into account the non-causal case, following
the same idea, we can introduce as well the forward shift
operator V such that V/x(¢) = x(t + jt) (see also [9]), which
means as well Vx(z) = §~'x(¢). In the following, for the
sake of simplicity, a function f(x,d,V) simply means it is
a function of x, and the backward and forward value of x.

Thanks to the above algebraic framework the nonlinear time-
delay system (1) can be represented in a compact algebraic
form as follows:

£=£(5.8) + L Gilx.5)u0)

y=h(x,0), )
x=y(t)ult) = o),
te {fsT,O} ;

where the notation f(x,6) means f(x,0) = f(x,x(t —
T),...,x(t —s7))) and the same is considered for G(x,0) =

(G1(x,8),...,G(x,8)) and h(x(1),8), G; = ¥, g/&/ with
=0

entries belonging to % (8].

Let us now give some definitions, which will be used in the
sequel to develop our main results.

Definition 1 (Left invertibility) System (4) is said to be
asymptotically left invertible (or equivalently, u can be
asymptotically estimated) if

lu(t) —a(t)]| =0 when t— oo 5)

with a(t) = (&,8,V) € R™ and & = f(€,y,8) € R" with
some user chosen functions ¢ and f with proper dimension
n. It is finite-time left invertible (or equivalently, u can be
finite-time estimated) if there exist T > 0 such that

|lu(z) —d(z)|| =0, Ve>T. 6)



Definition 2 (Causality) System (4) is said to be causally
asymptotically (or finite-time) left invertible if it is asymp-
totically (or finite-time) left invertible with i(t) = @(&, ).
Otherwise, it is said to be non-causally asymptotically (or
non-causally finite-time) left invertible .

Let f(x(t — jt)) and h(x(t — jz)) for 0 < j < s be an n
and p dimensional vector field respectively, with f; the en-
tries of f belonging to J#" for 1 <r <n and h; € % for

. : ohi .__ | dh; dh;
1 <i<p, with p>m, and then = |:¢9x1 ’3x,,] S
H (8] Whereforlgrgn,g—;'. joax 5 €
(8], we can define the Lie derivative 1n the algebralc

framework as follows: th- =y =0 ax 61 fr and

LGhl = Z:n:IZj Oax, 8 Gr8 .

The conventional concepts like Lie derivative and relative
degree have been generalized to nonlinear time-delay sys-
tems by [4], [11], [28], [29] and the following adapted def-
initions using the above algebraic framework are recalled
(for more details see [25]).

Definition 3 (Relative degree) System (4) has the relative
degree (vy,---,Vp) in an open set W C R" if the following
conditions are satisfied for 1 <i < p:

(1) forallxe W, LGjL;-h,-:Oforall 1<j<mand 0 <

}"<Vi71,'
(2) there exists x € W such that 3j € {1,---,m},
Lo, Ly~ 'hi 0.

If the first condition is satisfied for all r > 0 and some i €
{1,---,p}, we set v; = oo,

Definition 4 (Observability indices) System (4) has the
observability indices (ki,--- ,k,), where

ki = card{dy > i,1 <k<n} for 1 <k < p with d| =
rank (5171, and

dy = rank y(5)-F — rank y (511 for 2 <k <n,

where Fi:= span g s) {dhdLsh, -~ dL{ "' }.

Since we use the non-commutative algebra, for any matrix
with entries belonging to .# (8] the following definition that
has been introduced in [25] will be used in the sequel.

Definition 5 (Unimodular matrix) The matrix A €
A P(8] is said to be left (or right) unimodular over

A (8] if there exists Al € A P*"(8] with p < n (or
ARl € P (8] with n < p), such that A;'A =1, ( or
AAR" =1,). It is said to be unimodular over (8] if
At =40

With the above definitions, in the next section, we start by
providing left invertibility conditions for the simplest case
of time-delay systems without internal dynamics.

3 Left inversion without internal dynamics

In this section, a canonical form is given for the nonlinear
time-delay system. Sufficient conditions for left invertibility
are deduced based on the obtained canonical form. Before
this, let us recall the following result stated in [39].

Theorem 1 [39] For 1 <i < p, denote by k; the observabil-

ity indices and V; the relative degree index for y; of system

(4), and note p; = min(k;, ;). Then there exists a mapping
T

[57 CT} = ¢(x,8) € #™, such that system (4) can be

transformed into the following form:

& = A&+ Bi,
§=a(x,8)+pB(x8)u, )
vi =G&;,

where A;, B; and C; are of the Brunovsky form, & =
T .
. -1
|:5i,17 5i,27 Tty ‘:i,p,- with éi!j - L} hi’ and Hi =

. m —
Lhi(x,8) + ¥ Lo, LY 'hi(x.8)u; € A, @ € A,
=1

. p

B € & where | =n— Y, pi. Moreover, if k; < V;, one
i=1

has Ui = L?ih,' = Ll}ihi.

Remark 1 In Theorem 1, ¢(x,0) is a mapping. In order to

provide sufficient conditions for the invertibility of nonlinear

time-delay systems in the rest of our paper we consider the

following assumptions :

(1) ¢(x,0) is a change of coordinates.
(2) z=0(x,0) guarantees the equivalence between system
(4) and the observer canonical form

& = A&+ Bi;,
é:a(57Ca6)+ﬁ(§aC75)ua 8)
yi =Ci&;,

where a € 1 and B € 11,

One may remark that Assumption 2 in Remark 1 can be
justified by the recent result proposed in [5]. In that paper,
it has been shown that even thought the change of coordi-
nates is bicausal additional conditions are required in order
to guarantee the equivalence between a nonlinear time-delay
system and an observer canonical form. Necessary and suf-
ficient conditions have been proposed in that paper for the



case of single-input single-output nonlinear time-delay sys-
tems. Providing such conditions for the case of nonlinear
multi-input multi-output time-delay systems may be consid-
ered in our future works.

Now, consider the dynamics C and the last equation in é,- in
(8) which can be rewritten as:

{ AP =W(x,8)+T(x,8)u, .
é: a(éaC75)+ﬁ(57Ca6)uv
where ,
%(y(pi)) _ { (]P1) y(pPp)}
¥(x.8) = [P, -+, L)
and
Lo, L5 'hy - L, L9y
I(x,8) = : : (10)
Lo, LY 'y o L, L 'h,

and let us define the set

® = {dhy, - ,dLf "hi, dhp, o dLY T Y (1)

Noticing that system (8) contains an internal dynamics C ,
the following theorem deals with the case where the internal
dynamics is vanished that can be considered as a trivial case.

Theorem 2 Suppose that the change of coordinates ¢(x,0)
in Theorem 1 is bicausal, then system (4) (or system (8))
is causally finite-time left invertible if rank 5% = n and
I'(x,8) is left unimodular over ¢ (8], where I'(x,6) and ®
are defined in (10) and (11), respectively.

Proof. Since the change of coordinates ¢(x,8) is bi-
causal, it implies that there exists ¢! € #"*! such
that x = ¢~'(&,{,8). Then, if rank (5P = n, we have
dim¢ = 0, i.e. no internal dynamics appears in (8). It im-
plies as well that x = ¢~ (&, 8), depending only on & and
delays. Since &; ; = Ljf]h,- = yl(.j ) which is function of out-
puts and its derivatives, thus x is causally observable. In
this case, (9) can be rewritten as:

C(x,8)u = AP —¥(x,85)

i

where both 7 and W are known since x is causally observ-
able. If I'(x, 6) is left unimodular over .#" (8] which implies
that rank (5 I'(x,8) = m, then according to Definition 5,

there exists I'; ' (x,§) such that

u=T;"(5,8) (A 0") - w(x,8))

which implies that system (4) is causally left invertible.

In this case, we can obtain the estimation of u as follows:
i=T'(%8) (6P -w8). (12

where X represents the estimation of x, which in fact can

be estimated by using many existing methods, like sliding
(pi)

mode observer, algebraic observer, etc. §;" is the estimation

of yl(p ") which however might be realized by the finite-time

differentiators, such as algebraic one and High-Order Sliding
Mode differentiator [1], [10], [22], [23], [24]. Since £ and
yAl(.p " can be estimated in finite time T by the higher order
sliding mode observer and following Definition 1, we can
conclude that the unknown input u is causally finite-time
estimated with # is given from (12). m

The following section will consider the non-trivial case,
where rank ;5% < n with ® being defined in (11), i.e. the

internal dynamics ¢ in (8) is not vanished. In this case, the
invertibility of the unknown inputs depends on this internal
dynamics.

4 Left invertibility with internal dynamics

This section will firstly discuss how to iteratively obtain
a new canonical form for the non-trivial case and reduce
the internal dynamics dimension. Then, both conditions of
finite-time and asymptotic left inversion are provided. A
method for asymptotic left invertibility is proposed. Using
a high order sliding mode observer the state variables and
their derivatives are estimated. An asymptotic estimator is
proposed to estimate the internal dynamics. Since we deal
with the invertibility problem of time-delay systems, causal-
ity conditions of the unknown input estimation are given as
well.

4.1 [Iterative canonical form

In this part we consider system (4) (or equivalently system
(8)) when rank , (59® < n or rank ;5 I" < m where I' and
@ are defined in (10) and (11), respectively. In this case, the
idea is to iteratively apply the algorithm developed in [38]
to generate new virtual outputs for the systems, which are
combinations of y, its derivatives and their backward shifts,
with which the dimension of the internal dynamics can be
reduced. This operation is iterated until rank ;5% = n or
rank 51" = m.

At the beginning of iteration, we initially note k =0, %, =y
with y being defined in (4) and &, = ® with ® being defined
in (11). Without loss of generality, suppose rank ;5% =
ny < n. Then, note

£ 1= spang, {h] ,Lﬁf'*‘h,} for 1 < j<dim% (13)



where R[0] is the commutative ring of polynomials in &
with coefficients belonging to the field R, and let £;(3] be
the set of polynomials in § with coefficients over £;. The
module spanned by element of ®; over £;(8] is defined as:
Qi = spang,5{6,6 € i} (14)
Denote
94 = spang(s|{Gi,---,Gn},
where G; is given in (4), and define the /eft annihilator:

G =spangs{o € M |0p=0Ypcg} (15

where .# is defined in (3). Define

Hy = spangs {w c Gty lof ¢£k} (16)

finally, according to the algorithm developed in [38], if
rank_y Hj = [}, then there

ki = f_lk,,' =w;f mod£ for 1 <i<I;
are independent of %;.

Combing these new virtual outputs with the existed ones,
we obtain
- - kL
%‘H :[%T7yk,la"' ayk,lk]T GRP+21:OI' (17)
based on which we can compute p; for 1 <i< p+ Zf'(:o li

as the minimum value between the observability indices and
the relative degree index for each output in % .

At the (k + 1)th iteration, similar to (11), we can calculate
Dy If rank%(5]¢k+1 = ny+1 = n, then Theorem 2 can be
used to judge whether the unknown input is left invertible
or not. If, however, rank%(5]¢k+1 = nyy1 < n, then we can
follow the same procedure presented in this subsection to
compute £, as (13), Qx4 as (14), gkil as (15), Hy4 as
(16) and %}, as (17).

Iteratively applying the above algorithm to system (4), we
can continuously expand the observation space (or equiv-
alently reduce the dimension of unobservable space which
yields the internal dynamics), since %, C %;,. The al-
gorithm stops the iteration until Hy, | = 0, or equivalently
% = %11, 1.e. it is not any more possible to reduce the
unobservable space.

Suppose that after y iterations, we have %y = %, 1. Note
all outputs (including or1gma1 and generated virtual ones)
as y;=h;for 1 <i<p +):k o lk where [ is the number of
new virtual outputs generated during the kth iteration, and /;
represents the ith entry of %,. After y iterations, we obtain

— 1= Y
@, = {dh;, - ALY "I} for 1 <i<p+ Y L (18)
k=0

Finally, with the deduced the change of coordinates as

[ZT, nT} = ¢y(x,8), the canonical form can be written as
follows:

Gij=zij+1, for 1 <i<p+Y¥l Lrand 1< j<pi—1,
m

Zipr = bix,8)+ ¥ a;j(x,8)uy, for 1 <i<p+¥l k
j=1

ﬁ:f’}/(xa67u)7
Yi=2zi1,
(19)
. T T T !
Wlthz:[zl""’ZerZZO ] ’Zi:[Zi17"'7Zi,Pi:| > Zij =
_(j—1 i—17 i ’
5 ):L} his ai j(x,8) = Lg; L™ "y and b(x, 8) = L7 hi

where p; is the minimum value of the observability index
and relative degree for the ith entry of %.

Using this reformulation, the problem of left invertibility
of nonlinear time-delay systems with internal dynamics is
studied in what follows.

4.2 Left inversion

Before developing our main results, the following assump-
tion is imposed.

Assumption 1 Suppose that the change of coordinates
T
[ZT, nT} = ¢y(x,8), which transforms system (4) into

the canonical form (19), is bicausal, i.e. there exists

x=¢,"(z,n,9).

Remark 2 Generally, the bicausality of change of coordi-
nates is asked when study time-delay system in order to
guarantee the equivalence between the original system and
the transformed one. Note that z in ¢y(z,m,8) for (19) is
uniquely determined, but 1 can be freely chosen. Some re-
sults have been stated in the literature on how to choose N
such that the change of coordinates is bicausal [26, 6].

The second and the third equation in (19) can be rewritten
in the following compact way:

{%ﬁ#ﬂ=%m&+n@&m 0

17 :fy(xauaS)v
The following will focus on the non trivial case where

rank 5Py < n and rank ;(5Ty(x,0) = m. It is evident
that, if Assumption 1 is satisfied, then (20) can be written as

{%Tmmﬁﬂfmmﬁm on

1;, :fy(z7naua6)7



Depending on how the internal dynamics involved in equa-
tion (21), two cases can be distinguished in the following
subsections.

4.2.1  First case: Causal finite-time left invertibility

Theorem 3 Suppose that Assumption 1 is satisfied, then sys-
tem (4) (or equivalently system (19)) is causally finite-time

left invertible if %—fy =0 and T’y is left unimodular over
(8],

2t _

Proof. If o

0, then the first equation of (20) becomes

AP =W, (2,8) +Ty(z, 8)u (22)

Therefore, both Wy (z,8) and I'y(z, 8) are completely known
since they are independent of the internal dynamics. Since
z is causally observable (due to the fact that ¢y (x,d) is bi-
causal), so if I'y is left unimodular over %" (8] which implies

there exists Fﬁ(z, ) such that

u =Ty 1 8) A GP) — Py(z,8)]

Since z is function of outputs and its derivative, which can
be obtained by using finite-time observer, therefore system
(4) is causally finite-time left invertible. m

4.2.2  Second case: Causal asymptotic left invertibility

In this section, we consider the case where the input in (20)
explicitly depends on the internal dynamics 7. In order to es-
timate the unknown input, it is necessary to estimate the in-
ternal dynamics. Suppose that Assumption 1 is satisfied, i.e.
x= ¢;71 (z,1m,0). If ['y(x, 8) defined in (20) is left unimodu-
lar over .# (8], then the unknown input u can be expressed
as function of x, its derivatives and delays. Replacing u and
x by the variables z and 7, finally the second equation of
(21) can be written as

77:fy(n717”75):f_y(naZ,Z,S)- (23)
for which the following assumption is imposed.

Assumption 2 It is assumed that there exists a Lyapunov

function V(ey) with ey =1 — 1| such that for all & and z
the following inequality:

. v .
V(@n) = E[f}’(nvzvzlaS)7f7(n7Z7Z.58)] <0 (24)

is satisfied.

Based on the above assumption, we are able to state the
following result.

Theorem 4 System (4) is causally asymptotically left in-
vertible if Assumptions 1 and 2 are satisfied, and T'y(x, )
defined in (20) is left unimodular over (9.

Proof. Since system (4) is equivalent to system (19), we
need only to prove the above result for system (19). It is
clear that z in system (19) is observable, therefore we can
use the existing method to estimate z and its derivative in a
finite time T, i.e. £(t) —z(r) =0 forall t > T.

Consider now the dynamics 7 in system (20). If T'y(x, )
defined in (20) is left unimodular over .# (8], then we have

u=T,} (x,8)[A ")) — ¥y(x,5)]

Since Assumption 1 is assumed to be satisfied, then there
exists x = ¢, '(z,m,8) such that the unknown input u can
be written as

u=T,}(zn.8)A4GF") —¥(n.8)] @5

which however depends as well on the unobservable variable
n. By inserting the above equation into (20), we get (23).

If Assumption 2 is satisfied, then the following estimator:

ﬁ :fy(ﬁ725256) (26)

can guarantee that lim; .. (f)(¢) —n(¢)) = 0. According to
Definition 1, we prove that system (4) is causally asymptot-
ically left invertible. m

4.3 Observer design

As we have explained, the estimation of the unknown input
is based on the finite-time estimation of the variables z and
their derivatives, which is also used to estimate the internal
dynamics 7. In what follows, we use the high order sliding
mode observer [23] to estimate z and its derivatives:

. o
Zij = Zija — i jl2ij — 2 T sign(Zi — zi ),
%1 =Zijr2 — Mije1 |2 e — 2l P sign(Zi 1 — i),

. . 1, N A
Zip—1 =Zip, — Aipi—1|Gipi—1 = Zip—2| 2 sign(Zip,—1 — Zip—2),

Zip; = —Aip;sign(Zip, — Zipi—1)-

27
The convergence of the above observer has already been
demonstrated in [23] and [24]. It has been shown that, if the
rth derivative of the output has a Lipschitz constant L > 0
and by choosing A > L, then we have Z = z after a finite
time 7. Thus, the internal dynamics 7 can be asymptotically
estimated by using the estimator (26).

If all conditions of Theorem 4 are satisfied, by replacing z,
z and 7N by their estimations 2, Z and 7], the unknown input



can be asymptotically estimated by the following algebraic
equation:

. A -1 a(p; A n
i=[ry(6.0.0)]," (4GP - wy2n.8)). @8
where I'y, %, and Wy are given in (25).
4.4  Non-causal left invertibility

Theorem 4 indicates that the causality of the left invertibility
depends on the matrix I'y. If this matrix is not left unimodular
over J# (0], then the estimation of u might be non causal. By
introducing the forward shift operator V, and denote now %~
as the field of functions of finite number of variables from
{xi(t —j7)} for i € [1,n],j € [=m,m], then we can define
the field .7 (8, V] whose entry is of the following form:

= i a8 + i av* (29)
k= =0

where all the coefficients belong to H . We can see that
A C & and (0] C £ (6,V]. Then, for %2 (8,V], the
addition is as usual, but the multiplication is given by the
following relation:

Ta Th . Lo ra 'p e
Y Y aidh; 8+ Y Y a;6b;8'V
i= Oj 0 =l Oj l

LYy avib,vVisi+ Y z aVibjViti,
i=1j=0 i=1j=1

a(8,V]b(8,V] =

For any a(58,V] € (8,V] defined in (29), note its maxi-
mum degree relative to V as follows:

degy™a(6,V] = max {a, #0}. (30)

Finally, we have the following result.

Corollary 1 System (4) is causally asymptotically left in-
vertible if the following two conditions:

(i) Ty(x,8) € & PH>m(§] in (20) is left unimodular over
K (8,V] and Assumptions 1 and 2 are satisfied;
(ii) foranyentry B; j(6,V) of [Fy(x 6)}L , degy™ Bi j(8,V) =
Oforall 1 <i SP‘FZk:olk and 1 < j <my

are satisfied. If only the condition (i) is satisfied, then it is
non-causally asymptotically left invertible.

Proof. The proof of this Corollary is quite similar to the one
of Theorem 4, thus the following will just explain the main
difference.

For system (19), if T'y(x,8) is unimodular over ¢ (8,V],
then from (20), we have

u=[0yw.8)], (A6 - ¥y(x.0))

where [Fy(x,ﬁ)]gl now might contain V. Therefore, sys-
tem (4) is non-causally asymptotically left invertible if the
condition (i) in Corollary 1 is satisfied.

However, for any entry f3;;(6,V) of [Fy(x,5)]zl, if
deg®™ B; /(8,V) =0forall I<i<p+Y! rand 1< ;<

m, which implies that [Fy(x,ﬁ)]zl € %/(HZZ:OZUX’”(S],
then I'y(x, &) is left unimodular over % (8]. Therefore, ac-
cording to Theorem 4, we can conclude that system (4) is
causally asymptotically left invertible. m

In the following section, we provide numerical examples
to illustrate the cases of causal asymptotic left inversion of
nonlinear time-delay systems with internal dynamics.

5 Illustrative examples
5.1 Academic example

Consider the following nonlinear time-delay system:

X| = X1 —x3,

Xp = —0xp+ x4+ Suy,

X3 =2x; — 2x3+ 6x1 — uy,

X4 = —X4 — X7 +X1X3 + X5 + U2,

+ (8x1)%us,

Y1 =X1, y2 = X2,

8/x; = x;(t — jT) where T=0.5s,

X5 = —X5

for which one can check that v; = k1 pr=2and v, =
=py=1and ® = {dx;, d(x; —x3), dx,} thus we have
rank y® =3 <n=>5.

Step 1: Iterative canonical form

Following the first step of the algorithm proposed in [38],
we obtain ' = < ; 8 ) which is not of full rank over . (9]
since rank (51" =1 <m =2, then the unknown input u,
can not be estimated. To solve this problem, we have to

iterate one more step the algorithm given in [38] to generate
the virtual output.

Following the procedure described in section 4.1, ini-
tially set k =0, % =y, &y = P, then we calculate



£o = spang(s){x1, x| —x3, x2}, and define the module
spanned by element of @ over £(8] as follows:

Qo = spang(s){dx1, dxa, dxs}.

Since

¢ = spang(5{(0,6,-1,0,0)",(0,0,0,1, (8x;)*)"}
then, its left annihilator:

gOL = spang,s| {dxy, dx; + 8dxs, (6x1)2dx4 —dxs}
thus, we have

QNG = spang (s {dx1, dxy + 8dxs} .
which enables us to get
Hy = spangs) {dx, + ddx3}

since ® = dx; +8dx3 € QoNY-, 0f ¢ £oand Of = —8x, +
X4+ 6[2x] — 2x3 4 Ox1]. Therefore, we can obtain 1 the new
virtual output

Jii=0f mod£y=xy4
which can be determined as follows:

Fi.1 = x4 = Y2 + 8y2 — 8%y1 — 8y1 — 8.

Combine the original and virtual outputs together as

N =,y 51"

then we can calculate again the observability indices
and relative degrees for each output: vi =k = p; =2
and i =k =pp =1, s =k3 =p3 =1 and ¢ =
{dxl, d(x] 7)C3), dXQ, dX4} = rank%/((g]d)l =4 <n=>5.
Following the same procedure, we have

£1 = spangs) {x1, X1 —x3, X2 X4}
.Q.[ = spanfo(g] {dx], de, dX3, dX4}
G- = spang,s){dx1, dxy + ddxs, (8x1)%dxg — dxs, dx}

which finally yields H; = 0, therefore we have % = %, and
the algorithm stops to be iterated. Consequently, the internal
dynamic 1 = x5 has the dimension dimn = 1. Define the
following change of coordinates:

T T
2=01(x,8) = (21,1, 212, 22,1, 23,1,M) " = (x1, X1 —X3, X2, X4, M)

which is bicausal over .% (8], since:

x=0;"(2,8) = (211, 212, 221, Z3,1,11)T-

From Section 3, the system is rewritten as follows:

21,1 =212,

Z12=—212— 0211 +ui,

2,1 =—0221+23,1+ buy,

23,1 = —23,1 — 21,1212+ N + uz,
N =—n+(8z1,1)us,

Vi=2z11,Y2=221, Y3 = 23,1

Step 2: Left inversion

From the above canonical form, i.e. after Yy = 1 iteration
of the algorithm proposed in [38], the matrix I'y is directly
obtained as:

10
Fy: 50
01

which becomes full column rank over J#(6]. It can be
clearly seen that it is left unimodular over .7 (8] with the

left inverse
1 100
r = .
= o)

We can then obtain the following internal dynamics:

i =-n+(8211)* (&1 + 231 +211212—1N). (€2))

Consider the following estimator for the internal dynamics:
f=-N+(8211)2G0+251+211212—A). (32)

The estimation error ey =1 — f] is then
én = —en — (821" N+ (8211)° A +Fle),  (33)

with F(e) = (8z1,1) (23,1 + 23,1 +21,1212) — (8211)* (%31 +
231421121 2). By choosing the following Lyapunov func-
tion: |

Vien)= Eegen,
we obtain:

V= —e,z7 —en((821,1)*n — (821,1)*N) +enF (e).

From the finite-time observer designed hereafter, there ex-
ists 7 > 0 such that for all > T, ¢ = 0, then F(e) =0 and
(821,1)% = (821,1)* thus V = —ef, — (821,1)%e}, <0, therefore
Assumption 2 is verified. Then, all conditions in Theorem
4 are satisfied and the studied system is causally asymptot-
ically left invertible, and the unknown inputs are given by:

{“l =Z12+212+021,

up=231+z,1+z21,1212— 1,



where u; can be asymptotically estimated since ) converges
asymptotically to 7 and u; can be estimated in finite-time.

Step 3: Observer design and inputs estimation

As it can be seen the internal dynamics (31) is function of
the states and their derivatives, which are estimated using
the following High-Order Sliding Mode observer:

. IR
12— A2 — vl 3sign(Zi —y1),

I
2o

211
A A A A 1, N A
Zip=213—Mpl2i2—2i1|2sign(Z12 —211),

213 =—Mssign(213—212), (34)

A

A X IR
201 =22—A2.1122,1 — y2|25ign(22.1 — y2),

200 = —Appsign(Zo2—22.1)-

As (34) is a finite-time observer, thus there exists 7" such that
for all t > T we have 211 = y1, 212 =1, 213 =1, 221 =
v2, and 222 = y». Then, they are replaced in the expression
of 7, and its derivative is generated using the following
differentiator:

A ~ ~ _ L. N _
23,0 =282 —A31|23,1 — V1| 2sign(Z3) — 51),

230 = —A3psign(232—231).

Finally, the unknown inputs can be causally estimated from
the following algebraic relation:

=

1=%213+212— 6211,

=230 +21+211212— 1,
where 7] is given in (32).

The simulation has been realized for T = 0.5s, the initial con-
ditions zo = (1,1,3,2,1)T for t € [~0.5,0], the initial con-
ditions of the observer are fixed to zero for r € [—0.5,0] and
its gains are: 3,171 =5, 3,172 = 3,11‘3 =1, 3,271 =5, 3,272 =3,
A31 =12, and A3, = 10. The unknown inputs to estimate
are u) = 0.45sin(t) and up = 0.45cos(t). The results are rep-
resented in Fig. 1-7, where it appears clearly that 7' = 4s,
and after that the unknown inputs Fig. 6-7 are recovered.

From Figures 1-4 we remark that the states variables are
estimated efficiently in finite-time. The estimated states are
used to estimate the internal dynamics asymptotically (see
Figure5) which is used to estimate the unknown inputs. From
Figures 6 and 7 we can observe that the unknown input
u; is recovered in finite-time and u, is just asymptotically
estimated thing which explained by the fact that u, depends
on the internal dynamic which is asymptotically estimated.
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Fig. 1. x| and its estimate
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Fig. 3. x3 and its estimate
5.2 Academic example: Left invertibility when the change

of coordinates is not bicausal

Let us consider the following nonlinear time-delay system

X1 = —0x1 +2x2,

X = —0x3+ Ouy,

X3 = 0x1 — Ox3 — 3x3+ Uz,

X4 = —x4 —20x4 + x5+ uy, (35)
X5 = —25x5+30x1 +uy,

y1 = 6x1, Y2 = X3, y3 = X4,

8/x; = xi(t — jt), where T = 0.5s.
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Fig. 6. The unknown input #; and its estimate

Step 1: canonical form

Onecancheckthat vi =kj=p1 =2, va=kr=pr=1,v3 =
ks = p3 = 1, and ® = {8dx;,—8%dx| + 8dxs,dx3,dxs}.
Thus, we have rank »® =4 < n =15. By checking the iter-
ation of the algorithm (the concrete calculation is omitted
since it follows the same procedure presented before), it
can be shown that Hy = 0, thus it is not possible to gener-
ate new virtual outputs. Therefore, we chose the following
change of coordinates:

#(x,8) = [ET 0" = [8x1, —8%x1 + 8x2,x3,%4,x5)" . (36)

10

actual
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Fig. 7. The unknown input u, and its estimate

One can remark that the inverse ¢~ (&,7,8) is given by

x=¢""(&n,8,V) = [V&,VE&+VE,8.&,n)". (37

Thus, the change of coordinates @ (x, §) is not bicausal. As-
sumption 1 is not satisfied.

Nevertheless, using the change of coordinates (36), system
(35) can be rewritten as

él :527
& =86 — 826+ 8%u,

& =38 08+ & +u,

Co=—8—20&+n+u,
N =—-25n+3& +uj,

(38)

where 11 = x5 represents the internal dynamic.
Step 2: Left inversion

From the above canonical form, the matrix I' is directly
obtained as:

520
01
10

I =

which is full column rank over .#(§]. It can be clearly seen
that it is left unimodular over .#"(8] with the left inverse

o, foot
e _lom]

which yields the following internal dynamic:
n=-26n+7(.8.9) (39)

where f(575a6) = 351 +§4+54+2654~



In order to estimate 17 we consider the following estimator

A

i = —267+ f(£.£.9). (40)
with f(,€,8) =38 + &+ & +28&,.
The estimation error e; =1 — ) is then
én = —26en +F(e), (41)

WlthF(e) :f_(gvgva)_f(évgva) ande = 5 _é' By choos-
ing the following Lyapunov function: V(e) = %e%’, we ob-
tain: V = *266,27 +enF(e). From the finite-time observer
designed as in (27), there exists 7 > O such that forall > T,
e =0, then F(e) =0. Then, V = —26e,27 < 0, which implies
that Assumption 2 is verified.

One can remark that even though the change of coordinates
¢ (x,0) is not bicausal (Assumption 1 is not verified), system
(35) is causally asymptotically left invertible. Indeed, the
unknown inputs are given by:

{Lh =§4+§4+25§4—ﬁ7
iy =8 — &1+ 68 +38;,

where #i; and i, are the estimates of u; and u, respectively.

A

& is the estimation of £ computed in a finite time using the
high order sliding mode observer and 1) is the estimation
of n obtained using the asymptotic estimator given in (40).
One can remark that ; is causally asymptotically estimated
and u, is estimated causally in a finite time even though the
change of coordinates ¢ (x, ) defined in (36) is not bicausal.

Simulations are performed for 7 = 0.5s, where the initial
T

conditions are xp = {2, 3, 1, 2,0.1} for t € [-0.5,0], the
initial conditions of the observer are fixed to zero for t €
[—0.5,0] and its gains are: A} | =12, A1, =T,A13=3, 421 =
12, 220 =2, A3,1 = 15, and A3, = 7. The unknown inputs
to estimate are u; = —0.2sin(¢) and up = —0.5¢0s(0.5¢) +
sin(0.5¢). The results are represented in Figures 8-10, where
it can be seen clearly that the internal dynamics and the
unknown inputs can be asymptotically estimated.

5.3 Biological example: Application to Crosstalk between
ERK and STAT5a interaction

Let us consider the case where the interaction between ERK
and STAT5a happens in a non-homogeneous medium which
can be the case in the presence of cancer [7], [30], whose
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model can be written as follows [21]:

. !/

X1 = CcoX1X3 + CpXp — Uy,

Xy = 605)(1 6)@, — X7 + Uy
) 7 (42)
X3 = —C1X1X3 + C3X4 + Uz,

X4 = C] 5)(1 6)@, — C3X4 — U,
where xi, x», x3, and x4 are denoting concentrations of

ERK-inactive, ERK-active, STAT5a-unphosphorylated and
STATS5a-phosphorylated, respectively. ¢y and ¢ are propor-



tional to the frequency of collisions of ERK and STAT5a
protein molecules and present rate constant of reactions of
associations and ¢, clz, cl3 and c3 are constants of exponen-
tial growths and disintegrations. In this example, we con-
sider the case c/3 < c¢3 and c; < ¢, which in fact is related to
the presence of some special cancers [30]. The inputs u; and
uy are inhibitor and activator sources respectively, and they
are the unknown inputs to be estimated in this example.

Step 1: Canonical form

We consider that the concentrations of ERK-inactive and
STAT5a-unphosphorylated are available to measurements,

therefore we have
Y1 =X,
Y2 = X3,

one can check that vi =kj =py=1land vo» =k, = pp =
1 and ® = {dx|, dx3} thus we have rank y® =2 <n=
4. By checking the iteration of the algorithm (the concrete
calculation is omitted since it follows the same procedure
presented before), it can be shown that Hy = @, thus it is not
possible to generate new virtual outputs.

(43)

By choosing the change of coordinates: [7,nT]T =
[x1,%3,%2,x4]7, system (42) can be rewritten as

& = Co§1§2+c,2771 —ui,

& =—c1&&+cm+u,
M = 008168 —com +uy,
M =c188188 —c3mp —ua,

(44)

where 7 = [;,m2]” constitutes the internal dynamic.
Step 2: Left inversion

From the above canonical form, the matrix I" is directly

obtained as:
—-10
=
0 1

which is full column rank over % (8]. It can be clearly seen
that it is left unimodular over % (8] with the left inverse

L

which yields the following internal dynamic:

" =

(45)

2

nlm]An+ﬂaéﬁ)

12

- 0
where A = [CZ = ]

!
C3 —C3

) . c08&16& — &) — b1 &
nd ,67 = 0 . .
a f(é ‘:) [6165155252615152]

In order to estimate 17 we consider the following estimator

i =An+7(£.€,6), (46)
s 58168, — & — cob)
WMM@zhé?élﬁﬂ.
166185 — & — 1816
The estimation error e = 1) — ] is then
én =Aen +F(e), 47)

with F(e) = f(£,&,8)— F(E,&,8) and e = & — €. By choos-
ing the following Lyapunov function: V (ey) = Jef ey, we
obtain: V = el Aep + el F (e). From the finite-time observer
designed as in (27), there exists 7 > O such that forall > T,
e =0, then F(e) = 0. Since cg < c3 and c/2 < ¢y in matrix A,
we obtain V = eTAen < 0, which implies that Assumption
2 is verified. Then, all conditions in Theorem 4 are satis-
fied and the studied system is causally asymptotically left
invertible. Indeed, the unknown inputs are given by:

{ up = *51 *Co§1§2+c/27717
u =£2+015152—C/31727

where u; and u; can be asymptotically estimated since &
can be estimated in a finite time via the high order sliding
observer and 7 can be asymptotically estimated by (46).

The simulation has been realized for 7 = 0.5s, where
T
the initial conditions xo = [0.01, 0.02, 0.01, 0.03} for

t € [-0.5,0], the initial conditions of the observer are
fixed to zero for r € [—0.5,0] and its gains are: A;; =7,
3,172 = 3,5,11‘3 =1, 3,271 =38, 3,272 = 4. The unknown inputs
to estimate are u; = 0,1 —0,1sin(3¢) and up = 0, 1cos(3t).
We considered the case where cp = 1, ¢y = 0,5, ¢, = 10,
c3 = 30, c/3 =y and c/2 =0,5¢;. The results are represented
in Fig. 11-14, where it can be seen clearly that the internal
dynamics and the unknown inputs can be asymptotically
estimated.

6 Conclusion

This paper has provided a solution based on high-order slid-
ing mode observer for the left invertibility problem of non-
linear time-delay system with unknown inputs. Both cases



actual
estimated

0.02

state variable x, and its estimate
o
o
w

0.01f
° i
o 5 10 15
Time (s)
Fig. 11. x; and its estimate
0.02
actual
estimated
0.015 |-
2
o
£
3 0.01
a
=
S~ 0.005
N
°
32
2
S 0
2
s
&
-0.005

—0.01

Time (s)

Fig. 12. 7 and its estimate

actual
0.04 estimated |

0.015

state variable Xy and its estimate
o o
o o
= N

0.005 -

—0.005
o

Time (s)

Fig. 13. x3 and its estimate

of time delay systems with and without internal dynamics
are considered. Finite-time and asymptotic left invertibility
are studied and conditions for the causality of the unknown
input estimation are provided. In addition, academic and bi-
ological examples are given in order to show the feasibility
of the proposed method.
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