N
N

N

HAL

open science

Input-state feedback linearization of single-input
nonlinear time-delay systems
Kamel Baibeche, Claude Moog

» To cite this version:

Kamel Baibeche, Claude Moog. Input-state feedback linearization of single-input nonlinear time-
delay systems. ECC 2014, Jun 2014, Strasbourg, France. pp.460 - 465, 10.1109/ECC.2014.6862315 .

hal-00976759

HAL Id: hal-00976759
https://hal.science/hal-00976759

Submitted on 10 Apr 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00976759
https://hal.archives-ouvertes.fr

Input-State Feedback Linearization of Single-Input
Nonlinear Time-Delay Systems

Kamel BAIBECHE and Claude H. MOOG

LUNAM, IRCCyN, UMR C.N.R.S 6597
1 rue de la Noé, BP 92101, 44321 Nantes Cedex 3, France.
e-mail : Kamel. Baibeche/Claude. Moog@irccyn. ec-nantes. fr

Abstract In this paper, the input-state
linearization problem for a class of single-input
nonlinear time-delay systems is studied for the
first time. The problem is solved by searching a
linearizing output with full relative degree. Necessary
and sufficient conditions are given for the existence
of such an output which yields a solution to the
linearization problem.

Keywords : Input-state feedback linearization,
Nonlinear time-delay systems, Linearizing output.

I. INTODUCTION

Nonlinear time-delay models have to be considered
for real systems for example in telecommunications
and teleoperation [1].

Despite the remarkable development on the theory
of linear time-delay systems which has been widely
studied and some general results are now available
([2], [3]), there is virtually no general theory for
nonlinear time-delay systems. This has motivated
the research for this class of systems ([4], [5], [6]).

In this paper, we solve the input-state linearization
problem for a class of single-input nonlinear
time-delay systems. It is a control technique which
allows to use methods available for linear time-delay
systems. Our trick consists on the search of a
dummy output with full relative degree and to
compute an input-output linearizing feedback. To
solve completely this problem, some necessary and
sufficient conditions are derived for the first time
ever in this work. They are used in the search of
a state feedback control and a change of variables
which linearize the full dynamics ([7], [8], [9], [10]).

In the case of linear systems without delays, this

problem reduces to the search of a controllable
canonical form or the form of Brunovsky. However,
for nonlinear time-delay systems, the transformation
is difficult to obtain, additional conditions are
required.

This paper is organized as follows. In section II,
we present the problem statement of the input-state
linearization problem for a class of single-input
nonlinear time-delay systems. Section III will show
the solution of the problem, start by solving some
subproblems which considered like special cases, and
finishing by some Lemmas and the main theorem
which solve the problem. Finally, the conclusion is
presented in section IV.

II. PROBLEM STATEMENT

Consider the following class of single-input nonli-
near time-delay systems, with the assumption that
the delays are commensurable :

#(t) = f(x() + g(z(.))u(t) (1)
where z(.) = (z(t),z(t — 1),...,z(t — k))

we want to find a state feedback control u(t) and a
change of variables z(t) :

(2)

with

such that, the closed-loop system reads

i(t) = A(6)z + B(8)v (4)



where, the state z € R", the control input u €
R, the entries of f,g, a and ¢ are meromorphic
functions of their arguments, A(5) and B(d) are
polynomial matrices with the assumption that the
pair (A(d), B(d)) is weakly controllable, v(.) is the
new control input, § represents the backward time-
shift operator and

{ v() = (), v(t = 1), ..., v(t — k))
z2() = (2(t),2(t = 1), ..., 2(t — k))

To solve our problem we are interested in the
question of the existence of a state feedback control
and a change of variables which has to be invertible.

The problem consists in deriving some necessary and
sufficient conditions, which proof the existence of
this linearizing output.

We start by the following motivating example.
Example 1 : Consider the system (5)

il = .Z'Q(t — 1) + .Tl(t — l)u(t)
Yz = ZE1<t — 2)u(t — 1) + [L’3(t) (5)
&y = x1(t) — 21 (t — Du(?)

The problem is solved as follows :

We search a state feedback control

()
Wt = o

the closed-loop of the system is

Yt {dg = $3(f) + (t — 1) (7)
i3 = 21(t) — v(t)
We search the matrices A(0) and B(d)

T = (L'Q(t — 1) + U(t)

000
AG)=10 0 1
1 00
1
B@)=| ¢
-1
where
1
rank[B(0), A()B(0)] =rank | & -1 | =2.
-1 1

Which implies that the pair (A(d), B(d)) is weakly
controllable.

The static state feedback input-state linearization
problem for the system (5) is solvable, if there exists
a linearizing output with full relative degree.

We can find a linearizing output y with full relative
degree n = 3 for the system (5) as follows

y=[B(),AG)BO = [ 1-6 1+6 146
y=2x1(t)—z (t—1)+z2(t)+x2(t—2)+23(t)+23(t—3)

To find the change of variables, we take
21 = (1)
2a(t) = za(1)
z3(t) = ws(t)

Finally, the description of the system in the new
coordinates is

= Zg(t — 1) + U(t)
2o = Zg(t) + U(t — 1) (8)
23 = Zl(t) — ’U(t)

III. SOLUTION OF THE PROBLEM

To solve our problem we start by solving these
different subproblems. First, we start by searching
all h(z(.)) with relative degree > 2. After, we search
all h(x(.)) with relative degree > 3 until arrive to the
general case where the relative degree of h(z(.) > n.

By solving these subproblems, we can find some
necessary and sufficient conditions for the existence
of a linearizing output h(x(.)), which yields a
solution to the linearizing problem.

To find the relative degree, we differentiate the
output y = h(z(.)) until v appears in one of the
equations.

Subproblem 1 : (Relative degree > 2)
Consider the system described by

&(t) = f(z(t), z(t = 1)) + g((t), z(t — 1))u(t)
Find all h(z(.)) with relative degree > 2.

The condition to find h(z(.)) is :

Oh(x(.))
Ou(t)

=0 (9)



After differentiating the equation (9) , we obtain

32’&)9(-) =0
o —
dz-19 ()=0

where ¢~ (.) = d g(.) is the function g shifted.

From this result, we can conclude :
1.1/ Find h(x(t)) with relative degree > 2
The condition to find h(x(t)) is

dheg?
where g?L is defined as follows
—L .
9 = { g%) 1% }

The number of elements in the left kernel is

1

2n — dimg?

1.2/ Find h(x(t),x(t-1)) with relative degree > 2

The condition to find h(x(t),x(t-1)) is
dh e g8

where EL is defined by

N g(.) ] 0
g =10 g7 () 0
0 0 I

The number of elements in the left kernel is
3n — dimg?
1.3/ Find h(x(.)) with relative degree > 2
The condition to find h(x(.)) is
VkeN: dhegh

—1
where g¢™ is defined as

o) 0 0\
g—kL _ 0 g ()
0 @ I,

The number of elements in the left kernel (the
maximum) is o
kn — dimgk

Example 2 : Consider the system (10)

CL‘Q(t — 1)

Yoa(t)=f()+ x3(t) u(t) (10)
1

Find all h(x(t)) with relative degree > 2.
The problem can be solved as follows :

The new extended system associated with the
original system is :

$2(t — 1)
(t)=fO)+ | z) | ud)
Ye ! ; 1
(t—1)=| vy | u(t)
U3

we form the following matrix :

zot—1) 0 0 0
zst) 0 0 0
. 1 00 0
e = 0 100
0 01 0
0 00 1

The involutive closure of g2 gives the following
distribution :

Zo(t—1) 0 0 0 1
23(t) 0 0 0 0
— 1 000 0
ge 0 1000
0 0100
0 0010

the number of elgrjl_ents in the left kernel is :
(2n — dimg? = dimg?™ = 1)

with ging(O 1 —x(t) 00 0)
Finally, we find h(z(¢t)) with relative degree > 2 :

(1)
M (1)) = 2a(t) - 2

Subproblem 2 : (Relative degree > 3)
Consider the system described by

#(t) = f(a(t), 2(t = 1)) + g(t), z(t — 1))u(t)



Find all h(x(t)) with relative degree > 3.

The condition to find h(x(t)) is

1
() 0 [fg [f 1d]
i e {g@ oo ]

where [f, g] is the Lie bracket of f and g.
(mm)sz)<gy

0 )\o
(0)=(0) (%)

0 0 )\ L

More generally, we search all h(z(.)) with relative
degree > n.

From these results, necessary and sufficient
conditions for the existence of a solution by input-
state linearization can be obtained.

Lemma 1 :
3 h(z(.)) with relative degree n if and only if, 3 k
such that :

(i) {9k, [fF, 9],

(i) dim{gk,[f¥, g¥], .
where

~adly 1 29k} involutive
ady; Yok} = nk

nk
condition (#) ensures the controllability.

Proof :

e Sufficiency

We have 3k | {g%| f,g’g],...ad%ng} involutive
which means that is completely integrable.

So, there exists a linearizing output h(z(.)) with
dh € {ge’[ eage] adfk gk}L

To find the relative degree, we differentiate the
output y = h(z(.)) until u appears in one of the
equations

= h(z(.))
Oh(x(.)) . 0,
hz()) = %) = Sk 4 ghy) =
Lfkh+LgkhU—Lfkh
with (Lgehu = 0 because dh L g¥)
© 9L h AL ih
I R

L wh+ L kakhU—L h
Wlth (Lge Lprhu =0 because dh L [k, gk

with (L kL” 2hu = 0 because dh L ad?k 2gk)
3L" 'h
n oL h
y() = ai() x() = f (fk + ge ) =
Lyh+ L L” Lhu

Wlth (L écL” Thu # 0). which means that we have a
relative degree > n but with condition (i) :

3k | dim{gh, (5, 98], -.adl; gk} — nk

the relative degree equals n.

e Necessity

We will proof the necessity by contradiction.

We have 3 h(x(.)) with relative degree n.

Assume :

(i1) 3k | {g*, [f*, g*], ..‘ad?e,?gf} not involutive

(i1) 3k | dim{gk,[fF, g¥], ...ad;ﬁglgﬁ} = nk which
proof that all the Vectors are independent and
dim{gf,[f@gf],.. fk 95}_”‘1{;_1

As a consequence of the condition (il)

dh & {gt, [f¥, gt], -ady*gi

Which means that the relative degree of h(z(.)) < n
and it is not equal to n (contradiction).

Which implies the necessity of the conditions of
Lemma 1.

To solve completely the input-state linearization
problem, we have to solve also the input-output
linearization problem which will be used in the final
Theorem.

Lemma 2 :
Given y = h(z(.)) with relative degree n.

(z(.) )+ Z bi(
the input-output linearization problem is solvable if :

(i) i | b ¢Oz(1r)1db =0 Vj#1
O

(i) Vi <1 5 (320

)

Y

Y ) — ) u(t — i)

(141) 8%(.) : unimodular

y(n_l)

Proof :

The solution of the problem can be found as follows :
if the conditions of Lemma 2 are satisfied, so

y™ = u(t) and we find :

a(a() + (1)
) = w0

After remplacing u(¢) in the system, we can find



the linearizing state z(t) by solving the closed-loop
of the system. This change of variables has to be
invertible.

Remark 1 :

The condition (ii) of Lemma 2 ensures the causality
of u(t) which means that the system don’t depend
on future input .

Condition (4i7) ensures that the change of variables
is invertible.

The conditions of Lemma 2 are not necessary as it
is shown in the following example.

Example 3 : Consider the system (11)

{551 =xo(t — 1)+ 22(t — 1) + u(t) (1)
o = —u(t)

y = 1(t) + z2(1).

We compute y@ :

y = x1(t) + 22(t)

g =aa(t — 1) +2i(t — 1)

Yy = 2z (t — 1)[aa(t — 2) + 22(t — 2)] +
1) — 1u(t —1)

[21’1 (f -

We verify the conditions of Lemma 2 :

(i) by = 2x1(t - 1) — 1 # 0 (condition (7) is satisfied)
(17) Vj < 1| ax(t )j) = 0 (condition (i7) is satisfied)
@) 30| g ) =\ 2w -1 o

not unimodular (condition (7ii) is not satisfied).

So, the change of variables is not invertible, thus the
conditions of Lemma 2 are not fulfilled. Nevertheless
the state feedback linearizes the input-output
relation is :

v(t) — 2x1 (t)[z2(t — 1) + 23(t — 1)]

2%1(t) —1

ult) =
with (2z1(t) — 1 #0)

From these results, sufficient conditions to solve
the input-state linearization problem for a class of
single-input nonlinear time-delay systems can be
obtained.

Theorem : Given system (1)

The input-state linearization problem is solvable if,
3 k such that :
(i) {92, £, g2,

~adly e 29k} involutive

(it) dim{gk, [f¥, gk, ...ad} " gk} = nk
(i71) y = h(x(.)) satisfies Lemma 2, where
dh € {gh, (5, gb), ad’ 2gk}+

Proof :

If we have h(z(.)) with relative degree n satisfies
lemma 1, where dh € {g¥, [f¥, g*], .. ady; Zgkyt

By using lemma 2, we can find a state feedback
control u(t) = % that can solve the
input-state linearization problem.

Now, we only have to prove that condition (4i7)
does not depend on the choice of h(x(.)).

Remark 2 :

Consider two functions h(z(.)) and h(z(.)), both
have relative degree n.

from condition () of the Theorem, we have
dim{g®, [f¥, g, .. d” g*} = nk —1, so there exists
one solution in the left kernel and we can write
dh(z(.)) = Adh(x(.))

s0, h(x(.)) = @(h(x(.)))

by differentiation the equation we find

O (2()) = a(z( DA™ () + b))
where a(z(.)) = 2% and there is no u(.) in b(z(.)).
So, if h(x(.)) satisfies Lemma 2, then h(z(.)) satisfies
Lemma 2 as well.

Which implies that condition (zii) of the Theorem
does not depend on the choice of h(z(.)).

The conditions of the Theorem are illustrated by
the following example.

Example 4 : Consider the system (12)
i?l = Ig(t)
io = sin(@3(t — 1)) + z2(t — u(?)
where n =2 and k = 2.

(12)

We will prove that the system (12), can be linearized
by static state feedback, by showing that the
conditions of the Theorem are satisfied.

Let,
(1) 0 00
2 sin(z3(t — 1)) o | @(t—1) 0 0
e = 0 » 9e = 0 10
0 0 01

dim{g*} = nk — 1 =3, {g2} is involutive (condition
(i) of the Theorem is satisfied)



0 0 0 x(t—1)
dzm{ge, [ eage]} = dim 0 1 0 0

0 01 0
dim{g2,[f2,92]} = nk = 4 (condition (i) of the

Theorem is satisfied).

We search the linearizing output
y=(g) =[100 0]

we find y = x;(¢).

We compute y?

y=z1(t)

y = x2()

y@ = sin(z3(t — 1)) + 2ot — Du(t) = v(t)

We verify the condition (i4i) of the Theorem :
(i) by = xa(t — 1) # 0 (satisfied)

N @ .
(it) Vj <0 | O%—j) = 0 (satisfied)

(141) ol =\ o1
So, condition (i7i) of the Theorem is satisfied.

unimodular (satisfied).

The state feedback control is

ult) = v(t) — sin(a3(t — 1))
T2 (t — ].)

with zo(t — 1) #0

The change of variables is

= t
{Zl i(l) (13)
Z9 = T2 (t)
Finally, the closed-loop of the system reads
Lt
oo (19)
2o = v(t)

Which means that the input-state linearization
problem of the system (12) is solved by the Theorem.

IV. CONCLUSION

Necessary and sufficient conditions for the
existence of a linearizing output with full relative
degree have been obtained in this work.They have
been used as sufficient conditions to solve the
input-state linearization problem for a class of
single-input nonlinear time-delay systems.

Future work has to be done to search some
necessary conditions to solve the input-state

linearization problem for this class of systems.
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