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Abstract: In this paper, we show that adaptive controllers designed using the standard
backstepping technique proposed in Krstic [1995] globally stabilize a class of uncertain systems
with unknown input time delay and unmodeled dynamics. As such systems belong to non-
minimum phase systems and thus our result extends the class of systems stabilizable from
minimum phase systems when the standard backstepping technique is employed. Moreover,
it is shown that the transient system performance can be improved by adjusting the design

parameters.

1. INTRODUCTION

Time-delay phenomenon is commonly found in chemical
processes, biological reactors, rolling mills, communication
networks, etc. Since the existence of delay usually deterio-
rates the performance of closed-loop system (Kolmanovskii
and Nosov [1986], Malek-Zavarei and Jamshidi [1987]), the
stabilization and control problem for time-delay systems
have a topic of great importance and have received increas-
ing attention. Some fruitful results have been achieved for
past years when dealing with stabilizing problem for time-
delay systems using backstepping technique. In Ge et al.
[2003], neural network control cooperating with iterative
backstepping was constructed for a class of nonlinear sys-
tem with unknown but constant time delays. In Hua et
al. [2005], time-varying delays were considered and the
designed controller is independent of time delays. A decen-
tralized feedback control approach for a class of large scale
stochastic systems with time delay was proposed in Wu
[2006]. More recently, in Hua et al. [2007] a result of back-
stepping adaptive tracking in the presence of time delay
was established. All mentioned results are only applicable
to systems with time delay in system states. However,
when adopting backstepping approach, little attention has
been focused on systems with time-delay in control input
as such systems belong to non-minimum phase systems.
Although Mazenc [2003] and Iasson [2006] did researches
on such systems, the time delay and nonlinear system are
all known and their approaches are non-adaptive state
feedback control. Therefore, it is necessary and important
to investigate adaptive backstepping of uncertain systems
with unknown input time-delay.

In this paper, we present the standard backstepping design
approach in Krstic [1995] without any modification to
design adaptive controller for input time-delay systems in
which delay is unknown. Such systems are also subject
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to unmodeled dynamics. It is shown that the designed
controller can globally stabilize the system with a unknown
delay of arbitrarily large length in the input asymptotically
under certain conditions. We will use the technique in Wen
et al. [1999] to deal with the unmodeled dynamics in the
stability analysis.

The remaining part of the paper is organized as follows:
Section 2 offers the class of systems to be controlled in
this paper. Then adaptive control design scheme based on
the backstepping approach is proposed in Section 3. After
that, in Section 4 both of the robustness and transient
performance analysises are established followed by an il-
lustrative example presented to show the effectiveness of
our proposed scheme in Section 5. Finally, the paper is
concluded in Section 6.

2. PROBLEM FORMULATION

Consider the system with unknown input time delay and
multiplicative unmodeled dynamics described as

o= 2D (o) + mphue =)

+ p2lo(p)y(t),

where 7 is an unknown positive constant denoting time de-
lay. p denotes the differential operator %, B(p), A(p) and
A1(p), Aa(p) are rational functions of p. With p replaced
by s, the corresponding B(p), A(p) and Aq(p), As(p) are
transfer functions described as follows

A(s)=8" 4+ an,_15"1 +... + a5+ ao (2)
B(s) =bms™ 4+ ...+ bis + bo. (3)
a; (1=0,1,...,n—=1)and b; ( = 0,1,...,m) are unknown

parameters, Aq(s) and Ag(s) are transfer functions of
the unmodeled dynamics, p; and po are positive scalars
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indicating the magnitudes of the unmodeled dynamics.

Our goal is to design a controller using backstepping
technique to ensure the stability of the whole system and
regulate the system output to zero. The system transient
performance should also be adjustable by changing design
parameters in certain sense.

For the system, we have the following assumptions.
Assumption 1: B(s) is a Hurwitz polynomial. The order
n, the sign of b,, and the relative degree p(= n — m) are
known;

Assumption 2: A;(s) and As(s) are stable, strictly
proper and have a unity high frequency gain.

Obviously, system (1) has the following state space real-
ization:

w:Ax —ar + |:O(Pbl)><1:| U

y=m1 + mAi(s)z1(t — 7) + p2Da(s)y(t) (4)

where
Qp—1 bm
0 Qp—2 bmfl
A=l:p |, a= b= .
0 ... 0 ag b

In the design of adaptive controller, we only consider

transfer function %, ie,

j}:AQj —ar + |:0(Pb1)><1:| u,

y=11. (6)
But in analysis, we will also take into account the effects
of the time delay and the unmodelled dynamics, i.e.

A1 () (t — 7) + p2la(s)y(t). (7)
3. DESIGN OF ADAPTIVE CONTROLLER

In this section, we only present the adaptive controller
designed using the standard backstepping technique in
Krstic [1995], without giving the details. Firstly, a local
filter using only local input and output is designed to
estimate the states of system as follows:

n=Aon+eny (8)
A= Ao\ + ey, (9)
where
Ag=A—keT, (10)
k=ky,... knT, (11)

the vector k is chosen so that the matrix Ag is Hurwitz,
e; denotes the ith coordinate vector in ™. Then the state
estimate of the system can be obtained by

n—1 m
B=—Apn—>_ aidin+ > biAj
1=0 1=0

(12)

From system (4) and (8)-(12
€ = x — I satisfies

), the state estimation error

¢ = Ape+ (a—k) (M1A1( Y1 (t — 7) + pala(s )13
Thus, the derivative of the system output can be expressed
in the following form

Y =Ty — ap_1y+

(s +an-1) (Mlﬁl(s)fﬂl(t —-7)+ MzAz(S)y(t))

=& +wlh+ et (14)
(5 + an—1) (/LlAl(s)ml(t -7)+ ﬂ2A2(3)y(t)),
where

o= (b7, a") (15)

— A, (17)

W= [Um,2, Um—1,2,---,0,2, Z(2) — Y€1 " (18)

w= [0, Vmn—1,2++ 50,2, 5(2) — ye{]T (19)

= _[Ag_lnv ) A0777 "7] (20)

and v; 2, €2,€2, 22 denote the second entries of v;,€,&, =2
respectively.

The design system is now given as

y=E& +wlf+ e (21)
s+ anon) (i ()it = 7) + p2Ba(s)y()

b?n,i =Um,i+1 — 1= 2, - ( 2
=V pt1) — KpUm,1 +u (23)
All states of the local filters in (8) and (9) are available
for feedback. Even though the estimated state is given in
(12), it is still unknown and thus can not be employed in

the controller design. The state estimation error (13) and
equation (21) will be utilized in system analysis.

kiVm 1, ,p—1

Um,p

Performing the standard backstepping procedures as in
Krstic [1995], the controller designed for stabilizing system
(1) can be summarized as follows where I' is a positive
definite matrix in REFmHOxtm+l) © o g and 4 are
positive constants.

The change of coordinate is

21=Y (24)
2 =Umyi — Qj—1, i= 2333"'ap7 (25)

The control law is
U= Qp — U pt1 (26)
o] = édl (27)
a] = —C121 — d121 52 —-w é (28)
%:—%a—Gﬁdﬂ ))@+m+ L7 (29)

e+, <‘9C“ L)

Q= —Zi—1 —
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0 0
_Z akl allkwi:Sa"'ap (30)
k=2 0y
80@-,1 TA a Qi1
i = 0 k m, ~
B y (lo+w' 0) + kivm,1 + 90
Ooi_q " By
A n —kjiA
+ an ( 077“!‘@9)"' P a)\J ( Ay
+>‘j+1)a ’L:3,,p (31)
with tuning functions
T1 = (w — @@161)21 (32)
T =T1 — %w@ (33)
Ti =Ti—1 — 8%{;10121 (34)
(35)
The parameter updating laws are
0= —7ysgu(bp )11 (36)
0 I'r, (37)
Define 2(t) = [z1,22,...,2,)7, with the above adaptive

control law, the error system is characterized by

F= A.(z,t)z + We(z,t)ele + Wo(z,6)T0 — bparer o

+W6(Z7 t)- (38)
(5 an1) (mAi()ar(t = 7) + B (5)y(0)) |
where
—C1 — d1 i)m
N Oa
*bnz CQ*dQ( 61)2
Y
AZ(Z7t): 0 —1—(723
0 —02p
0 0 1
14093 02,p
s — dy (2022 -
—C3 — as e 3,
Ay 8 (39)
' 804 —1\2
“ony e ()
the terms o; ; are due to the terms Bal 1F8% Lw in the

z; equation.
4. STABILITY ANALYSIS
4.1 Robustness Analysis

Define Lyapunov function V, as follows:

where P satisfies PAg + AT P = —I, P = PT > 0. From
(13) and the designed controller (26)-(37), it can be shown
that the derivative of V, satisfies

Pi

d
- Z iz — 31(21)2 +21(s +an—1) (MlAl(S)'

zi(t—71)+ ,ugAg(s)y(t)) — Z {% (3((;;1 )2_
=2

(ZZ')Q — 2 8%;*1 (s+ an_1) (ulAl(S)l'l(t —7)

+ M2A2(8)y(t)>} - zp: [22

+ ‘I’Tﬁ(mAl( )%(t - T) + M2A2(3)y(’5))} )

<—Zczzz ZHHEHZ
+Z 4t | Au(s)(s + an-a)n(t = 7)

£ 2o [ | Ax()aa(t =) |1

i=1

+ 4 1 Aals)y |1 |

P
1
+ Z d—zﬂg | Aa(s)(
i=1

v, <

el

I

s+ an—l))y ||2

where

p T
2a—k)TP
dT = E e Sl
i—1 d;

To show system stability, the variables of the filters in (8)
and the zero dynamics should be included in the Lyapunov
function. Under a similar transformation as in Krstic
[1995], the variable ¢ associated with the zero dynamics
can be shown to satisfy

(42)

éz ApC + by (43)
7= Ao} + enz1 (44)

where
n=Am+ e,z (45)
0 =Am"i=n—n" (46)
(= ApC + byzy (47)
F=A((=¢-¢ (48)

where the eigenvalues of the matrix A, € R™*™ are the
zeros of the Hurwitz polynomial N(s) and b, € R™.

_bmfl/bm
Im—l
Ab: . ) (49)
—bo/by O ... O
:TApm,T:[Ageh...,Abel,Im]. (50)

To deal with the unmodeled dynamics, we let v; and
vy be the state vectors associated with Aj(s) and As(s)
respectively.
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U1 = Ayv1 + byt (51)
Aq(s)x1 =(1,0,...,0)v; (52)
Vg = Aoy + byaz1 (53)
As(s)y = As(s)z1 = (1,0,...,0)v9 (54)

where A; and A, are stable from Assumption 2.

Lemma 1. The effects of the unmodeled dynamics are
bounded as follows

| Av(s)ai(t—7) > <[ x(t=7) | (55)
I Aa(s)y 1> <l x II? (56)

and
| Ag(s)(s + an—1))y > <ks || x |I? (57)

I Av(s)(s + an—ny)as(t = 7) > ko || 22 (t = 7) |2
+he I x(t—7)*  (58)
[l () 2 < (3+343)) | x(t) II?
+3ui [ x(t—7) |I* (59)
I

_ [T T =T T T
where x = [z*, ¢!, 7", &, 0], v3

Proof. (55) and (56) can be obtained directly from (52)
and (54). Since Ai(s) and As(s) are strictly proper, we
have

| Av(s)(s +an-n)zi(t = 7) [IP <k |22t —7) [
+ k2 || x(t—7) |I* (60)
| A2(s)(s + an—1))y 1> <ks || x |I? (61)
From (4) and (6), it is known that

21(t) = 21(t) — pAa(s)z1(t — 7) — p2la(s)z1(t) (62)
Thus

[ 21(t) |17 =1 21(t) — pa A (s)m1 (t — 7) — pala(s)z1(t) |1?
< (34+3u3)) | x(@) 1> +3uf || x(t—7) II” (63)

Theorem 1. Consider the closed-loop adaptive system con-
sisting of the plant (1) under Assumptions 1 and 2, the
controller (26), the parameter update laws (36), (37), and
the filters (8) and (9). There exists a constant p* such that
for all 1 < p* and pe < p*, all the signals in the system
are globally uniformly bounded and lim;_,. |y(¢)| = 0 for
arbitrary initial 2(0).

Proof. Introduce an augmented Lyapunov function as

_ 1 1 oo
V=V,+—i" Pii+ —(" P
Ky k¢
+ q1vf Prot + qav; Povy (64)
where P, and P, satisfy PiA; + ATP, = —1I and P, Ay +
AT Py = —I, respectively.

kN . ]_ 2 1 2 et
V=V,- k—ﬁQ + k—ﬁTPenzl — 17442 + k—CCTPbbbxl
n n

—q1 || o1 |? +2q10] Pibyias
—g2 || v2 ||? +2g2v3 Pabyaz
1 p ro -
< —5012% - 201212 21 el —%772
=2 i=1

1 =2 1 2 1 2
2k<< 50 [ o1 |l 542 | v2 ||

P
1
30 1 D) + anop)as(t—7) |
=1 "t
P
+ Y 2 | @7 i || Ax(s)aa(t—7) |

=1

P
1
+ 3 2#3 | Bals)(s + an-ny)y |
i=1

7

o
1 -
+ Z2di 1@ (1% 3 || Aals)y [I” _4_14:<C2
i=1

- ,iETPbbb (1 As(s)a1 (0 = 1) + () (1)

1
— 40 [ vy 2 *2Q1U1Tplbv1(H1A1(5)$1(t -7)

+ p282(s)z1 (1))
1, 1 5, 2.
-5 a7 ' PTL
8612’1 2knn =+ knn €nZ1
L2 L 2
e 2R
34 4kCC + kC< b0b21
1

1
— §C1Z% - 1% | v1 ||2 +2q1v1TP1bv121
1 1
- §C1Z% - §Q2 | va ||2 +QCI2U2TP2bv2Z1

If ky, k¢, q1 and g2 are taken as

16 || Pe,, ||
Z PR L L N

k
n o
32 || Pyby ||2
he > | Poby ||
C1

o< —
32 || Piby1 ||

&1
%SW
then
. P P
V<-plxI*+ <;d—ik3+;2di e |

o Pt I 480 | Py |2) W21 I

P 1 P ) 8 )
+ (; dfikz + ;2@- | | JkaC I Pobs ||
+ 8q1 || Prbur |1?) i3 || x(t —7) II?

p
1 1
+ Eklﬂf a1t —7) | —chzf

i=1
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1
= — a7 = B x P +haka + ks)is3 || x I

+ (koka + ks)pi || x(t —7) |I?

+Eukapd | 21 (t = 7) |7 (70)
where
P
. qa 1 1 1 1
=i e D g g g o
1
Z 71
2(12} (71)
"1
k4:;d—i (72)
2 8
ks = 2d; | @ |* 4= || Poby |I* +8a1 || Prbun [*(73)
i=1 k‘c

To tackle the unknown time-delay problem, we introduce
the following Lyapunov-Krasovskii function

t
W = yloags? / | 1 (s) |2 ds
t—T1

t

b [ ((hahao+ ket +3bakand) [ x(5) 2 70

t—T1

Then the final Lyapunov function is

V=V4+W

The time derivative of V is

(75)

V< =B X7 + sk + o)y | x 7 st
+ (kaka + ks)pd || x(t = 7) [* +hakapit || 21t —7) |
+ kakapd | o1 (8) I —kukagdd || 21t =) |12
+ ((koka + ka)u? + 3kukaet) | x |1
— ((kak + ko) + 3hkaged) | x(t = 7) |1
=B || x II” +(kaks + ks)p? || x(t —7) |7
o+ (ke + )3 + ka3 4+ 33) ) 1] x(8) |2
o 3kakapt | x(t =) |+ (kaks + ks )i}
+3bukapd) [ [P —genst
— ((haka + ks)u? + Bkakapt) | x(t =) |
= —[B= ((hsks + k)3 + kakan (3 + 313))
- ((k2k4 + kst + 3’617@4#11)] I x I —iclzf
< —iclzf — (B = (3kuka + Kok + Kska + 2ks)u?

—6kikat) | x |

where

(76)

= max{y, po} (77)
By taking u* as
. K? +2K>6+ K,
Hno= \/ K2 ) (78)
where,
K1 = 3kiky + koky + ksks + 2k2 (79)
Ko =12k ky (80)
we have
. 1
V< *chz% <0. (81)

This concludes that all the signals in the system are
globally uniformly bounded, and lim;_,, |y(t)] = 0 for
arbitrary initial 2(0). O

Remark 1. This theorem shows that the designed con-
troller is able to stabilize the system with unknown input
delay and unmodeled dynamics whose magnitudes p; and
2 are bounded by parameter p* satisfying (78). By choos-
ing appropriate Lyapunov-Krasovskii function, the effect
of input time delay can be compensated.

4.2 Transient performance

The bounds for system output y(t) on both Ly and Ly
norms can be stated in the following theorem.

Theorem 2. Cousider the initial values z;(0),i = 2,..., p,
77(0) = 0,¢(0) = 0,v1(0) = 0 and v2(0) = 0, the Ly and
Lo, norms of output y(¢) are given by

o0l < <= | 50007 + SO

+halle(O)]B +

1/2
Shaoe] " e
ly(t)llo < V2 [%y(O)Q + IO

1/2
Tha ()% + ";':;'|@<0>2] (83)

where

16(0) 17—+ =67 (0)I~6(0)
e(0)[1 = €* (0)Pe(0)

Proof. As shown in (81), V is non-increasing, thus we
have

o)1 = [ latlPdr < = (V0) = V(o)
0

< i (V(0) (6)
()l < V2V(0) (87)

From (46) and (48), we can set 77(0) = 0 and ¢(0) = 0 by
choosing 1" (0) = 7n(0) and ¢"(0) = ¢(0). Consider the zero
initial values
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7(0) = 0,¢(0) = 0,v1(0) = 0,v2(0) = 0

Besides, from (25), the initial values z;(0), i = 2,..
be set to zero by suitably choosing vy, ; as

(88)

., pcan

0ma(0) = i1 (3(0),0(0), 6(0), n(0), A(0), v i1(0) )

1=2,...,p (89)
Thus we have
1 1, -
V(0) = §y(0)2 + §||9(0)||:E—1 +kale(0) 1%
bl |~ 12
+5aO)F (90

Substituting the above results to (86) and (87), we will get
(82) and (83) respectively. O

Remark 2. This theorem shows that the Ly norm and L.
norm of output y depend on the initial estimation errors
6(0),€(0) and 9(0). The closer the initial estimates to the
true values, the better the transient performance turns out.
The bounds can be reduced by increasing ¢; (82), I" and
v (82,83).

5. AN ILLUSTRATIVE EXAMPLE

We illustrate the approach on a relative-degree-two time-
delay system with unmodeled dynamics as described in
(1), where B(s) = bis + by = 2s + 3 and A(s) = s* +
a28® + a15 + ap = s> + 352 + 2s, delay 7 = 2 seconds.
Note that as,aq,ag,b1,bg and 7 are all considered to be
unknown in controller design. Meanwhile, the order n = 3,
the sign of b; and the relative degree p = 2 are known. The
unmodeled dynamics Ay = Ay = S_+1 and the constants
p1 = pe = 0.1. In simulation, all the initials are set as 0
except for y(0) = 0.4 and §(0) = 0.2.

10 20 30
t(sec)

Fig. 1. The output y of time-delay system with unmodeled
dynamics

The design parameters are chosen as vector k = [6,12, 87
cg = co = 2 and di = dy = 0.5. With the the pre-
sented adaptation mechanism on by choosing v = 0.1 and
' =0.1 x I, the results are sketched in Fig.(1)-(2), which
obviously show that the system can be stablized and the
system output converge to zero even certain unknown time
delay in the input and unmodeled dynamics exist.

0.6
0.4

0.2

-0.2

Control u

-0.4

-0.6

-0.8

t(sec)

Fig. 2. Control input «
6. CONCLUSION

Adaptive controllers using the standard backstepping tech-
nique without modification are shown robust with respect
to time delay in system input and unmodelled dynam-
ics. This implies that the class of systems stabilizable
using backstepping adaptive controllers can be extended
to certain non-minimum phase systems. Transient system
performance can also be improved by adjusting the design
parameters.
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