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Abstract: This paper addresses the problem of global stabilization for a class of time-delay
systems with inherent nonlinearity and unknown control directions, which may not be controlled
by any smooth feedback. The dynamic gain based approach in Zhang, Lin and Lin (2017) and
the idea of Nussbaum-gain function Nussbaum (1983) are employed to deal with inherently
nonlinear systems with time-delay in the presence of unknown control directions. With the help
of appropriate Lyapunov-Krasovskii functionals, we design a non-smooth delay-independent
feedback control law that guarantees the global asymptotic convergence of the system state and
global boundedness of the resulting closed-loop system.

1. INTRODUCTION

Control of time-delay nonlinear systems is an important yet challeng-
ing problem. It is often encountered in many real-world applications
that involve time-delay, such as network control, mechanical systems,
biological systems and chemical processes, etc. In this work, we first
consider the following class of time-delay nonlinear systems with
unknown control directions

iy =02l + fi(z1, e 2 (t—d), -t —d)),
Tn = OpuP" + fr(z,z(t — d)),
Z‘(S):C(S),S € [_dv 0}7 (1)

where x € R"™ and uw € R are the system state and input,
respectively. The constant d > 0 is an unknown time-delay of the
system, p; > 0 are odd integers, f; : R — R are C! mappings
with f; (0,0) = 0, and {(s) € R" is a continuous function defined
on [—d, 0]. The coefficients 0; # 0,1 < ¢ < n, are unknown constants
bounded by a known constant c.

For the analysis and synthesis of time-delay systems Gu, Kharitonov
and Chen (2003); Jankovic (2001); Richard (2003), the Lyapunov-
Krasovskii and Lyapunov-Razumikhin methods are two powerful
and common tools that have been found wide applications. In the
literature, research of time-delay systems can be classified primarily
into three different categories. The first category of study focuses on
the time-delay in the system state Gu, Kharitonov and Chen (2003),
while the second one is aimed at the time-delay in the control input
Mazenc, Modie and Niculescu (2003); Mazenc, Mondie and Francisco
(2003); Liberis and Krstic (2013); Zhang, Boukas, Lui and Baron
(2010). The last category addresses a general case where the time-
delay is present in both the control input and the system state. For
each category of time-delay nonlinear control problems, substantial
progress has been made and various results have been obtained; see,
for instance, Mazenc, Modie and Niculescu (2003); Mazenc, Mondie

* This work was supported in part by the Thailand Research Fund
under Grant RSA6080027 and Royal Golden Jubilee Ph.D. Program
(Grant No. PHD/0158/2552), and by the Key Project of NSFC
under Grants 61533009, 111 Project (B08015), Research Projects
(JCY20150403161923519) and (KCYKYQD2017005). Correspond-
ing author: Wei Lin (linwei@case.edu)

and Francisco (2003); Zhang, Zhang and Lin (2014); Zhang, Lin and
Lin (2017) and references therein.

In the the case when 6; = 1, the time-delay nonlinear system (1) is in
general not stabilizable, even locally, by any smooth state feedback.
For instance, the time-delay system & = u® + x(t — d) cannot be
stabilized by any smooth state feedback even when d = 0, and hence
it is impossible to be smoothly stabilizable for d > 0. However,
it is easy to verify that with the aid of the Lyapunov-Krasovskii
functional V = 22 + f:_d x2(s)ds, the system is globally stabilizable

by non-smooth but C° feedback u = —(2z)'/3. Motivated by this
observation and the under-actuated mechanical system Qian and Lin
(2001b) in the presence of time-delay, we focus in this paper on the
problem how to control the time-delay nonlinear system (1) by non-
smooth, rather than smooth, delay-independent state feedback.

Most of the results obtained so far have been concentrated on time-
delay nonlinear systems with known control directions, e.g., the signs
of all coefficients of the chain of integrator are assumed to be known.
If this crucial information is not available, a new method needs
to be developed for the control of time-delay nonlinear systems.
Since the sign of the control input often represents, for instance,
motion directions of mechanical systems (such as robotics modeled
by the Lagrange equation) and may be unknown, it is certainly
interesting to investigate how to control time delay systems with
unknown control directions. For the time-delay system with unknown
control direction (1), global stabilization by delay-independent state
feedback is not a trivial problem. The difficulties are i) when the
signs of coefficients of a chain of integrators are unknown, the design
of virtual controllers is less intuitive and more involved as the uncer-
tainties cannot be cancelled directly by a conventional backstepping
design; ii) the presence of time delay nonlinearities makes a delay-
free, static state feedback law insufficient for mitigating the effects
of time-delay, and hence a dynamic instead of static state feedback
seem to be necessary.

Motivated by the universal control idea Nussbaum (1983); Lei
and Lin (2006, 2007) and the recent development Zhang, Lin and
Lin (2017), we propose a novel method for the construction of a
set of Lyapunov-Krasovskii functionals and a delay-free, dynamic
state feedback control scheme for counteracting the effects of time-
delay nonlinearities and unknown control directions in the system
(1) simultaneously. With the help of the new dynamic gain-based



Lyapunov-Krasovskii functionals, we are able to design a delay free,
dynamic state feedback compensator step-by-step, resulting in a
solution to the global state regulation of the time-delay system (1)
with boundedness. Interestingly, it is worth pointing out that the
approach presented in this paper also provides a new yet simpler
way for the design a dynamic state compensator that achieves global
stabilization of the time-delay nonlinear system (1), in the absence
of unknown control direction.

Notations: Denote ©; = [v1,---,v;]T € Rl for i = 1,--- ,n. For
instance, Z; = [z1,- - ,x;]T, Z;(t—d) = [x1(t—d), - -- ,x;(t—d)]T and
I = [l1, - ,1;]T. A Nussbaum function N(k) = k2 cos(k), which is
obviously an even function, will be used in this work. It is not difficult

to verify the following properties: 1) limy_, 4 sup % fok N(s)ds =
+00; 2) limy_, 4 o inf % fok N(s)ds = —co.

2. PRELIMINARY

To design a non-smooth but C© state feedback controller for the
time-delay system (1), we introduce several key lemmas to be used
throughout this paper.

Lemma 1. Qian and Lin (2001a,b) For positive real numbers m,n
and a real-valued function 7 (z,y) > 0, the following inequality holds
Vz,y € R.

m
x n<g
eyl =
Lemma 2. Lin and Qian (2002) For a C° function f(z,y), 3 smooth
functions a (z) > 0, b(y) >0, ¢c(x) > 1 and d(y) > 1, such that

|f(z,y)] < a(@) +b(y), |f(z,y)[<c(z)d(y). ()

Lemma 3. Qian and Lin (2001a,b) Let z,y € R and p > 1 be an
integer. Then,

T () [y (2)

nﬂ(%y)\w\ -

|z +y[P <2071 2P 4¢P,

p—1
P

S

1 L 1
(el +lyh? <lz|? +[yl» <277 (J=[ + |y]) (4)

If p is an odd positive integer, then
|z —y[P <271 2P —yP|. (5)

Lemma 4. Zhang, Lin and Lin (2017) For a C° function f(z,y)
and a positive integer k, there exist smooth functions g(z) > 0 and
h(y) > 0, such that

f@y) ()" + 1y*) < g @) [2]* + 1 (y) |y (6)

Lemma 5. Zhang, Lin and Lin (2017) For the C! function
fi(Zi, Zi(t — d)) with f;(0,0) = 0, there exist smooth functions
¥ij (z;) > 0 and 7yi*j (xj (t—d)) >0,j =1,---,4, such that

fi ) < Bjmy g (25) |5 + 75 (25 (6= d)) | (£ = D)) (7)
3. NONSMOOTH FEEDBACK WITH DYNAMIC GAINS

In this section, we utilize the idea from universal control Nussbaum
(1983); Lei and Lin (2006, 2007), coupled with the feedback control
strategy in Zhang, Lin and Lin (2017), to design a delay-free,
dynamic state compensator that achieves global asymptotic state
regulation with boundedness for the time-delay nonlinear system (1),
As we shall see, the proposed dynamic compensator is composed of
two sets of dynamic state feedback controllers. One of them is capable
of mitigating the effects of the unknown control direction, while the
other one is able to counteract the time-delay nonlinearities of the
system (1). Notably, the idea of utilizing two sets of gain update laws
has been explored in the area of adaptive control of nonlinear systems
with unknown parameters by output feedback Lei and Lin (2006,
2007). This paper further demonstrates how a similar philosophy
can be applied to effectively control the time-delay system (1) with
unknown control direction.

) 1 .
Vipk <—néf+ [1+l—]91§1x2p1—
1

Theorem 6. For the time-delay nonlinear system (1) whose control
directions are not known, there exists a delay-free, dynamic state
feedback controller of the form

L=n(L,k,z), k=h(Lkz), u=all, k) (8)

with a(L,k,0) = 0, such that the system state = converges to the
origin, while maintaining boundedness of the closed-loop system,
where 7 : R*™1 x R? x R® — R™ !, h: R ! x R* x R® — R"
and a : R"! x R" x R® — R are C° mappings. O

Proof. We apply the adding a power integrator technique Qian
and Lin (2001a,b), together with the idea of utilizing the Nussbaum
functions Nussbaum (1983) and dynamic gains Zhang, Lin and Lin
(2017); Lei and Lin (2006, 2007), to design a delay-free, non-smooth
dynamic state compensator (8) that does the job.

Step 1: For the z1—subsystem of the time-delay system (1) with
the unknown sign of 01, one can regard x2 as a virtual control. Define
&1 = x1 and construct the Lyapunov function Vi(z1,11) = %(1 +
%)f%, where [1(-) > 1 is a dynamic gain to be designed in Step 2.
Then, a direct computation gives

) 1 e L _
Vi < (1+l—)%&%“—ﬁffﬁc\&fglﬁ &1 f1 (1,21 (t — d), (9)
1 1

where & = 20! — 237!, In view of Lemma 2.5, we have |f1 ()] <

Y1 (z1) [z1] + 77 (z1 (t — d)) |x1 (t — d)|, for some smooth functions
71 () > 0 and 475 (-) > 0. Hence,

2061/10)] < 26371 (1) + €7 + €7 (t = d) 712 (21 (¢ — d)) (10)

Use the bound 47 (-) to construct the Lyapunov-Krasovskii functional

t
ViLk =V1(Il,ll)+/ €3 ()12 (21 (s)) ds.
t—d

From (9)-(10), it follows that

€}
212
To cope with the unknown sign of €1, we use the Nussbaum function

Nussbaum (1983) for the design of a virtual controller. Specifically,
a virtual controller with the Nussbaum gain can be constructed as

a3t =& N(k)(2+n+291() +972() =& N(k1)B1(z1)
b= (1 DB, (12)

This, together with [1(-) > 1, results in

+&7[2+n+271 () +772 ()] +c263(11)

. . i
Virk < —né2 + (01N (k1) + 1)y + o2 — #53. (13)
1

Step 2: For the (z1,x2)—subsystem of the time-delay system (1)
with the unknown sign of 62, we construct the Lyapunov-Krasovskii
functional

1 1 €2
Vo =Vipg + —kEWa(-) + — [5—1 + k%wz(-)]
ll l1l2 2
2
Wa(ky, 1, w2) = / (sPr — a3P1)21/P1gs, (14)

2
where l2(-) > 1 is a dynamic gain to be designed in the next step.

Following the argument in Qian and Lin (2001a,b), one can prove
that Wa(k1,z1,x2) is C! and its partial derivatives are

aWQ — 52_1/2’1
Oxa 2 ’

9pPL [e2
OWa _ 7(2 _ i) g (spl
ox1 p1’ Oz f,

5
2

*p x2
8W2 _ _(2 _ i) 8332 1 (Spl
k1 p1’ Ok f .

2

Moreover, ma (za—x3)2P1 <Wa(-) <(2P1—1)£2, for a constant ma > 0.

(15)

*p1y1—1/py
—z3"h) /P

*p1y1—1/p1
— a3t /Prgs,



Since I; > 1, it is deduced from (13) and (15) that

. . i k2
Vo < —n€f £ (1N (k) + Dy + 0263 = 555 + 711+ T)6ag} ™/
2 .
_(xgpz +x1§2_z§pz)+_ { 1/P1f()+8W2. +3W2k }
k1
) l l1lo + 111
ey ke Wa( >] 80 e - %(fl + K2 Wa(-))(16)
l1l2 l1 l1l2

From & = zb' — 3P, (12) and (15), it is not difficult to obtain (by
Lemma 2.1 and Lemmas 2.3-2.5),

2k3 o 1
e OIS MEB Yo (ke 21, w2) 4+ €8 Yaa (ki 21)
1 1

+%s%(t—d>rzg<k1<t — d), @1 (t — d))
HE3(t — d) T3 Ok (t — d), (= d), wa(t — d), (1)
oWy . 8W2
T Er. T 8k‘1 key +l k1k1W2() 61:131

1
< kTE3®ay (K1, 2, 962)-1-1—5%4’22(1917 $1)+l—§%(t — d)®3(z1(t — d)),
1 1

where To;(-) 2 0, Y5,(-) 2 0, ®25(-) 2 0 and ®3(-) 2 0, = 1,2, are
smooth functions. Using the bounds T3, (-) and ®3(-) thus obtained,
one can construct the Lyapunov-Krasovskii functional

Vorkx = V2 +/ £3(s)Y3y (k1(s), 1 (s), x2(s))ds
t—d

t
+/ () T3 (k1 (s), @1 (s) + B3 (1 (s))]ds (18)
1—q 1(5)
Then, it is deduced from (16) and (18) that

Varx <—néf — (n — kI3 + (01

k2
+T22(k17£B1)+T§2(k17£B1)+‘1’22(k17$1)}+l—1(1+ ;
1 2

2c 2-1
—k%|§2 /P1 (x§2 _

+735, (k1, 21, z2) + P21 (k1, 21, 332)] _ _(61

1z Gy + W)

The inequality 'above is derived by neglecting the negative terms that
are related to [1 and using the facts that —k2Wa(-) < —Wa(:) and
Lll ll(t ) < 0 (see (22)). From (19), it is not difficult to show that

the dynamic state compensator

i1 :max{fl% +lip1(k1,z1), 0}, 11(0) =1,
pr(ki, @) = 2[Taa() + T35(-) + P22 (") + ®5()]

can counteract the effect of the time-delay nonlinearity. In fact, by
construction the gain I; satisfies

(20)
(21)

0<ii<lipi(), h > = +hpi(),lh >ht—d)>1  (22)
As a consequence,
212 51 = 51 - _glpl(k17$1) (23)
Moreover,
2¢:
@ ki 52 1/p1( 52— a3P?)| < G@ki€s + c3kiés, (24)

I

P1P2 _

where {3 = x4

$§p1p27 ¢o and c3 are positive constants.

Substituting (23) and (24) into (19), we arrive at

i I 2, L1 org«
N (k1) + 1)k1*ﬂ§2+ 351 [@3 (1)
L 2—-1/p1 *p2
—)6285 Ty
o3P2)| + k13 [c2 + (n — 1) + Ya1 (k1, 21, 22)

(19)

Vorx < —néi — (n — D& + (01N (k1) + k1 + caki€s
2
+];1 1+ - 5 )9 &P aip + k362 [62 +e2+n—1
ST+ THO+em0)] - (e @

Similar to Step 1, because of the unknown sign of 02, we design the
virtual controller

zy? = 1IN (k2)&y P [e2 +n+ T21() + T3, () + D21 ()]
=UN(k )(5262(/%961,962))1/]”1
ky = (14 )52 )/ (k1,21,22),

k2(0) = 1. (26)

with the Nussbaurn gain ko that is updated dynamically. Clearly,
the dynamic compensator (26) leads to

Vorkx < —(n—1)(& +k3€3) + (01N (k1) + 1)i€1

+e3k?€2 + (02N (k2) + 1)kTke — + Wa()). (27)

I1 l2(
Inductive Step: At step i — 1, assume that there are a Lyapunov-
Krasovskii functional V(; 1)1k, a set of dynamic gains [;(-) > 1, j =
1,---,i—1, updated by

I1 = max{—I} + lip1(k1,21),0},

Iz = max{—azl? + l2p2(l1, k1, k2, 1, 22), 0},

(28)

li o =max{—c;_2l? o +1li_opi_2(li_3,ki_2@;_2),0},

with a; = 1/(2P1""Pi—1 —1), and a set of non-smooth but C° virtual
controllers x7,--- ,z7, with the Nussbaum gains, given by

x] =0 &1 =x1 —x]
z3"! :ElN(l)Bl(ﬂﬁl) o = ! —az™
k1 =+ )6151()
: : (29)
xzm---m 1— (ll lz 2]\[( ))Pl ‘Pi—2 fz — Z‘Zpl ‘Pi—1
gz IB'L 1( i— 37k1 27331 1) ’:Pl Pic1

pla BPVP2

with p;(-) > 0 and BJ() > 0 being smooth functions, such that

ki1

i—1 j—1

Vinix S —(n—i+2) Y [ [] khed] +eki--- k2o (30)
j=1 m=0

i—1 T _

(5 'i'2 AW (lj—2, kj—1,75))
0,N (k) + D] | k2.k } iy
Z;[( o )H ll ol y
=

where ¢; > 0 is a constant and ko = 1. Clearly, (30) reduces to (27)
when ¢ = 3.

We claim that (30) also holds at Step . To prove this claim, consider
the Lyapunov-Krasovskii functional

ki 1‘271W, Fon o 1
Tt e kene) b [
AR W2, By, @) + kT -k Wili2, kim1, @) ], (31)
o (sm'--mq _

Vi=Vii-1yLk +

KD s 2-1 epi_
W, = Iim plfl) /(p1-p 1)ds

)

x*

where 1;(-) > 1 is a dynamic gain to be designed.



Similar to the argument in Step 2, one can show that W;(-) = 9 i—1
1 i—1 i 2
Wi(li—o, ki_1,Z;) is C'. Moreover, ﬁ [22:1 (ijkj H km)} Wi(-)
m=
oW, _ 62—1/(2’1'-'2’«;71) m#j
oz, i <kFok & willios, kim2, Zio1), (36)
OW: 1 ax’fpr“mfl _ _ ~
' = (2 ) : Ui(li—2, ki—1,Zi) 2 i
O Pi-1 zj 2k kP e -
*P1ePi—1 Iy -- ‘ ﬁ (x1+1 xi+1)‘
BWZ 9_ 8:1:1 U (l_ ]_g _ ) 1 z
= i\bi—2, Ri—1,%5 =
3k] -1 akj P\i=2, B S k‘% e 2'271(ci§i2 + -ci+1§i2+1)7 (37)
oW, 9 P1PI-1 ~
= 2 — Ui(li—2,ki—1,%; 8W oW .
ol; ( 1) ol; illi-z, b1, 24) Go1 + L [2) L am + 50—k
( 2p1 ‘Pi—1 < W ( ) < (2p1-..p- 1 1)52 (32) ll o -li Ox Tm akm
m;(z; — @] - hS e Y i—o OWj . 1 == _
. 1 +Efn:21 Bl JlmH < W\I/i(lif%kiflyzifl)
where U; = f:j (sm"'m—l 71:171"'“’1) (p1Pi-1) gs for 1 < T 12P1 :1 .
: [e2 i— o Pj-1 212 o
j <1 —1 and a positive constant m,. [51 + EJ'=2 (:1:] IJ) } Tk ki g (38)
1 - T _
Analogous to the derivation of (19), using the facts that I; > 1 +W\Pf(li—2(t —d),ki—1(t —d), zi—1(t — d))
and —k? .- k2 | W;(-) < —W;(-), we deduce from (30)-(32) that (by ! il B
\ ) 1Pt
neglecting the negative terms which are related to ;,7 =1,...,i—1 ’ f% (t—d)+ 2171 z;(t —d) — T (t—d) !
J
where Ti; () > 0, T%,() = 0, ®55() > 0, %,() > 0, ¥i() > 0 and
Vi<—(n—i+2)% H K2, EZ ! {(9 N(k;)+1) H kfnk:]:| U*(-) > 0,wi(-) > 0 j = 1,2, are smooth functions.
) m=0 With the help of the bounds Y7, (-), ®7;(-) and W7 (-) thus obtained,
li—1 3 hich are related to the delay terms, we construct the Lyapunov-
k2. k2 ?7’7{_1 22 1W lio, , :| w. y ) yap
Feiki i-2bi Ly liol?2 L2 + jj—2:kjm1,75) Krasovskii functional
K2 k2 S E— 2= TR, aps t
+ ll - ( + _)|: (p1-Pi—1) £ +0; 5 (r1 p171)(x:<_1;11 .
pohied Viek =Vi + / & ()Y (lim2(s), ki—1(s), Ti(s))ds + (39)
) i1 OW; i1 OW; . o OW; -
5 —1 T —1 7 . —2 1. —d
eii o) + B0 Bzg EARE Ok; R R al; b ] ¢ t
1 2 i—1 * 2p1-pi—1
1 €} (s) + B2} (25(5) — 2} (5)) ]
e I (kjky k2, /ll(s)---li,l(s)
ll"'lz ( H l1-~~l,’ t—d
e 5 a(s), ki1 (), 2im1(5) + @55 (li—a(s), ki1 (s), Zi—1(s))
oW _1 OW; . oW . . . = _
{21_ (an v Em + Efn:llaTnik‘m +5/2 o L] ) + &1 +97 (li—2(5)7ki—l(s)vl‘i—l(s))} ds
i 1 1
S (5—1 + X5 W) (33 From (33)-(38) and the fact that =5 < =g ora
ISRER li_ll? 2 J=17 and k; > 1,5 =1,...,i—1, A straightforward but tedious calculation
Using an argument similar to Zhang, Lin and Lin (2017), we obtain gives
the estimations (34)-(38) (see the appendix for details): Viek <—(n —i+2) E' 11[H kfng 21 ! {(9 N(k;)+1) H K2k :|
2k7 kP, 2—-1/(p1-pi—1) 2 2 42 ; €2 i—1 2 i—1 21’1"'ij1
T 52 fz Skl"'ki—lgi li—l(jl Z WJ()) I:ﬁl +E.:2 (:ijx"f) }
ly--- l271 — —+ J J
- - _ l --l,l. Iy L=
Yir(limg, ki1, %) + & (t — d) (34) PRl Lt
5 (2 (t = d), ki1 (t = d), 2i(t — d)) + % : |:Ti2(ii—27 kio1,Zio1)+Tia(lio2, ki1, Zi—1)+®ia(li—2, ki—1, Zi—1)
1ol
[+ 2 (=5 —x;)Qplmpj71}Ti2(ii—27];7i—17£i—1) + 05 iz, ki1, Tim1) + Wi (lim2, kim1, Zim 1)+ V] (lim2, kim1, Tie 1)}
1 i-1 (. * 2p1-pj—1 k2... k2 91
7l1---l¢71 [Zj:Q (:Bj(tfd)fzj(t*d)) +l1711( +l )0, /(P1pi—1) *P-L +cl+1k1 1'2_151'2+1
K2

+&2(t — )| Y5 i (t — d), ki1 (t — d), Zi—1(t — d)), L L
i )} i2(li-2( )» ki1 ) Fi-1( ) +E2 k2 e2 {1+Ci+Ei+Ti1(li727ki—1,fi)+Tf1(li727ki71,fi)

2
26F k|00 VW e WG LIS + 21, W5 ()]
i @ 7 7 = 7 T = ) =2""]
- | 9=t 5+ 3 ok, =131, 9 +®i1(lim2, ki1, %) twi(li—3, ki—2,Zi—1) —W(‘m)

< k% Lok2 15,2@“(1—1. o, kil1, %) + [5% Based on (40), one can design the delay-free gain update law
- e ey l1---li—1
+2;;12 (xj - w;)%lmpjfl } Pio(li—2, ki—1,7i-1) (35) li—y=max{—a;_11? | +li—1pi—1(li—2,ki—1,%i—1),0}, {;_1(0) =1

1 P — * 2p1-pj— . . 7# . * (. (. * () . * (.
s CHCED EEHCE) I pim1() = 31— [T+ L0+ 82O +2RO+T(O+ 0], @D

3t — )] P (lia(t — d), Bi1 (t — ), @1 ( — d)), where ai—1 = Grrpy—; and Mi—y = min{g,ma, - ;mi—1}



By construction, the gain thus constructed satisfies

0<li—1 <lic1pi—1(-), lic1 > —ai—112 | +lic1pi—1(-)(42)
Using (32) and (42), it is not difficult to prove that

H k2,
Y Z’fo et + 5424 (o5 - 25)™ 7 Jo)

Substituting (41) into (40) yields

[H k — [(ej N(kj

j—1
D+ [ [ k2]
m=0
k2 k2

-1 1,,2-1 i—1) %P
1+ e /(p1-pi—1) z£1+k2 ki2—1£i2
Iyl li

—li_1
I lial? |2

£

L+ sizbw;() < =iz

Vipx <—[n—i+1]

-[2 teit+ci+n—i+Ya()+TH0E)+ Pal) +w¢(-)}

S S
Ly D02

In view of (44), one can design the non-smooth virtual controller
with the Nussbaum gain

( + ZZ —oW;()) + Cz+1k1 2'27151‘2+1- (44)

P = Iy Ly N(kg)E PPy {2+ci +E+n—i
FLa0) + X0+ 2a () +wil)]
=l - "li 1N (ki) (&iBi(li2, ki1, @)t/ (ProPi-1)
>£ Bi()Y/(prpic) (45)

Substituting (45) into (44), we can show that (30) holds at Step 3.

Z—(1+

Using the claim for ¢ = n + 1 with u = 41 = ‘T:H—l’ we conclude
that the dynamic state feedback controller that is composed of (28)
with ¢ =n + 1 and
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is such that
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4. STATE REGULATION WITH BOUNDEDNESS

We now use the inequality (47) to complete the proof of Theorem 6.
In particular, it is shown that the proposed dynamic state feedback
controller (46) and (28) can regulate the system state to the origin,
while maintaining the boundedness of the closed-loop system.

First of all, we can establish, based on the Lyapunov inequalities
(30) and (47), the following lemma.

Lemma 4.1. The Nussbaum gains k;(t),i = 1--
are bounded Vt € [0, +00).

-n, given by (45)

The proof of Lemma 4.1 requires delicate and tedious analyses and
can be carried out in a fashion similar to the one in the appendix of
Pongvuthithum, Rattanamongkhonkun and Lin (2018). The details
are omitted due to the limited space.

With the aid of the bqundedness of ki(t),1 < i < n, we deduce
from (45) that €2(t) < k;(t) because, by construction, 8;(-) > 1 and

l;(t) > 1. Hence, f;oo &2ds < ki(+o0) — k;i(0) = c. On the other
hand, (47) and the boundedness of k;(t),1 <4 < n, imply that

t j—1
Vi (£) <57 / 165 N (K (s))+11( H ki (8))kj (s)ds + Vi (0)
0 m—
, 0
<aXi, / kj(s)ds +c2 < C. (48)
0

In view of (39) and (31), it is clear that the boundedness of

k2. k2
W),

,n. Using the estimation of W;(-) in (32), one concludes
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that z1 and %(zifz;‘)%i“'m, i=2, -
Because z1 and ki are bounded and the gain l1(-) given by (52)-
(21) is monotone non-deceasing, then li(-) must be bounded. If
not, lim¢s4o0l1(t) = 4oo. By continuity of pi(-), p1(ki,z1) is
bounded. Consequently, there is a time instant 7 > 0 such that
'fl% + l1p1(k1,z1) <0 on [T, +o0). This, together with (22), yields
Iy =0 on [T, +00), which contradicts to the unboundedness of 1 (-).
In conclusion, l1(-) is bounded. The boundedness of li(-) and k1
implies the boundedness of =3 as well as x2 —x3. As a such, 2 is also
bounded. Similarly, one can prove the boundedness of /;(-) and z; in
the following recursive manner: zo — lo — 3 — -+ = lp—1 — Tn,
by the boundedness of k;(-),i = 1,--- ,n, (28) and the estimation
(32). Therefore, all the signals of the closed-loop system (1)-(46)-(28)
are bounded Vt € [0, +00).

VnLK(-) on [0, +00) implies the boundedness of 1,
= 2,

,n, are also bounded.

To prove the convergence of the system state, we observe that
&, i=1,---,n are also bounded and f+°° f?(t)dt < +4o00. By the
Barbalat’s lemma, it is concluded that &;, i = 1,--- ,n converge to
zero. This, in view of the coordinate transformation (29), implies
that all the states x1(t), - ,zn(t) converge to zero as well, thus
completing the proof of Theorem 3.1. O

Because the proposed nonsmooth control scheme is based on the
Lyapunov-Krasovskii functional method, it is not surprising that
Theorem 6 is robust with respect to the uncertainty. With this
observation in mind, Theorem 6 can be extended to a larger family of
uncertain time-delay systems dominated by a homogeneous system
with time-delay. In fact, the following more general result also holds.

Theorem 7. Consider a family of uncertain time-delay systems with
unknown control directions:

I zeimfj_l—f—(bi(a:,m(t—d),t), i=1,---,n, (49)

where z,41 = uw and ¢; : R" x R" x R — R, is a continuous
mapping. Assume that the uncertain function ¢;, ¢ = 1,--- ,n,
satisfies the homogeneous growth condition
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with ~;(Zi,Z;(t — d)) > 0 being a known smooth function. Then,
there is a delay-free, nonsmooth but C° dynamic state feedback (8)
that steers the state x to zero and keeps the boundedness of the
closed-loop system (8)-(49). o

Under the homogeneous growth condition (50), the proof of Theorem
7 can be carried out, with some subtle modifications, by means of an
argument analogue to that of Theorem 6. For this reason, the details
are left to the reader as an exercise.

Remark 8. When the nonlinear system (1) or (49) has multiple
delays, the design of a delay-independent controller remains al-
most same, except that multiple Lyapunov-Krasovskii function-
als with different time-delays need to be used. Specifically, the

Lyapunov-Krasovskii functional f 'K (s)ds should be replaced by

ft 4 K (s)ds in the recursive design. Of course, a similar philosophy



can be employed to handle the general case when every subsystem
of (1) involves different time delays.

Remark 9. The assumption that the bound C' of unknown coeffi-
cients 0;, 1 < i < n is known is used for a technical convenience
and can indeed be removed. When the bound C' is unknown, a
similar design procedure can be carried out with slightly different
estimations of the right hand side of V;x in (44) so that the term
(0N (kj)+1) is replaced by (0; N (k;)+Cj), where C; is an unknown
constant. Due to the characteristics of the Nussbaum function and
the monotone property of the adaptive gains kj, 1 < j < n, the same
argument in Appendix B can also be used for the stability proof.

Finally, we present a simple but nontrivial example that demon-
strates how Nussbaum gains need to be introduced to handle the
problem of unknown control directions.

Example 10. Consider a time-delay system in the plane, with strong
nonlinearity and unknown control directions, of the form

1
1 :€1x§+x1, To = Oou + El‘%(tfd), (51)

where 01,02 # 0 are unknown constants whose signs are also
unknown (either positive or negative), and represents unknown
directions of the actuator. Note that the time-delay system under
consideration involves not only an unknown control direction but
also strong nonlinearities. The latter requires the use of a nonsmooth
rather than smooth feedback control strategy. In fact, even in the
case when control directions are known (e.g., 1 = 62 = 1) and no
time delay is involved (i.e., d = 0), it is known that the planar system
cannot be controlled by any smooth state feedback, even locally, and
a nonsmooth feedback must be employed.

Following the control scheme proposed in section 3, we first consider
the Lyapunov function Vi (z1,01) = %(1 + %)f%, where £; = z1 and
the gain [; is updated by

1 = max{—1? + lip(k1,z1), 0}, 11(0) =1, (52)

with p1(-) > 0 being a smooth function to be determined later on.

For the x1-subsystem, it is 'clear that the nonsmooth virtual control
law 2% = 221 N(k1), with ky = 2(1+ %)x%, globally asymptotically
regulates it.

Define & = 23 — 23% = a3 — 221N (k1). From (52), it is easy to see
that I1(-) > 1 and I > —l% + l1p1(k1, z1). Moreover,

. . 1
Vi < =22% + (01N (k1) + 1)1 — if%pl(k‘l,xl). (53)
1
Then, consider the Lyapunov-Krasovskii functional

7 " (c6 s 623(5))2
VQLK:Vl(.)+Il€_%/(537 153)27%d3+/ (52( )+l2(291) 1(s)) )d;(54)
1 (s

z3 t—d

Following the design procedure in Step 2, one can find a dynamic
state compensator that consists of (52) and
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w= N(k2)&s/? (2(k% +2k1)2 + 5

1
(1+ l—)x% +11 + 53)
1
1
Dt rueed) (69
1
with p1(k1,z1) = 2(221k12 + 4kS + %(1 + %)x%k%) in (52) and
N(k2) = k% cos(kz), such that

. 1 10
ko = l—gg (Q(k% +2k1)% + 5 1+
1

(62N (k2) + 1)k%i€2

I ’
from which it is deduced, as shown in Section 4, that the delay-
free controller (55) and (52) achieves asymptotic state regulation
and maintains the boundedness of the closed-loop system (51), (52)
and (55), without the information of the sign of the parameter
0;, i=1,2.

Vork < —a% — ki€5 + (01N (k1) + 1)k1 +

5. CONCLUDING REMARKS

In this paper, we have presented a delay-free, non-smooth dynamic
state feedback scheme to control a family of uncertain time-delay
systems with strong nonlinearities and unknown control directions.
To cope with the effects of time-delay nonlinearities and unknown
control directions, we have introduced, respectively, two sets of gains
that need to be updated online, in a dynamic manner. One of
them is the Nussbaum-type gains from universal control Nussbaum
(1983), making it possible to mitigate the effect of unknown control
directions, while the other one is borrowed the idea from the dynamic
state feedback control method Zhang, Lin and Lin (2017), which is
able to counteract the time-delay effects via a delay-free nonsmooth
controller. Global asymptotic state regulation with boundedness of
the closed-loop system has been proved to be possible, thanks to the
construction of a set of new Lyapunov-Krasovskii functionals that
are different from the previous ones in the literature, due to the
involvement of the Nussbaum gains.
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