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Abstract: This paper investigates the problem of exponential stability analysis and control design for
time delay nonlinear systems with unknown control coefficient. Nussbaum gain function is utilized
to solve the problem of unknown control directions at every step. By designing a new Lyapunov-
Krasovskii functional, the problem of unknown time-varying delay is solved. Under the frame of
adaptive backstepping recursive design, an exponential stabilization control algorithm is developed,
which demonstrates that all solutions of controlled system are ultimately uniformly bounded (UUB)
and exponential converge to zero. Finally, simulation results are displayed to explain the superiority
and effectiveness of the developed control method.
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1. Introduction

Since there exists the time-delay phenomenon in the process of signal transmission, the control
problems of time delay nonlinear systems have been widely paid attention in the field of industrial
engineering, and some works have been received, such as [1-9]. The commonly time-delay nonlinear
systems contain input time-delay [1-3] and state time-delay [4-9]. On the one hand, the authors in [1]
and [2] investigated the fuzzy adaptive sampling control for nonlinear systems with input time-delay.
By adopting Pade approximation method, [3] developed fuzzy adaptive tracking control algorithm for
nonlinear system with input delay. On the other hand, when considering the state time-delay, the
authors in [4] and [5] investigated the robust adaptive control design problems for nonlinear systems
with unknown time-delay. However, in [4] and [5], the considered time-delay belongs to the constant
delay, the difficulty of control design process is less than that of time-varying delay system. Thus,
the authors in [6-8] developed adaptive tracking control algorithm for time-varying delay nonlinear
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systems, and [9] studied the adaptive tracking output feedback control issue for time-varying delay
system by constructing a state observer.

It is worth noting that the above developed control algorithms are all required the control direction
is known. However, in practical engineering systems, the control direction is unknown, it will increase
the design difficulty of these systems. Thus, the Nussbaum gain function technique is developed to
cope with this issue, and some interesting works have been published, see [10—13]. In [10], the authors
studied the adaptive fuzzy output-feedback control problem for nonlinear system with unknown control
gain functions. The work [11] developed adaptive robust tracking control method for nonlinear system
with unknown control direction by adopting smooth projection operator and Nussbaum gain function.
By adopting the approximation property of FLS, the authors in [12] and [13] studied the fuzzy adaptive
output feedback control issues for nonlinear systems with unknown control coefficient.

Noted that the convergence rate of the system states has an important influence in practical
industry systems. Obviously, compared with the asymptotic stability in the above results, the
exponential stability has the better control performance. Thus, the authors in [14] first studied the
exponential stability for nonlinear system. Then, inspired by [14], the authors in [15] developed
exponential stabilization for uncertain nonholonomic systems, and [16] studied the output feedback
exponential stability for nonlinear system. When considering the interconnection of each subsystems
and stochastic disturbance, the authors in [17] and [18] developed the exponential stability control for
nonlinear systems. The works [19] and [20] developed global exponential stabilization control
algorithm for nonlinear systems. It is worth pointing out that there are no available results about the
exponential stability analysis and control design for nonlinear systems with unknown control
coeflicient and time-varying delay.

This paper studies the problem of adaptive exponential stability analysis and control design for
time-varying delay nonlinear system with unknown control coeflicients. Nussbaum gain functions
is adopted in each step to solve the issue of unknown control direction. By designing a Lyapunov-
krasovskii functional, the issue of time-varying delay is solved. Compared with the existing results,
the major highlights of this paper can be summarized as

1) This paper first studied the adaptive exponential stability analysis and control design problem
for SISO nonlinear systems. Under the adaptive backstepping control technique, this paper developed
adaptive exponential stabilization control algorithm, which can guarantee all solutions of the controlled
system are UUB and exponential converge to zero.

2) Compared with [17], the Lyapunov-Krasovskii functionals are adopted to deal with the problems
of unknown time-varying delay, and the considered system is nonlinear systems, instead of linear ones.

The remainder of this paper is organized as follows. In Section II, the problem description and the
preliminary knowledge are formulated. Exponential controller design and stability analysis are given
in Section III. Simulation studies illustrating the effectiveness of the developed control algorithm are
given in Section IV. Finally, we conclude the paper in Section V.
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2. Problem formulation and preliminaries

2.1. Problem formulation

Consider a class of nonlinear systems as

% = 0] (D@i(X;) + gixiv1 + qi(y(t — T:(1)))
X = 05 ()@n(X) + gut + g, (y(t — T,4(1))) (2.1)
y=x,i=12,---,n—-1,

where X; = [x, X2, ,x]7 (x = [x1,%,--,x,]7) is the state vector, y and u are the output and
control input, respectively. g;(f) are unknown nonlinear functions. 6;(¢) are vectors of time-varying
and uncertain parameters. ¢;(-) are known continuous nonlinear functions. g; # 0 = 1,2,--- ,n) are
unknown constants, and they are referred to as virtual control coefficients. 7;(¢) is the time-varying
delay and satisfies 7;(f) < 7" < 1, |r;| < T with constants 7 and 7.

Remark 1. Nonlinear system (2.1) is a huger class of nonlinear SISO strict-feedback systems and
has been studied extensively in some published results. In [11], the adaptive robust control of the
unknown control coefficients was addressed for nonlinear systems. However, [11] are not considered
the unknown time-varying delays problems. In fact, when the time-varying delays appears in systems,
the control design in [11] will need to be reconstructed. In this paper, the time-varying delays will be
handled by designing a Lyapunov-Krasovskii functional.

Assumption 1. ([9]) There exist positive constant @; and known function Q;(-), nonlinear function
gi(+) satisfies

lgi(y(t — TN < 21t - 7i(0) Qi1 (z1(t — Ti(1))) + @;

Control Objective: This paper will develop an exponential stabilization control algorithm such that
all solutions of the controlled system are UUB and exponentially converge to zero.

To deal with the issue of unknown control coefficient g;, the Nussbaum gain technique is utilized in
this note.

Definition 1. ([11, 12]) Nussbaum-type function N({) satisfies
. 1" NS B
lim sup — N()d{ = oo and lim inf — N()d{ = —o0 (2.2)
§—00 S 0 §—00 S 0

The Nussbaum functions that are commonly used are exp(¢?) cos((/2)¢), £ sin((), % cos(<). In
this note, we choose the Nussbaum functions as N(¢) = £2 cos().
Lemma 1. ([11,12]) {(¢) is a continuous functions defined on [0, #;), N({) is called as Nussbaum
function. If the positive definite function V(¢) satisfies

V)< D+e™ f g(ON()leTdr + e f leVdr
0

0

where D > 0 A > 0 and g(r) is time-varying parameter in / := [[7,["] (0 ¢ I), thus V(¢), {(t) and
fot g(T)N({){dr are bounded on [0, /).
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3. Exponential controller design

In this section, an exponential stabilization controller needs to be designed.
Define the following cooperation transactions as

1 =X (3-1)
=X — i

(3.2)
where z; are the virtual errors, ; (i = 2,--- , n) is the virtual control function, which will be designed
later.

Step 1. According to (2.1) and (3.1), we have

21 = g1%2 + 0] (D1 (x1) + 1 (y(t — 71(1)))

(3.3)
= g1(z2 + 1) + 0] (D1 (x1) + 1 (¥t — 71(2)))
Choose Lyapunov function
1 U
Vi==z+ Wi+ —0,0, 3.4
1 211 1 2 m,10m,1 (3.4)

where y; > 0 is a design constant, 9m,1 is the estimation of 6,,; and ém,l = O — 9,,1,1 Define W,
r(t—1) 1 rs 0 T

2(21—7*9 0 € 29011z (8))ds, thus, Wy < —rWi + 5i—521(0)0Q1.1(2:(1) — 32t = 11 (0) 011z ( —
71(1)).

From (3.3) and (3.4), we have

. . 1 - s
Vi = zilg1z2 + g1a1 + 0, (D@ma (x1) + g1 (0t = Ty (ON] + Wi — —6], 10,1
1

3.5)
where 6,1 = 6, and ¢, = ¢;.
Utilizing Young’s inequality [26,27]
e” 1
c'd < —|lclI" + —|id|I" (3.6)
m ne
where € > 0,c,d € R,n,m > 1 with (n — 1)(m — 1) = 1. One has
1
812122 < =4, + §12 (3.7)
2qi((t —711(1) < 122 + 1210 = T1()) Q1121 (1 — T1(D)) + 1y (3.8)
where g; is positive constant and satisfies |g| < g;.
By invoking (3.5)—(3.8), we have
Vi < zilgian + 6, (0pn1(x) + 321 + =5 011 ()]
i s (39
+ 2= [Y1210m1 (51) = O] + 8125 + 31 — W)
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Design the virtual control function «; and update law 6, as

ay = N()lciz + 931,10)9%,1()61) + 321 + '21 0 {z1())]
]:
ém,l = )’1Z190m,1(x1) - 0'19m,1
O =zlaiz + 9,{171(1)9%,1()61) +3z + Zl AN
]:

=~ j T
where o1 > 0 and ¢; > 0 are design parameters. Q; = }; ﬁQk,l(zl(t)).
k=1 k

Thus, (3.9) can be rewritten as

Vi < —ait +(@N@G) + Db + 88 + iy

+ ﬂém’lém,l - Zzzl(t)Qj{Zl(t)} - rWl
j=

7
Step 2. According to (2.1) and (3.2), we have
2 = gox3 + 05 (Na(X2) + g2 (y(t — 12(1))) —
= 82(z3 + @) + 0] (D 2(F2) + G2 (¥(7 = T2(1)))
- S8g, (0 —T1(1) — Hy

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

where Hy = 9.0, + %Zl- @m2 =[5 (%), —(Ba1 /0x1)] (x1), —(Ba1 /0x1) X217, 6,02 = [0, 6], 811"

6&11,1
Choose Lyapunov function as

_ 1.2 13T 7
Vo=V + 525 + W, + mem’Zng
where vy, > 0 is a design constant. 67,,1,2 is the estimation of 6,,, and ém,z =Opun — 9,11,2.
2
_ 210 4 rs
Define W, = kg} 3T ey © 21(8)Or.1(z1(8))dss, thus, we

2
T

, 2
Wy < —rWs + k; 1_7221(Z)Qk,1(21(t)) - %kz 21(t = () Q.1 (21 (1 — T1(0))).

=1

Thus,the derivation of V), is
Vo= Vi + 2lga(z3 + an) + 9,{,,2(090”1,2()72) + g2 (y(t — 12(2)))
— 04, (y(t = T1(1)) = Ha] = 287 8,5 + W,

Ox1 vy m27m

From (3.6), we can get

228223 + q2) < 37 + 7 + 32t = (D) 00121t = T2(D)) + 302

d 12,0 1 1
~25eq1 < 5550 + 520 = Ti0)011(2i(t = 71(1)) + 3T

(3.15)

have

(3.16)

(3.17)

(3.18)
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where g, is positive constant and satisfies |g>| < g».
By invoking (3.16)—(3.18), we have
Vy < —cizi + (@iN(&) + Déy + + lelAml - Z 21(N0{z1 (1))

+ 22[g2ar + 8320 + 07 L (D@n2(%2) + 322 + zZz(axl ) — H] (3.19)
+ 7129,,,2[7’2Z290m2(x2) 9m2] + P+ + 3w - 21 rWi
Design the virtual control function «, and update law 6,,, as
@ = N({)leazo + 8320 + 07 L (ODom2(%) + 322 + 222(5x1 )’ — H>] (3.20)
Onz = V2220m2(%2) = 0202 (3.21)
b =nlon+8n+ 0] L (O@ma () + 322 + zzz(axl )* — H;] (3.22)
where 0, > 0 and ¢, > 0 are design parameters.
Thus, rewrite (3.19) as
2 2 . ]
Vo< - Z czg + 2N W) + D] + @y + 32
£y =, i > (3.23)
+ Z Cyrke,{lk ik — Z}Zl(t)Qj{Zl(t)} + 8325 — kZ] rWi
]: =
Stepi (3 <i<n—1): From (2.1) and (3.2), one has
= giXir1 + 0] (D@i(%) + qi(y(t — 7,(1))) — @iy
= gi(Zis1 + @) + 9,1T1,l~(l)90m,i(9_6i) +qi(y(t — 7,(2))) (3.24)
i-1
- 2 G2a00 ) — H;
where H; = ; 36, Om.l + IZ ‘733,1 &
Dm,i = [QDIT()_CI) g(;l ;‘10, l(xl l) s 65;11 ()01 l)’ _Z(;:I Xist s ag;cll X ]Ta
Hm,i = [91T9 e 76{7gi—1’ U 7g1]T'
Choose the Lyapunov function as
Vi= Vi + 32 + Wit 367 0 (3.25)
- ém,i-

where y; > 0 is a design constant. @m,i is the estimation of 6,,; and 6,,; = 6,,,;
- r(t—t) ! : ! rT
2 ¢"*21(5)Qx1(21(s))ds, thus, we have Wi < =rW; + 3 15=21(0) Q1 (21(1))
k=1

_ rs
Define W, = Z m [ 0]

i
—%Zm@—nwwuma—nwD
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Thus, the derivation of V; is

Vi= Vi +zlgizis + @) + 0y, (Omi(%) + qi(y(t — (1))
i-1
- X G = m0) ~ Hil = 3 LG O + W,
From (3.6), we can get

zi(8iziv1 + qi) < 4Z + 8727, %Zl(t = 7i(1) Qi1 (z1(t — 7:(1))) + %Wi

- i1 i1
Jolet Oai_ 1 1
—Z 12 T < 57 (G + 5 121 z1(t = (D)) Q11 (21 (1 = 7(D)) + 5 121 (o

where g; is positive constant and satisfies |g;| < g;.
By invoking (3.26)—(3.28) yields

Yk

. ik
Vi< - Z az + Z[(gkN({k)"‘ D& + Z (rk@,{,k ok %kzl le
k=1 =1 j=

- Z 1 (N0 {zi (0} + 722, + zilgiai + em,,'(t)‘:gm,i()_ci) + 87,5
j=i+

+ 325 +52 Z(a;’;;' )*- Hi]—éller + %éz,i[)’iZiSDm,i(?_Ci) - é’m,i]
Design the virtual control function @; and update law té)mJ as
@; = N({)leizi + 9;,,,-(f)<ﬁm,i(3_6i) + 82,2+ 3% + 3% g(%)z - Hj]
ém,i = Yi2imi(%) = OO

dai_| 1

G = zileiz + 82,2+ 0L (D@mi(X) + 32 + 37 Z( o) — Hil

where o; > 0 and ¢; > 0 are design parameters.
Thus, rewrite (3.29) as

Vi<- Sad+ Sl@N@+ DA+ 3 2 )

— J 1

+ X O O + 81T~ Zer— S 200z}

Jj=i+1

Step n: According to (2.1) and (3.2), we have
in = gnu + HZ(t)QDn(xn) + Qn(y(t - Tn(t))) - C.l'n—l

= gulk + Oy, (P (%) + @ (0t = T,(1)))

—’;z B0s (y(t = 7/(1))) — H,

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)
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where H, = i + Z Ll Onn = (6,00, 81, &1l
A AR 1<xn 1) : 33;3901( D e TRRRIE —e oS L
Choose the Lyapunov function as
Vo= Voor + 325+ Wyt 5207, .0, (3.35)
where vy, > 0 is a design constant. 9,,,,,, is the estimate of 6,,, and 9,”,,1 = Oppn — @m,n.
Define W, = z 250 (" ez (5)Oka (21 (5))ds, thus, we  have

= 2(1-17) Jr—7 (1)

(001 (1) = 5 Z 21t = (1) Qi1 (21 (1 = T1(1))).

l—‘rk

W,<—rW,+ 3
k=1

Thus, the derivation of V,, is

n—1 n k -1 n n-1 .
D CERED) Lo+ z SO+ Z1@N@) + D&
+ Zalgutt + O (D) + 82120 + 320 + 32 z(a‘;;; (3.36)

-H ] + = ’y mn[)’nzn‘pm n(-xn) em,n] - 1;1 er

Design the controller # and update law 9,,,,,1 as

1 = N(lenzn + 8oy 2n + Oy (DPmn(T) + 32, + 32, z (f”g’;;,l — H,] (3.37)
Bron = Ynzn@mn(Fn) = T (3.38)
: A 1 =
gn = Zn[cnzn + gi_lzn + ez,n(t)‘ﬁam,n(xn) + zzn + Ezn Z ((;_;;1)2 - Hn] (339)
=1

where o, > 0 and ¢, > 0 are design parameters.
Thus, rewrite (3.36) as

- % e+ SleN@ + DG+ S Yo+ E 2H G- S G40

—]1 Yk

3.1. Exponential stability analysis

The property of the developed exponential controller can be summarized as the following Theorem.
Theorem 1. Consider nonlinear system (2.1), under the Assumption 1, the designed exponential
controller (3.37), virtual control functions (3.10), (3.20) and (3.30), update laws (3.11), (3.21), (3.31)
and (3.37), can guarantee that all signal of controlled system are UUB and exponential converge to
origin.

Proof. Choose Lyapunov function as V = Z{ + W, + =-6" 8,,.}, from (3.40), one has
i=1

2y; " m,i Ml

53 @, (3.41)
i=1 j=1

=

=Yz + DI@NG) + D&+ X %é; B — X rWi+
i=1 i=1 =1t i=1
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By utilizing (3.6), we have
TiGT Bpi < =L Bi + =07 6 (3.42)
Yi 2y; ™ 2y ™

Thus, let A = min{2¢;,0;, v} (i = 1,--- ,n), rewrite (3.41) as

V<-av+ ; [(&:N(Z) + 1)i] + D (3.43)

where D = %

||M=

; TR

i=1
According to Lemma 1, Z[(g,-N(gi) + 1){;] is bounded on [0, 7;]. Define D’ = i[(giN(g“i) + D,
i=1 i=1
D = D + D', (3.43) is finally expressed as

V<-AV+D (3.44)
Integrating (3.44) over [0, 7] yields

0<V(@ < % +eV(0) (3.45)

Thus, from (3.45), we can get |z;(¢)| < \/2(§ + e~V (0)), x;, zi, @m,,- are UUB and exponential converge
to zero. Furthermore, we also can obtain exponential decay rate can be determined by A, by increasing
¢;, o; or decreasing y; to get good transient performance of controlled system. This completes the proof
of Theorem 1. u

Remark 2. From the above analysis, we know that the size of |z;(¢)| < \/ 2(% + e~1V(0)) lies the design

parameters c;, y; and 0. By increasing the design parameters c;, y; or decreasing the design parameters
o; can make error z; be smaller.

4. Simulation example

In this section, a numerical example is provided to display the feasibility of the designed controller.

Example. Consider the nonlinear system as
X1 = g1 + 0l (D1 (x) + 1 ((t — 71(1)))
Xy = gatt + 05 (D2(T) + qa(y(t — 72(1))) (4.1)
y=x

where 6; = 0.6, ¢1(x1) = x7, 6, = [0.8,0.2]", ¢2(X2) = [x2sin(x)), x1x2]", g1 = 2, &2 = 3, 1 (y(t -

sin(xy ())x2(t-
T] (t))) — x1(t—11(2)) qz())(t _ Tz(t))) — (x1(2)) l(t 2([))‘

1+x2(t-71 (1) 1+x2(1-72(1))
Choose the design parameters in controller, virtual control functions and update laws as: ¢; = 0.8,

c;=08,7=06,7=04,y,=6,y,=4,0,=4,0,=4.
Then, the virtual control function a;, controller # and update laws are:

3
a1 = NEI0.821 + 8], (Dpma(x) + 20 + Z JEAON

AIMS Mathematics Volume 6, Issue 1, 102—-113.
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0&’1

2
—)Y -H
0x ) 2]

A 1 1
u= N(fz)[OSZQ + g’lZz + ez’z(t)(pm,z()_cz) + EZZ + EZZ(

9m,1 = 6Z190m,1(xl) - 49m,1

A

Ons = 420Qm2(%2) — 46,5

Select the initial conditions od variables as: x;(0) = 0.5, x,(0) = 0.5, 9,,,,1(0) = 0.2, @m,z(O) =
[0,0,0,0]”. Thus, the simulation results are displayed by Figures 1-2. Figure 1 is the curves of states
x and x,; Figure 2 is the controller u.

2

&1
15

1+
0.5
O,

-0.5

0 1 2 3 4 5

10

T2

—10|
-20+
-30}

_40 L L L Il
o 1 2 3 4 5
Time (sec)

Figure 1. The trajectories of x; (i = 1,2).

1.5

0 1 2 3 4 5
Time (sec)

Figure 2. The trajectory of controller u.

From the figures 1 and 2, it means that all the variables of controlled system exponential converge
to origin.

AIMS Mathematics Volume 6, Issue 1, 102—-113.
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5. Conclusion

In this paper, we have studied the exponential stability analysis and controller design issue for time-
varying delay nonlinear systems with unknown control direction. In control design, time-varying delay
and unknown control directions have been solved. Under the framework of adaptive backstepping
recursive design, an exponential stabilization control algorithm has been developed. It is demonstrated
that all solutions of controlled system are UUB and exponential converge to origin. The future research
directions will focus on the global exponential or fixed-time stabilization control for switched nonlinear
systems [21-23]. In addition, the global exponential output-feedback control for nonlinear systems are
also our future research topics [24] and [25].
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