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The systematic recursive design method of the robust stabilizing controller for general uncertain nonlinear time-delay

systems is investigated in this paper. A delay-independent state feedback control law can be obtained by recursively constructing
Lyapunov-Razumikhin function. It is shown that by some design techniques the obstacle that is intrinsic to the application of the
Razumikhin condition can be removed such that the design of the robust stabilizing control law is free of any restriction for the

systems.
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1 Introduction

Motivated by the systematic design method™ for non-
linear nondelay systems stabilization based on Lyapunov
function, how to extend nonlinear time-delay systems is
naturally regarded as an interesting and challenging re-
search topic. In recent years, many research efforts in
this area have been made. However, most of the results
were based on the linear matrix inequalities (LMI) method,
that is to say, in these results the considered nonlinear sys-
tems were essentially handled as linear systems with non-
linear uncertainties satisfying the linear matching condi-
tions. Several researches such as [2,3] were based on the
essence of nonlinear time-delay systems. A functional based
version of recursive approach was first presented in [2],
but the stabilizing controller proposed could not be ob-
tained constructively!”. Based on the control Lyapunov-
Razumikhin function, another version of recursive method
was provided in [3]. However, the control law can only be
constructed through checking the existence of the domina-
tion function. Thus, as pointed out by [3] itself, it is a dif-
ficult task for higher dimensional systems. Apparently, for
time-delay systems described by the functional differential
equations[5], it is not a trivial extension of the recursive
design of nonlinear nondelay systems. In [6~9] some at-
tempts have been made to solve this issue. A recursive de-
sign based on Lyapunov-Razumikhin function was given in
[6] for a class of time-delay systems with restriction, where
the bounding functions of the uncertain related-delay func-
tions were required to be only related to z1¢. In [8], with the
help of the proposed LaSalle-Yoshizawa-like theorem, this
result was further extended to the adaptive stabilization
for a class of nonlinear time-delay systems. The restriction
was relaxed in [9] by the requirement for the related-delay
functions to satisfy the linear growth condition. However,
how to recursively design a stabilizing controller for general
nonlinear time-delay systems without any restriction is still
an open nontrivial problem.

This paper addresses the methodology and makes a dis-
cussion on the results of [6~9] in order to further develop
novel results on general nonlinear time-delay systems. A
Lyapunov-Razumikhin function based version of a similar
backstepping approach is developed for the general nonlin-
ear time-delay systems. It is shown that a robust stabi-
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lizing controller can be explicitly constructively obtained
by properly using the Razumikhin condition without ad-
ditional conditions. And the constructed controller is in-
dependent of the state-delay. Thus, the value of the delay
is allowed to be unknown. We call it a similar backstep-
ping approach to mean that there exists some distinctive
difference from the conventional backstepping method. In
comparison to the backstepping design for the nonlinear
nondelay systems, one more difficulty arises in the new
problem setting for time-delay systems. The difficulty is
caused by two aspects. One is that due to the use of the
Razumikhin condition the triangular structure form of the
system is changed. The other is that the coordinate trans-
formation has effect on the Razumikhin condition. Thus,
the key to recursive design for time-delay systems is how
to overcome this obstacle to explicitly obtain a robust sta-
bilizing controller.

2 Problem statement

The nonlinear time-delay systems considered are de-
scribed by

z=F(z,z:) + G(x)u, zo(7), T € [-1,0] (1)

where & € R" represents the state, =, := (¢t + 7) the de-
layed state, and 7 &€ [—r,0], 7 >0 is a constant represent-
ing the largest value of delay. u€ R is control input. F(-)
and G(+) are smooth functions with appropriate dimensions
with F(0,0)=0, G(z) #0,Vz. For F(z,z:), the following
decomposition is reasonable

F(z,z:) = f(z) + f(z,z0)z:

with f(z) = F(x,0), and f(z,2:) can be found
analytically*®). Thus, (1) can be rewritten as

z = f(z) +e(z,z:) + G(z)u (2)
where e(z,z;):= f(z,z:)z; and f(0)=0, e(x,0)=0. With
the help of a certain geometric condition!l, (2) can be
changed into the following form

1 =22+ fi(z1) + e1(z1, z1¢)
To = x3 + fo(Z2) + e2(Z2, Tat)

(3)
i‘n =u-+ fn(i'n) + en(i'nyi'nt)
where Z; = [x122- - xi]T, Zit = [T12 -+ mit]T (i=1,---,n).

fi(-) are smooth functions, f;(0) = 0, and e;(-) reason-
ably satisfy the following conditions with known functions
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bij(-) >0 and class K functions u;;(-) (i = 1,-+-,n, j =
1 i):

lei (i, @ie)| <Y big(Fa) i (|2e) (4)

Jj=1

It should be noted that e;(-) may represent the uncertain-
ties if only it satisfies (4).

The robust stabilization problem addressed in this pa-
per is, for the general system (3), how to find a smooth
feedback controller v = ¢(z), which is independent of the
delayed state, such that the closed loop system is globally
asymptotically stable at = 0.

To this end, the following technical lemma will serve as a
basis for the explicit construction of the robust stabilizing
controller.

Lemma 1. Consider nonlinear time-delay systems

z = f(z, ), zo(7), T € [-7,0] (5)

If there exist a continuous function V(z) and Ko functions
k1(+), k2(-) and k3(-) such that

ri(llz]) < V(z) < rz(]l2]) (6)
V(@) < —rs(ll), if _max V(@(r)) <pV(2:(0) (7)

the solution z(t)
where p>1 is a given constant,

=0 of (5) is globally asymptotically stable,
“max Vie(r) <pV(z:(0))

is called Razumikhin condition.

This lemma is a case of the Razumikhin stability theorem
in [5] since a linear function ps with a constant p > 1 is used
to replace the function p(s) (p(s) > s, Vs > 0).

3 Main result

For simplicity of presenting the basic idea, the case with
scalar x of (2) is first considered.

Theorem 1. For the scalar case of (2), a delay inde-
pendent state feedback controller is given by

1
g(x)

The resulting closed-loop system is globally asymptotically
stable at x = 0, where ¢ > 1 is a given constant, and the
function ji(-) satisfies the function decomposition u(s) =
sfi(s).

Proof. Choose a candidate for Lyapunov-Razumikhin
function as follows.

U= —

{101+ Jar@) + jsitta + 2} ®)

Viz) = 5z )

Since |e(z, z¢)| < b(x)p(|z¢]), the time derivative of V' along
any trajectories of the system satisfies

V(x) < zlf(2) + g(@)u] + [z[b(@)u(|2.) (10)

When the Razumikhin condition |z¢| < ¢|z| holds, the time
derivative of V' becomes

. 1 1 .
V@) < o {g(ehuct F0) + Jab*(e) + 3aPailala) b (1)
Therefore, a feedback law defined by (8) gives

V(z) < =2, if Jee(r)l| < gllze ()], 7€ [-r,0] (12)

Thus, by Lemma 1, the asymptotical stability follows
from (9) and (12). O

Now the design method presented in Theorem 1 is ex-
tended to the higher order systems (3). To demonstrate the
idea of recursive design, the result on the two-dimensional
system of (3) is presented.

Theorem 2. For the two-dimensional system of (3), a
delay independent stabilizing controller

1 1
22 b21 —Z92

2 bll_

U =—Zl—f2+
2

2772221(n4|2’l|)+1

l 1

Z2 224

=1 j=1

[$2+f1] Ern

1
—22652 —2¢% 22—

)57 q° i3 (j2q|22])— =

(13)
can be recursively obtained, where ¢>1, a1 (21) is a smooth
function determined in the design procedure.

Proof. First, note that in the recursive design,
Lyapunov-Razumikhin function of the whole system will
be in a quadratic form on the new coordinate z under the
change of the coordinate

21 = T1, 22:$’2—061(x1) (14)
with 1(0) = 0. Then, the Razumikhin condition becomes

max V(z:(r)) <pV(2:(0)) (15)

—r<T

It is equivalent to the following condition with a given con-
stant ¢ = \/p > 1

llz:(7)Il < qllz: (0],

First Step. For the zi-subsystem with z2 viewed as a
virtual control signal, we define a positive definite function
V1 (.Tl) as

€ [—r,0] (16)

Vi(z) = %zf (17)

then, we obtain the derivative of Vi as follows.

1
Vi <zif{az + fi(z)} + Z1bu( 1)+ 5#%1(|$1t|)
When the Razumikhin condition (16) holds, |z1¢| = |z1¢] <

llz¢|l < gllz|| holds, thus, we get

. 1 1
i <o (ot o)+ Jabha@) |+ Juhalal) (19)

It is clear that the last term cannot be cancelled with the
virtual control law «i(z1). But, by the virtual control
law ai(z1), additional function terms on z1 must be con-
tained in order to ensure the derivative of the Lyapunov-
Razumikhin function in the final step to be negative. Thus,
the virtual control law is chosen as

2
1 2 2 N 2 2~2 .
a1 =—fi—gz1bi2g 2172121 214(?#1)1 q" iz (529]z1])—
=1 j=
(19)
where j1;;(-) satisfies the decompositions p;;(s) = sfis;(s),
which makes the derivative of V; satisfy

. 1
Vi <mzmtouh(glal)-29 21—22 i) (724121 ))—2

=1 j=1

(20)
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whenever the Razumikhin condition holds.

Second Step. For the whole system, define

Vl(Zl) + lzg (21)

V(Zl,ZQ) = B

Then, along the trajectories of the system (z1, z2), the time
derivative of V is

V< 22{u+f2 - %[962 + fi]
L1
|22|[b21 21 (|z1¢]) + bazpezz (|z2e|)] + Vi

}+|22|

biipar (|z1e])+
1

(22)
A problem arises, i.e. how to use the Razumikhin condi-
tion in M22(|$2t|). Let

My := |z2|ba2 (Z2) o2 (|z2t])

and note that o = z2¢ + a1(w1:), where ai(-) has been
determined in the former step. Then one can find a class
of K functions ¢11(+) such that |a(z1¢)| < c11(|z1e]). Thus,
we have

1 N 1 .
M> < 2303 (T2 )15 i3 (2] 22e 22 baa (E2)vaan (|zne]) (23)
where v221(s) := p22(2c11(s)), s > 0. Substituting (23)
into (22) and considering |z1:| < ¢||2| and |z2t| < ¢l|z]|
when the Razumikhin condition holds, we obtain

b11}

(24)

Obviously, another problem arises: how to deal with
N2 = |zg|b22(i'2)1/221(q|\z||). The dlfﬁculty lies in the fact
that the function v221(+) is not dealt with in the same way
as the functions p;;(+) since v221(+) is closely related to a1 (+)
designed in the former step. Thus, to overcome this diffi-
culty, we handle N5 as follows.

8a1

1
V<zQ{u+f2— Lot fi]+ = 22(521+b22)+ 2 5z,

2

3 Z ZMW (Gallzll) + |22|bazvezr (qll2]]) + Vi

=1 j=1

2
No < |22|522(f2)ZV221(2q|Zl|) <
) (25)

—22522 Z 1(2q|21) +22q 2

=1 =1

where D921 (+) satisfies the decomposition v221(s)=s0221(s).
The first term in the last inequality of (25) can be cancelled
with the virtual control law in this step. In the second
term, the quadratic form of z2 can be cancelled in this step
and the quadratic form of z; can be dominated by the pre-
designed additional term in as(-). These features are just
the distinctive difference from the backstepping design of
nonlinear non-delay systems. Substituting (25) and (20)
into (24) yields

Oa 1 |0
V<22{u+21+f27[x2+f1]+ 22b21+ Z2 831 b%1}+
1 2
22’;522 1_215321(2‘1|Z1|)+1 +2QQZ§—Z%+

>3 B uGallel) -3 D25 - i 2l )

=1 j=1 =1 j=1
(26)

whenever the Razumikhin condition holds.
feedback law defined by (13) renders

Therefore, a

V(z1,22) < =21 = 25 if [l2e(7) ]| < qllz:(O)|], 7 € [-r,0]

(27)
Thus, by Lemma 1, the asymptotical stability follows
from (21) and (27). O

From the design presented by Theorem 2, it can be seen
that the key of the recursive design is how to deal with
the system without triangular structure due to the use of
the Razumikhin condition and the effect of the coordinate
transformation on the Razumikhin condition, so that the
derivative of the Lyapunov-Razumikhin function for the
whole system along the closed-loop system trajectories sat-
isfying the Razumikhin condition is negative. Recursive
application of the proposed design step described above
leads to backstepping method for system (3).

Theorem 3. Consider system (3) with (4). A stabilizing
controller u = ¢(x1, -+ ,n), which is independent of delay,
can be recursively obtained.

See Appendix A for the proof.

4 Numerical example

To illustrate the proposed recursive method, we deter-
mine a robust asymptotically stabilizing feedback control
for the two-dimensional system

{ 1 =2 + fi(z1) + ei(z1, z14)

. 2
T2 = u+ fa(x1,22) + e2(x1, T1t, T2, T2t) (28)

where fi(z1) = z2 + 21, fo(z1,22) = 1202 + 2% + 73, ei(-)
and ez (+) are unknown functions satisfying

1
ler(z1,z1e)| < 5|$1t|
(29)

1 1
lea(w, 20) < 5 (14 ad)|wre] + 5 lwae]

2
ie. ei(-) and ez(-) are bounded by (4) with the bounding
functions
bll(xl) = 1, bgl(x) =1+ x%, bgg(x) =1
pij(s) = 55 (1,7 = 1,2)
Hence, by applying Theorem 2 to the system, we obtain
a robust stabilizing controller (¢ = 1.005):

(30)

d 1 1 (a1’
u:7m17f2+8;2(m2+f1)7522(1 +x%)27522 <a;:1> _

16.1622(27 4 23) — 302.4322

(31)
where a1 (z1) = —z1 — 12.0921, 22 = 22 — a1 (z1).
When the initial conditions are chosen as
$1(7) = 0.1€7, ¢o(r) = —0.8sin(r + g), 7€ [-0.2,0]
(32)

and the uncertainties satisfying the bounding condition
(29) with the bounding functions (30) are described by
1 1

521t ea(x,xt) = w121t + S22t (33)
The simulation of the closed loop system consisting of (28)
and the robust feedback controller (31) is shown in Fig. 1.
This simulation demonstrates that the system with the
delay-related uncertainty can be stabilized with a satis-
factory dynamic performance by the robust feedback con-
troller constructed recursively.

e1(z1,z1t) =
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Fig. 1 The response curse of the closed-loop system

5 Conclusion

The robust stabilization problem for general nonlin-
ear time-delay systems is investigated. @~ A Lyapunov-
Razumikhin function based version of similar backstepping
approach is developed. The key feature of this approach
is that in the recursive design, the subsystems forced by
the virtual control laws at each step are not necessarily
stable but contain the additional signals dominating the
delay-related uncertainties such that in the final step the
derivative of the Lyapunov-Razumikhin function is nega-
tive whenever the Razumikhin condition holds.
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Appendix A

Proof of Theorem 3. First, note that in the recursive
design, Lyapunov-Razumikhin function of the whole system
will be of a quadratic form on the new coordinate z under
the change of the coordinate

zi =X —i—1(Tiz1), 1=1,---,n

with ag = 0 and @;—1(0) = 0. Then, the Razumikhin
condition becomes

max V(z¢(7)) < pV(2:(0))

—r<7<0

It is equivalent to the following condition with a given con-
stant ¢ = \/p > 1

lz(7)Il < qllze (0], 7€ [-r,0] (A1)
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First Step. For xi-subsystem, similar to the proof of
Theorem 2, the derivative of V4 defined as (17) can be
obtained as (18) when Razumikhin condition (A1) holds.
Noticing z€ R™, we choose

n s @ . 2 2
o (1) = —fi- bt -3 3 UL

§=21=2 j=2

" (nk1—i
DB

i=1 j=1

Z21—Z21—

2 3 2~2

g n g i (gnglzl)  (A2)

to make the derivative of Vi satisfy the following form
whenever the Razumikhin condition holds.

. 1 n s [ .
i gzlzﬁi/ﬁl(fﬂlz”)*zzzjz aa

1
nq zi—
s=2 =2 j=2

" n n+1—i ;
SO M 2 gl (43)
i=1 j=1

Second Step. Similarly, for the zs-subsystem with x3=
z3+az2(Z2), the time derivative of V2 defined as (21) can
be derived as the form (24) when the Razumikhin condi-
tion holds. But, since z € R", it is slightly different from
Theorem 2 in dealing with Na:

No < |z2|boa2 (&2 {Z vaz1(ng|z|) +ZV221 (nglz) }
ZV221 (nglz]) +
2 ZV221 nglz)

where 221 (s) = sD221(s). The last inequality in (A4) con-
sists of three parts. The treatment of the first two parts,
namely the first three terms, is the same as that in Theo-
rem 2. The third part that is the fourth term will be dealt
with in the later steps. Substituting (A4) and (A3) into

(24), we obtain
b1 1}
2

2 2
ngq
+Z 2252_

=1

LT 5 15 allzl)+

1=1j=1

< 22522 22532(92'2)+

Mm

1
3 2 (A4)

8a1

Vo<l— 21+22{23+a2+21+f2— [$2+f1]+ 8

1
D) =25 b21+ Z3bss

D P

§=21=2j5=2

n+1—z
—ZV221 (ng|z]) ZZ Nzg(]n(I|Zl|) (A5)

1=1j=1

2
S 51 (nglaal) +n—1

=1

whenever the Razumikhin condition holds.
virtual feedback law defined by

Therefore, a

dau |*
oz

1 1
232 b21 B —Z92

Sy U

s§=2i=2j5=2

1°n n+l—1t) o .
B B B AL LS PN

i=1 j=1

2

az(iz)——h—fz-l-—[m-&-ﬁ] 11—

—22522 ZV221 nglzi|)+n—1

(46)

is such that
Vo < 2223 + ZVQZI nglzl) + ZZ TMJ (Jallz[[)}-

ZZz Soyny s

113111

Sy y U lanz

s=3 1=2 j=2

Nz’j (Jnglzi|)-

whenever the Razumikhin condition holds.

Induction Step. Suppose at the (k—1)-th step (3 S <n)
there are a set of virtual control laws «;(Z;), (i=1,--- , k-1
and a positive definite function Vj;_1(Zky) such that

)

k—1 4 j—1

Vit (Br) < Zk—12k+z Z Z Z? vijs(nglz])+

7,2;251116

ZZZ: _Zufg (jallzl) ZZZ G- 1 kg:

=1 j=1 s=k 1=2 j=2
n i k—1
n+171
ZZZ L2 (nalal) Zz? (48)
i=1 j=1 I=1

whenever the Razumikhin condition holds, where v;;4(-):=

1ig (Jni—1)s(-)) and n_1)s(-) is a class IC functions satis-
Jj—1

fying |oj—1(Z5-1 |<Zc(] 1s(J2s]) Zn (i—1)s (| 2s|) with
s=1

the class K function ¢¢;_1)s(-).

Thus, in the following we will show that for the k-th
subsystem of (3) the time derivative of Vj, also satisfies the
inequality form as (A8) if the positive definite function V
is defined as

. 5 1
Vie(Zk) = Vi1 (Zi—1) + 521% (A9)

The time derivative of Vj, along the trajectories of (3) can
be calculated as

1
Vi <Vie 1+Zk{$k+1+fk—z xz+1+fz]}+§zibi1+

1.5 o0 2 1
k—1
521% 2| oa, b?1+§ ;H?1(|m1t|)+Mk (410)
where
—1 80[ 7 k
k—1
My = = | > " bagpag (el +2e] > bajpuns (e
j=2 Jj=2
Notice

Jj—1

zi=ri—ai1, a1 (FGon)l <D ng-s(|ze])
s=1
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with class K functions n¢;_1)s(-). Then,

i

k k—
My, < %ZEZ% 3 Zﬂk] (Flz5¢1) %Z;uu (Jlzje)+

Jj=2 Jj=2 =2
k—1 ¢ k j—1
1 5 Bak 1
5%k bZ] + |Zk: § g ijkjs |Zst|
2 ; 0x;
=2 j=2 j=2s=1

K3

w3y |2

1=2 j=2 s=1

3ak 1

(A11)

bijvis (|2stl)

Substituting (A11) into (A10), we have

da
Vk<Vk—1+2k{9€k+1+fk Z Bk 1(x1+1+f1}+ szb

i=1
k—1 1 aGf
=

ZZ bz]+2 ZZMU (jgllz]l)+N (A12)

i=1j=1 i=1j=1
where

k j—1 k—1 7 j—1 aa

O]

Nk—w[zzbw a3y S|Pk bw(qum]

Jj=2s=1 1=2j=2s=1

From the property of the class K function, Young's Inequal-
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Consider (A12), (A13), and (A8).
feedback law defined by
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renders the derivative of Vj, satisfy (A8) (k—1— k) whenever
the Razumikhin condition holds.
Obviously, this recursive procedure will terminate at the

Zz] According to the virtual
j 1

control law oy (Zn) (let k=n in (A14)) the derivative of V/
satisfies
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n-th step, where V(2,)=

whenever the Razumikhin condition holds. Hence, by
choosing the feedback control law u = an (%) and by using
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we obtain
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Thus, the asymptotical stability follows from Lemma 1. [J
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