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Abstract In this paper, we consider observer-based
adaptive fuzzy finite time control scheme for non-strict
feedback uncertain nonlinear systems with unmodeled
dynamics and input delay. A fuzzy state observer is
employed to estimate the unmeasurable states and the
unknown nonlinearities are identified by the fuzzy logic
systems in each step. The design difficulty caused by
the unmodeled dynamics and input delay is tackled by
a dynamic signal and a compensation signal, respec-
tively. Based on the proposed compensation signal, the
considered input delay can be unknown and time vary-
ing. To decrease the computational burden, the dynamic
surface control (DSC) scheme is adopted in the design
process. In the framework of finite time Lyapunov the-
ory, an effective adaptive fuzzy finite time controller
has been obtained by combining the idea of back-
stepping technology with DSC scheme. The proposed
method not only solves the algebraic loop problem,
but also realizes the finite time stability performance
constraint in the presence of input delay, unmodeled
dynamics and unmeasurable states. Finally, the stabil-
ity analysis shows that all signals of the closed-loop
systems are bounded in finite time. Simulation results
show the superiority of the devised scheme.
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1 Introduction

Over the past years, the idea of approximated-based
control schemes for nonlinear systems by using fuzzy
logic systems (FLS) or neural networks (NNS) has been
considerable attention by the researchers [1-5]. The
main reason is that the unknown nonlinearity inevitably
exists in actual system, and it is difficult to get the accu-
rate information of the unknown nonlinearity, which
makes the nonlinear system control very difficult [6].
Particularly, some common phenomena, such as exter-
nal disturbance [1,7], unmodeled dynamics [8,9], time
delay [10,11], non-smooth nonlinearity [12,13] and
state constraint [14,15], make the control design of
nonlinear systems more complicated. Recently, to over-
come these design difficulties, dramatic adaptive neu-
ral/fuzzy backstepping control schemes have been pro-
posed in [16—18]. Nevertheless, the above-mentioned
approaches are limited to the strict feedback nonlinear
systems which cannot be extended to nonlinear sys-
tems with non-strict feedback form. Regarding non-
strict feedback nonlinear systems, the functions of the
system are related to all the states, which can cause
the algebraic loop problem for the traditional adaptive
backstepping control technique [19]. Thus, Chen et al.
proposed a variable separation approach for non-strict
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feedback systems in [20]. Furthermore, based on FLS
or NNS, many effective adaptive control schemes have
been proposed to overcome this problem (see [20-23]).
However, the aforementioned results are only provided
that the system states are all measurable.

In practice, the state variables are usually diffi-
cult to be measured, due to the technique difficulty
and/or costly expense of measuring [24]. Thus, it
is hard to obtain all the information of the system
states, which limits the application of the aforemen-
tioned approaches. In this case, the idea of output
feedback control approach is an alternative effective
approach, which is more in line with the actual demand
[25,26]. Considering the non-strict feedback nonlin-
ear systems with unmeasurable states and time delay,
Chen et al. proposed a linear state observer-based out-
put feedback control scheme in [27]. Furthermore, by
using a linear state observer to estimate the unmea-
surable states in non-strict feedback stochastic nonlin-
ear systems, the authors in [28,29] considered adaptive
fuzzy/neural output-feedback control schemes, respec-
tively. Recently, in [30] Wang et al. proposed an event-
triggered fuzzy output-feedback control approach via
linear observer. Nevertheless, the linear observer is
independent on the controlled systems, it cannot get
the effective estimations of the unmeasurable state
variables for practical systems. Thus, Tong et al. pro-
posed a fuzzy state observer-based control approach
for stochastic nonlinear strict feedback systems in
[31], which is constructed according to the system
and the unknown nonlinear functions are identified
by the FLS. In [32], the authors considered adaptive
fuzzy backstepping control for nonlinear systems with
sampled and delayed measurements. In [33], regard-
ing switched strict feedback nonlinear systems with
dead-zone and unmeasurable states which is investi-
gated by using fuzzy state observer. In [24], based on
fuzzy observer, Wang considered repetitive tracking
control for strict feedback nonlinear systems. How-
ever, as mentioned above, the algebraic loop problem
for non-strict feedback nonlinear systems is inevitable
for adaptive backstepping technique. To overcome this
limitation, by using the property of the fuzzy basis func-
tions, Tong et al. proposed a fuzzy state observer-based
control approach for SISO non-strict feedback systems
in [34]. Following this study, Wang et al. considered the
actuator failures and unmeasurable states in non-strict
feedback systems and proposed a composite adaptive
fuzzy control via fuzzy state observer in [35]. How-
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ever, the aforementioned research results are based on
the problem of asymptotic stability in infinite time.
Unlike the infinite time stability, finite time control
shows higher tracking performance, better disturbance-
rejection ability and faster transient response for non-
linear systems. So, it is very significant for us to con-
sider the finite time control scheme for non-strict feed-
back systems with unmeasurable states.

In recent years, the idea of finite time stability has
been widely concerned in strict or pure feedback non-
linear systems, for example, see [36—43]. Furthermore,
based on the assumption that all the state variables are
measurable in non-strict feedback nonlinear systems,
the authors proposed the approximated-based finite
time control schemes in [44—49], respectively. How-
ever, as mentioned above, the system states are usually
unmeasured and it is difficult to get the full informa-
tion about the system states. Therefore, the aforemen-
tioned finite time control schemes are not suitable to
non-strict feedback systems with unmeasured states.
To overcome this drawback, observer-based finite time
control schemes for non-strict feedback systems with
unmeasured states were discussed in [50-55]. Based
on FLS, Li et al. investigated the finite-time adap-
tive fuzzy control for MIMO non-strict feedback sys-
tems via a fuzzy observer in [50]. Furthermore, con-
sidering the actuator faults and saturations in MIMO
non-strict feedback systems, Ji et al. considered finite
time fuzzy tracking control problem in [51]. Regarding
non-strict feedback nonlinear systems with unmeasur-
able states, the authors in [52-55] studied the phenom-
ena of output constraint, state constraint, prescribed
performance constraint and input saturation for finite
time control schemes, respectively. Nevertheless, the
unmodeled dynamics problem was unconsidered in the
aforementioned results. The unmodeled dynamics is
inevitable existing in practical systems, due to mod-
eling errors, model simplification and measurement
noises. As a result, it is difficult to obtain their accu-
rate information, and the difficulty of system control
increases sharply. However, the above-mentioned finite
time control schemes are useless for the unmodeled
dynamics. By introducing a dynamic signal or small-
gain theorem, the problem of unmodeled dynamics has
been widely considered in infinite time control of non-
linear systems, for example, in [17,56—62]. However,
from the perspective of finite time control strategy, this
problem is rarely considered in output feedback mech-
anism. Particularly, for non-strict feedback systems,
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the aforementioned results cannot be extended to this
issue. Recently, Sui et al. considered finite time con-
trol of stochastic systems with unmodeled dynamics in
[63]. Nevertheless, due to the repeated differentiations
of virtual controller, which lead to high computational
complexity. On the other hand, the input delay problem
has not been considered in above research results. It is
known that the control forces provided by the actua-
tors are limited in practice. Particularly, the output pro-
vided by the observer cannot be used when input delay
appears. Thus, the aforementioned results are invalid if
the input delay exists in practical systems.

As a kind of time delay, input delay is a common
and inevitable phenomenon in practical control sys-
tems, such as chemical processes [64], vehicle active
suspension system [65] and uncertain mechanical sys-
tems [66]. When input delay occurs, the performance of
the closed-loop system will be damaged or even be dis-
astrous if the control signal cannot feedback the infor-
mation provided by the observer in time. To tackle lin-
ear systems with input delay, the predictor-based tech-
niques such as smith predictor and truncated predic-
tor feedback are often used. However, it is difficult
to deal with nonlinear systems with input delay, due
to the unknown nonlinearities exist in actual systems.
Thus, the authors in [67-69] extended the predictor-
based control approach to tackle nonlinear systems
with input delay. Unfortunately, most of these results
depend on the exact model information of the nonlin-
ear control plant. It should be noted that the unmod-
eled dynamics and other uncertainties often exist in
actual systems which make the aforementioned results
difficult to be applied in practice. In addition, for the
predictor-based control methods, the state variables of
system are difficult to predict. Based on Laplace trans-
form technique, the Pade approximation is employed
to deal with nonlinear systems with input delay. For
example, Li [70] investigated strict-feedback systems
with input delay and output constraint by combing FLS
and the idea of Pade approximation. Furthermore, by
combing NNS with Pade approximation, the authors
in [71] considered adaptive tracking control approach
for strict feedback systems with full state constrained
and input delay. Nevertheless, the proposed methods
are only applicable to strict feedback nonlinear sys-
tems, and the Pade approximation approach is invalid
for long input delay. Recently, by using a compensa-
tion mechanism to deal with input delay, Wang et al.
considered adaptive neural control for non-strict feed-

back systems in [72]. However, the proposed method
is only suitable to known constant delay and the state
variables are measurable, which might lead to some
design conservatism. For the unknown input delay, [73]
developed a prediction-based control method based on
the exact model assumption of the nonlinear dynam-
ics. Furthermore, [74] proposed proportional integral
differential controller for uncertain nonlinear systems.
Unfortunately, the considered system model depends
on the system model, and the approach is useless when
the system model changes. By using finite integral to
construct auxiliary signal, Wang et al. considered strict-
feedback systems with time-varying input delay and
proposed adaptive fuzzy tracking control approach in
[75]. Recently, the authors in [76] considered event-
triggered dynamic surface control for pure-feedback
systems with unknown input time delay and quan-
tized input. However, the aforementioned methods are
invalid if the state variables are not measurable or the
unmodeled dynamics exist in practice systems. From
above narrations, one can observe that no literature is
involved in discussion finite time control for non-strict
feedback nonlinear systems with unknown time vary-
ing input delay. What is more, if this issue involves
unmeasured state variables and unmodeled dynamics,
the existing results are invalid, which prompt us to carry
out this study.

Motivated by above observations, observer-based
adaptive fuzzy finite time control for non-strict feed-
back uncertain nonlinear systems with unknown time
varying input delay, unmodeled dynamics and unmea-
surable states is investigated in this paper. Fuzzy logi-
cal systems are introduced to approximate the unknown
nonlinearities and a fuzzy state observer is employed to
estimate the unmeasurable state variables. A compen-
sation signal is introduced to tackle the design difficulty
caused by the unknown time varying input delay. The
unmodeled dynamics is tackled by introduced a dynam-
ical signal and the DSC scheme is employed to tackle
the computational burden. Based on the backstepping
technique, an effective finite time adaptive fuzzy con-
troller has been obtained in the framework of finite time
Lyapunov theory. The main work of this paper is listed
as follows:

(1) In the framework of finite time stability, adap-
tive fuzzy finite time control for non-strict feed-
back nonlinear systems with unknown time vary-
ing input delay, unmodeled dynamics and unmea-
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surable states is proposed for the first time. Com-
pared with the nonlinear systems with strict feed-
back or pure feedback form in [36-43], the pro-
posed method can be applied for a more general
structure with unmeasurable states. Compared with
the finite time control schemes in [50-55,63], the
proposed controller takes into account the unmod-
eled dynamics and input delay so as to achieve bet-
ter control performance in practical engineering.

(2) For the unknown and time varying input delay,
a compensation signal is introduced to tackle the
design difficulty. Compared with the results in [70-
72], the restrictions of input delay to be known or
constant are removed, compared with [73,74] the
assumption of exact model limitation is eliminated,
so that the design conservatism is reduced.

(3) The structure of the non-strict feedback system is
simplified by using the FLS, and the DSC scheme
is adopted in the design process of backstepping
technique. Compared with [44-49,63], the compu-
tational burden, complexity and difficulty of finite
time controller design are reduced. The proposed
scheme not only solves the algebraic loop prob-
lem, but also realizes the finite time stability per-
formance constraint in the presence of unknown
input delay, unmodeled dynamics and unmeasur-
able states.

The paper is organized as follows: Sect. 2 presents
the problem and the preliminary results. Section 3 dis-
cusses the design process of the controller and the sta-
bility analysis. The simulation examples are considered
in Sect. 4. Finally, Sect. 5 gives a brief conclusion.

Notations The following notations will be used through-
out this paper || - | denotes the 2-norm for a matrix or a
vector, | - | denotes the absolute value for a scalar, and
the symbol o denotes the composition operator between
two functions.

2 Problem formulation

Consider the following dynamic system

z2=q(x,2)
Xi=xiy1 + fix)+ A (x,2),i=1,2,--- ,n—1
Xp =ult — 1)) + fulx) + An(x, 2)
y =x1
(1)
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where the state variable x = [xj, x2, -, x,]7 and
all variables except x; are not measured, z denotes
the unmodeled dynamics and A;(x, z) represents the
unknown dynamic disturbance, f; (-) is unknown smooth
nonlinear function, u(t — 7(¢)) € R is the control input
with 7(¢) being the unknown time varying delay, and
y(t) € R is the system output.

Remark 1 In practice, many systems can be described
or transformed as the system (1), such as one-link
manipulator with motor [53,58], electromechanical
system [34] and so on. Compared with the existing
results [70-76] which only work on input delay for non-
linear systems with all state variables are measurable,
the finite time control problem is unconsidered. In addi-
tion, the considered input delay is known and constant
or the proposed method depends on the systems model.
Compared with the finite time control approaches in
[50-55], the design difficulties caused by the phenom-
ena of input delay and unmodeled dynamics are ignored
by the authors.

Assumption 1 [62,63] The unknown dynamic distur-
bance A;(x, z) satisty

|4i (x, )| < ¢/ i (y) + g Vi (Iz])

1<i<n

@)

where g is the unknown positive constant, and ;1 (-)
and v;2(-) denote the known non-negative smooth
functions.

Assumption 2 [62,63] The unmodeled dynamic z =
q(x, z) in (1) exists an input-to-state practically stable
(ISpS) Lyapunov V (z) which yields

m(lz]) < V(2) < m(lz]) 3)
8‘25) < —aV(z) +«(x]) + bo 4

where 71, 7, and « are Ko,—functions, and the con-
stants ¢ > 0 and by > 0.

Lemma 1 [63] Assume that for a controlled system,
if (3) and (4) hold, then for any constant a in (0, ag),
function k(x) < k(|x]), and initial value xo= x¢(0),
there exists a finite To = Ty(a, ro, z0), D(t) > 0 for
all t > 0 and a dynamical signal r which described
by
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i =—ar + k(x1(t)) + bo, r(0) =ro 5
satisfying D(t) =0, Vt > Ty

V(z(t)) <r(t)+ D(t,ty), Yt >0 (6)

The smooth function k(-) is selected as k(s) =
52k (s2). Then, (6) becomes

F = —ar 4 x}o(x?) 4+ by, r(0) =ro (7

where K()(x%) > 0 is a smooth function.

Assumption 3 [34] Let £ = [£, X2, --- , Xx]” be the

estimation of x = [x;,x2, -, x,]%, and [; (1 <
i < n) be a known constant which satisfying | f; (x) —
fi(®)| < L;||x — X||, where || - || denotes the 2-norm of
a vector.

Remark 2 Assumption 3 is commonly adopted in the
literatures (Similar assumptions can be found in [27,
29,34,35]), which is a common basic assumption in
the design of nonlinear systems using output feedback.
In absence of Assumption 3, it would be extremely
difficult to verify the stability of the overall system.
As far as the function f;(x) in (1) which satisfies local
Lipschitz condition, Assumption 3 can be relaxed to
satisfy the local Lipschitz condition according to the
relevant theories, See [28,31,32,59]. In order to make
the description of the problem convenient, we employ
this Lemma defined in [34].

Assumption 4 [74] For the slowly varying delay 7(¢),
there exists a known constant T > 0 satisfying 7(¢) <
7.Vt € R, |T(t)| < n < 1, and > 0 is the unknown
constant.

Definition 1 [45] Suppose that the equilibrium point
of nonlinear system x (t) = f(x(¢)) isx = 0. If for any
initial condition x (#9) = xo, there exists a settling time
T (¢, x0) < 400 and ¢ > 0 which yields V¢ > 1y +
T, then x(t) = f(x(¢)) is called semiglobal practical
finite-time stable(SGPFS).

Lemma 2 [45] For system x(t) = f(x(t)) is SGPFS,
if there exist some scalars ¢ > 0,0 < 8 < 1,d >
0 and a smooth function V(x(t)) > 0 which yields
V(x(1)) < —eVP(x(t)) +d, whent > 0.

Lemma 3 [45] Let w be a real number and (0 < w < 1,
Xi(1<i<m) € R, such that

(2 wl)” = 30wl =m @2 (3 )"
®)

Lemma 4 [45] Let x and y be real variables, for any
given positive constants 91, ¥2, and 93, then

g
x7t y]?2 <

< 3)x |12
P+

U 9 *%| |191+192 )
tH + D . Y '

The purpose of this paper is to design a unified
framework of observer-based adaptive fuzzy finite time
control scheme for non-strict feedback nonlinear sys-
tems with unknown input delay, unmodeled dynamics
and unmeasurable state variables such that all signals
of the closed-loop systems are SGPFS.

In the following design process, FLS can be employed
to identify the unknown continuous nonlinear func-
tions.

Lemma 5 [34] f (x) is continuous and defined on a
compact set §2 and can be approximated by a fuzzy
logic system 0T ¢ (x). Then for any constant &, which
vields

sup If(x) — 0T ()| <e (10)

where 0T = [01,0a,---,0n]1T denotes the optimal
weight vector with N > 1 being the number of the

fuzzy rules. p(x) = [1(x), p2(x), -+ , on ()] is the
membership function vector with

[Ti= HEL (x)
N
Zl:l [H?:l MF[.[(xi)]

and | Fl(xi) is the membership function of inference

pr(x) =

antecedent variable of x; in IF-then rules.

3 Control design
Based on the idea of backstepping technique, the design

process of adaptive controller will be discussed in this
section.

@ Springer
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3.1 Fuzzy observer design

Firstly, let x be the estimation of state variable x, then
system (1) can be transformed as

X1 =x2+4 fi(X) + Afi + Ai1(x, 2)

Y =xip+ i)+ Afi + Ai(x, 2)
dp=ult —t(@) + ful®) + Afy + An(x, 2)
y =X

(1)

where Af; = fi(x) — fi(X),i =1,2,--- ,n.

For 1 <i < n, according to the idea of approxima-
tion in Lemma 5, the unknown function f; (X) in system
(1) can be modeled by a FLS f; (%) = 6] ¢; (%), i.e.,

i) =@+ fi@) =& @) + 07T g (%), leil < &f
(12)

where &;(X) is the minimum approximation error, &
is an unknown constant, and Gi* denotes the optimal
parameter vector, which defined as

6 = arg min [sup | f; () — £i(®)I] (13)
0;e2; xeU

with éi being the estimation of 01.*, £2; and U being the
compact regions for 6; and %, respectively.

Substituting (12) into (11), and rewriting system (11)
as

n
i=Ax+Ly+) Bt oi®)+e
i=1

+ AF + BnU(t - T(t)) + sz

y=Cx (14)
where
-l "
A= L, pE=EL ]
—1,0 --- 0 I,
Af
AF = ,C=1[1,---,0],
L Afn
e=ler,- e’ Bi=[0---1---0]",

Az = [A1(x,2), A2(x,2), -+, Au(x, D17

@ Springer

Next, we define the fuzzy state observer as

)?1 =X+ élTAﬁvl()?) + 11 (x1 — X1)

X = Rip1 + 0] @i (8) +1i(x1 — F1)

Xn =u(t — (1) + 0] ou(X) + Lo (x1 — £1)
y =%

15)

Remark 3 The linear observer proposed in [27-30],
which is independent on the controlled systems. This
results in the limited information obtained by the linear
observer, especially the unmodeled dynamics phenom-
ena exist in real systems. In contrast, the fuzzy state
observer (15) uses the information of the controlled
system in the design process, which can obtain more
system information and achieve better estimations of
the unmeasurable states.

Furthermore, system (15) can be described as

n
F=Af+Ly+ ) Bib oi(®)
i=1

+ B, U(t —t(t)y =Cx (16)
Let the estimation error ¢ be

I _ R
e=—ler,er, -] = —(x—%) an
q

where ¢* = max{l, qf, q;‘2|1 <i<n}.
Based on (14) and (16), one can describe the dynam-
ics of the observer error as

: U (= st e
é = Ae+ q_* (Z BiGiTwi(x) +e+ AF + sz>
i=1

(18)

where the estimation error 9~i = 9;‘ — éi.
According Assumption 1 and Lemma 1, we define
the transformations as

e=1TI(r)e (19)
with
n -3
o) = <1 +4 Z[m o, (2r)]2> . (20)
i=1
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Obviously, I 2(r) < 1, and r (r) can be described as

3
n 2
re)=- (1 +4) Yo 711_1(2r)]2)

i=1
L, Wiz o7ty 1 (2r))
a(2r)

4 Z [Wi2 o ;' (2r)] 2F

i=1

=-I (r)4Z[w,zon 'enP?
i=1
dWizom ') .
a(2r)
@1)

From (18) and (21), one has

¢ =TI (r)é+el(r)
=TI (Née+ I Ymere)

1 (& -
=TI () (Ae+ p (Z Bi6l ¢i (%) + &+ AF + sz))

i=1
+r~Ymere

~ 1 n B .
:APF*FM(Zprw@+8+AF+mJ
q i=1

— 24y iz oy ')

i=1
Wi om @D
——DFe.
a(2r)

(22)

By selecting vector, L which yields matrix A is a
strict Hurwitz matrix. Then, for any given matrix Q =
QT > 0, there exists P = PT > 0 which yields
ATP 4+ PA=—-0.

Consider the Lyapunov function Vo = &’ Pé , one
has

: _o o 2eT
Vo = —Amin(Q)llell” + —

n
(Z B0 i (%) + &+ AF + sz>

i=1

P
rr)

n (23)
— ()4 [ on; ' (2r)]
i=1
(Y2 oy 120 15T ps
a(2r) :

By using the complete squares formula and the prop-
erty of 0 < <pl.T (X)@i (X) < 1, one can get the following
results

—F(r)e PZB@ @i (%)
i=1

< ||P||ZZéiTéi +nllel|? (24)
i=1

2 5T
—I'(r)e’” P(e + AF)
q
< 2lel® + [IPIPIe* 1> + [IPI*IAF|?
n
211=112
pHIE]
j=1

(25)

< 21lel® + IIPIP11e* 11> + 11 P11

Based on Assumption 2 and Lemma 1, one can get
lz| <7, ! (r + Dy). Furthermore, by using Assumption
1 and the complete squares formula, one can have

2 5T
;F(r)e PA,,

<2/lellllPl| (Z Y+ wl-z(|z|>)

i=1 i=1

<n? ) Uiy +201PPllel?
i=1
n (26)
+nl%(r) Y (Yinom ' @2r)?

i=1

+nl?(r) Zw,z on;'(2D))?

i=1

n
<n® Y PH Y+ 20PIPlEl +n + do
i=1

where I'2(r) Z(I//lzon’l ey <t,dy=n Z(wtzo
i=1

(2D))2 Wz 1 (y) is asmooth function and y;1(y) =
% 1 (y)
Substituting (24)—(26) into (23) and based on the

A[Wiromy ' 21D

fact 300 > 0and e’ Pz > 0, one can get

n
Vo < —aollell® +11PIP Y076,
j=1

@ Springer
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+n° Y YHMY + T 27)

i=1

n
where Jo=Amin(Q)— | PIP(X [}) = 2||P|> =2 —n
j=1

and Yy = || P|)?||e*|1> + n + do.

3.2 Controller design

Firstly, the following change of coordinate is employed
in the process of backstepping designing

1 = X1
A . 2
Zi =X —wi, i=23,--,n 28)
where w; is the first-order filter output signal, which is
defined as

i=2,3,---.,n
(29)

Eiwi +w; = o1, i (0) = 0;—1(0),

with &; being design parameter and «; being the first-
order filter input signals. The filter errors are given by

Xi=wj—oi—1, i=23--,n (30)

According to the previous change of coordinate, the
specific design steps as follows.

Step 1: Based on (28) and (29), the derivative of z;
is obtained that

71 = X1
=x2+ fi(X) + Af1 + A1(x, 2)

= +qrer+0;Tp1(%)
+e1+ Af1 + Ar(x, 2).

(€29

For (31), a desired virtual input o1 can be derived
to take place of X, based on z3 = X — wy and x =
wy — o1, we can get

H=n+n+tqe+a+0iTo R
+e1+Af1+ Ar(x, 2)
=n+x+qea+u+0T o) (32)
+0[ 01D — 0T 1 (G1) + 6] @1 (31
+e1 4+ Aft + Ar1(x, 2).

@ Springer

Let the Lyapunov function candidate be

1 | —
Vo1 = Vo+§z%+—01T61

2y
P B (33)
- =-q -
2 T2 Y0

where @ = o — @ and § = g* — § represent
the estimation errors, ®| and ¢ are the estimations of
O = ||9]>“||2 and g*, respectively. The design param-
eters y; > 0, y; > 0and yp > 0.

Differentiating V,,1, then

. . . 1 ~7x
Vol < Vo+2z121 — V_91T91
1

1 -~ = . 1.
- 0101 +qq+ —r
Y1 Yo
n 1 .
< —xollell> +11PII> Y _6]6; — —6] by
— Y1
j=1
Y s g (34)
+n Y PR+ T - 6161
i=1
+z21@+ x2+ gt +ar +0;T o1 (%)
+ 67 p1G1) + 67 91 (1)
—0;T 1 (%)) + &1 + Afi + A1(x, 2)

IO
—qq + %(—ar + )C]zK()(xlz) + by).

Based on the completion of squares and Assumption
1, one can get the following results

z21(g*er +e1+ Af1 + x2)

3, Z%‘I* 1 l% —12
< Z _
=29 3y T\2 T 2y ) 1
1 *2 1 2
- - 35
+ 281 + 2)(2 ( )
«T «T Sl os, 2
a (0o ® — 67T o) = S467 + = 66)

where ¢ > 0 is a design parameter.
From (2) and (3), one can get
1 1
7141(x,2) < Z[lﬁiz or @NPAgt + 1+ ZZ%CI*

+ 4y o ' 2D) + i (0)yzig*.
(37)
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Furthermore, substituting (35)—(37) into (34), we
can have

Vo1 < —illel® + 67 <</)1(x1)21 - —91)

1 x
+@1 <?Zl_—_@>

3 Z1k0(x2 @z
+zl<—zl+a1+z2+ 10(1)+g1 il

2 Yo 2

n
+n2 Y PAO)y + 0] 1 (G)

i=1

. - ; 1 _
+819) +q(61y —q) + %(—ar + bo)

n
JUS, 1 _
+IPIPY 076, + §x22+ T
j=l
(38)

1
G+ %pzl(r)'), 3 = };ﬁ + %[1#,’2 o
_I(Zr)]zm + 1z 4+ ¥in()yand 71 = Ty + % +
2+ 144y on QD).
Now we design the virtual control signal as

where A; = Ag — 1

3 21k (x?) 10121
ar = —=21 —kiz) -1 ! °

2 v 2

n
—n? > YAy -0l p1G) - 814

i=1

(39
with the adaptive laws 51 and él as
61 =y} Gzt — 511 (40)
61 = 3761t~ 216, a1
and the turning function ¢; as
G =8z1—w@q 42)

where the design parameters k; > 0, ¢; > 0,51 > 0
and w > 0.

From (38)—(40), the following result can be obtained

1070,
"

. - 2
Vo < —aillel* — klzlﬂ +z122 +

~ A

216,16 .

+%+wqu
1

. o (43)

—q(G@ — &)+ —(=ar + bg)
Y0

n
o~ 1 _
+IIPIPY 670, + 505 + Th.
j=1

To deal with the problem of “explosion of complex-
ity” caused by repeatedly differentiating oy, let o1 pass
through a given low-pass filter w;, which defined in
(29) with the filter time design parameter &, and the
filter error x, defined in (30). Then, one can get

. —X2
=22 44
@) 5 (44)

and

X2=wr—a; = —&2 —a
—X2 @3)
=== 4+ My(v)
&

where M>(+) is acontinuous function, and M>(z1, z2, X2,
01, 01, ya, Ja> Ya, 1) = =528 +58 4 +3“101+

X1
30!1 daj
O + 5y Vd + 5

Bo and o, the sets Ho = {a, ya, ¥a) © Ga)* +
(ya)* + (34)> < Bo} is compact in R, and H, =
D 247000+ 770701+ 43 < 20} is
compact in RV1+3 with N| being the dimension of élr .
According [77], M> has a maximum value B;. Thus,

30‘1 /Ll) Furthermore, for any given

x2X2 = x2(w2 —ay)

~ <—X2)
&
+ x2aMa(z1, 22, X2, 01, O1, Ya, Ya. Va» 1)

1 1
SX;+ 5B

1 2
= TRl T

&
(46)
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Let the first Lyapunov function of the system be - 6’? @i (%) + QNI-T @i (x;) — 0 Lo @i)
. A 1 N
L5 +07 i G + 6 pi(8) — —
Vi=Vo+ Ve + x5 47) i
? ) éréj
_ _@ @ _ _ J
From (43)—(47), one can get 3 q(q— G-+ z‘; 3
j:
Vi =Yk Vor+ ook + i+ b+ |1PIF 474,
< —nllel? - kiz” + 212 j=1
R, - A i—1
06, 6,6 d
+§1 1 1+§1 _1 l—i-wc]c} +Z 1 X,+1+T . 1)
. . 8) =R

oA I
—q(g — &) + —(—ar + bo)
70
“ 1
+IIPIPY 670+ (1 - 5—) X3+
j=1 2
where 71 = Ty + %BZ

Stepi (2 <i <n—1):Basedonz;y| = Xj+1—wj+1
and x;4+1 = wj+1 — «;, from (28)—(30), differentiating
z; then

Zi = )é,' — w;
= %ip1 + 0] 0i(R) + Lig*(x1 — £1) — oy
=Zit1 + Xi+1 i +lig"e — o (49)
— 670 () + 6 pi(3)
+6l i) — 0/ i (&) + 6T 0i (%)

where X; = [X1, X2, -+, %]
Let the following Lyapunov function candidate be

1, T I -5
Vi = Vic1 + Ezi + 2—%91- 0; + 2—%@1‘ (50)

where the estimation error is @i = @l.* — @,- and (:),-
represents the estimation of |[6;*] |2. The design param-
eters ; > 0 and y; > 0.

Thus, differentiating V,,; one has

; —112
Vi < —Ai—tlle]]” —

i1
Z kaiﬁ + i1z

il 0;6
e Z S+ @i
+2i(Ziv1 + xiv1 + o +ligTer — w;

@ Springer

Based on the completion of squares, one has

1 2 1 2
ZiXi+1 = EZ- + EXiH (52)
2712 %
z7l7q _
Gq'lier = SR5es + Sl 3)
N BT e
267 g (%) < EZ + 291 6; (54)
n R 2
20 i (%) — 07T i (%)) < 5 3@*+— (55)

where ¢; > 0 is a design parameter.
Based on (51)—(55), we can obtain that

i—1
. _ 2
Voi = —illel? = Y kel + iz
Jj=1
i—1 - 3TH. -1 - = A
§j9“9j §'@'("D'
1B ILIAN IL
j=1 Vi j=1
Si_ A AT oa
+zi(zi +2i41 o + Ezi@i +0; ¢i (X))
+8iG — i) —q(G—¢&)

1 it 1
LS )
j=l

Vi €]+1

+ wqq
Vj

+ éiT (‘Pi @i)zi -

15 2N AT
+ oKt HIPIE Y676

j=1
1 — 5 Si 2 1 4
+—(—ar+b0)+(~),~ i1 — —6;
2 Vi
070,
+Z L= +—+Tl

(56)
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12
where A; = A;_ 1+zand8 = 2F2(r)

Then, design the virtual control input signal as

ap = —zi—1 — Zi —kiz; z; O;

— 0T (%) — 8:G + (57)

26-1_ Si
2

with the adaptive laws éi and éi as

b =yl &)z — cify (58)
X 1._
@i=§V§z-—gOz (59)

and the turning function ¢; as
§i = &1+ 8z (60)

where the design parametersk; > 0,¢; > Oandg; > 0.
Furthermore, substituting (57)-(60) into (56), we
can have

i
2p
— ijzj + ZiZi41
j=l1

ci076; L 2.0.0;
175 -/+Z§J i Ry,
= Vi

. _2
Vi < —Aillel]

D)

=1 Vi

n
+IIPIPY 676, —q@ — )

j=1 61)
1
+—(—Ezr+bo)
"‘Z( >X1+1+ =Xt
j=1
+7Ti- 1+
j=2

As in step 1, let «; pass through a given low-pass
filter w;+1, which defined in (29) with the filter time
design parameter &; 1 and the filter error x;+| defined
in (30). Then, one can get

iy = —2tL (62)
&iv1

and

Kol = —2 L4 M) (63)

i+1

where M;1(-) is a continuous function, and M;11(z1,

s Zid1s X1s v 0 s Xi+1s 919"' 91’ @1""’Qi’
V. Ja Fas e ) = — (GG GG+ G0+
sg' O; + g;t,; Yd + 3 oy 3= 11;). Furthermore, for any given
By and o, the sets Ho = {(ya, ya, yd) : (yd)2
(yd)2 + (yd)2 < Bp} is compact in R3 and H; =
o2+ 19T9 +ytere; +x2 < 20} is
compact in RV '+3 with Nj being the dimension of
QiT. According [77], M;+1 has a maximum value B;j41.
Thus,

Xi+1Xi+1 = Xi+1(@it1 — 0;)

—Xi+
= Xi+1 < £l ) + Xit1Mig1 () (64)
1 1 1
=- £ X, 1+2Xz+1+231+1
l

Let the ith Lyapunov function be

Vi = Vi + %x,ﬁl. (65)
Then, from (61), (64) and (65) we have

Vi = Vii + Xit1 it

i
. 2
—nillell® — ijzjﬁ + zizit1

<
i=1
' i676;
+Z§]y +Z 59
J

j=1
i 1 , . (66)
+ Z(l - é_jj)XjJr] —q(qg—¢&)

j=1

I
o+ bo) + T

P H L=
+11PI2 § L

where 7; = 71;_ + =+ IB?H
Step n: In this step, a compensation signal p is

devised to tackle the effect of input delay, and the com-
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. . . - R 1 2
pensate signal u is designed as + enT (% G)an — y_en)
n
L= —hpu+u@)—u@—1()). 67 1+27(¢ .
2 p~+u(t) — u( (1) (67) < ()+2T+1>”u(t)”2
2(1—=mn)
Furthermore, we redefine the signal z,, as follows t 5
—/ [lu(s)||~ds
In = Rn — n + . (68) oo
—2/ lus)[Pds — ||u@ — D)7
Based on (67) and (68), differentiating z, 1=
1
Cx — Sl = @)l (75)
In =X —wp, + 11 2
=u(t — 1) + 0] () + lng*er (69) It is easy to get the following results
—wp —hu —u(t —7) +u).
* Z%l,%q* 2 6
lney < 22—+ —|le 7
Then, let the Lyapunov function be nd fnel = 2I%(r) + 2”6|| (76)
Zn(u( — () —u(t — 1))
V.=V, +lzz+lu2+ Lo 1
A L <z + 5l = T@)IP?
+ D1+ Dy+ D3+ Dy (70) 1 i
+ 5l =)l a7
_ 1 t 2 _ 1 qt A
Wlhere D1 = 5= Ji—e |,|M(S)” ds.D2 = 75 fiey  p(u(t) —u(t — )
Jo lIu(s)|1Pdsdo, D3 = [ ; |lu(s)|[*ds, and Dy = o] ) 1 - g
2];_f f(; l|lu(s)||>dsd6. The derivatives of Dy, D>, D3, SHE §||u(t)|| + E”M(t — Dl (78)
and D4 can be described as follows ~ . 1 1 ~r~
e e 1 v =20, on(®) = 537 + 501 0. (79)
D — 1
1= 2(1 —n) Furthermore, one has
(I@IP = lu@ = c@)Pa—2@)) @O o r .
[ [ menPasas <o [P
D2 = L t—t(t) JO r—1(r)
1—n (80)
t
2 . 2
<||”(f)|| () =1 —-1@) e ()1 ds) Substituting (76)—(80) into (75), one can get
—T
. (72) ‘ n—1 5 n—1 gjéTé/
D3 = |lu()]* = [Jut — )] 73) V< —xnnénz—Zkﬂj“Zy—].
) R r j=1 j=1 J
by =2 (||u(r>||2r —f A ||u(s>||2ds) : (74) s
T DL LY
=t Vi

Differentiating V), as in step i, it is clearly that

. . . . 1 ~r2
Vo= Vo1 +2n2n +pupt + )/_G’Z‘gn
n
+ Dy + Dy + D3+ Dy
< Voot 4 2o (ut — (1) + 6L 0, (X) + Lug*e
—y —hp+u(t) —u( —1))
+ u(=hp +ut) —u(t — %)) — 2,0 pn (%)

@ Springer

3
+ zu(zn—1 + Ezn + '9,,T<Pn(x)

+ anA —w, —hp 4 u(t))

-7 . 1.
+ 9,, On(Xp)zn — —0n
Vn
X n
-GG —t) PP 676
j=1
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1
—( ar—i—bo)-i-Z( a) X.,2+1
J

j=1
— (h — p?

1
— (1 =)Dy — =Dy — D3

27

" §7d
Jj o)

+Z 2

<1+2t(t)

2
20— 2+2f>llu(t)ll +7, 8D

where A, = A,,_1 + %, I and Y, = 1,—1 +

2

2F2()

;}1 :
Therefore, the real controller and the adaptive laws
are designed as

3
u(t) = —z5-1 — Ezn _knzz'B !

- 9nT<ﬂn()?) — 8,9

+ o+ hpu (82)
00 = YudL ()20 — Snbn (83)
6; = é-n—l + 5nzn (84)

where the design parameters k, > 0 and ¢, > 0.
Consequently, from (81), (82), (83) and (84), we
have the following result

Vi < —allél? —Zk +Zg’

+Zgj _] / +wqq
j=t M
n
+IPI?Y 6] 6; + —(—ar + bo)
j=1
n—1 1
+Z(1—,—)x,+1 (h=Dp
=1 §]+1

1
-1 -=nD —?Dz—D3

D4+Z

1+2t(t) 5
(—2(1_ ) ~|—2+27>|Iu(t)ll +7, (85

iT§
6;0;

where A, = A,,_1 + %, Sn
2
g)‘l.

2r2( yand Ty =Ty +

3.3 Stability analysis

Based on the above design process, the stability and
boundedness of all signals will be discussed in this sec-
tion.

Theorem 1 Considered system (1) in the presence of
unmodeled dynamic, unknown time varying input delay
and unmeasurable states, based on Assumptions 1-3,
for the initial conditions V(0) < H and the real con-
troller defined in (82), associated with the virtual sig-
nalsdefinedin (39), (57)for1 <i < n—1, the adaptive
laws defined in (40), (41), (58), (59), (83), (84) and the
turning functions (42), (60), which can ensure that all
signals of the closed-loop system are bounded in finite
time.

Proof Firstly, we design the following Lyapunov func-
tion.

V=1V,. (86)

Based on the definitions of § i 2] ; and g, the inequal-
o AT H 1 13T3. 5.6 12 _ 1752
ities6]0; < 5077601 —3010;,0;0; < ;01> —307,
and gq < %q*z — %52 are used to deal with the terms

éjTéj, é/éj and ¢q.
Differentiating V, one can get

V < —aillel? -

n
2 ki’
j=1

n—1
Sl 2\ 5T 1 2
- ——||P||>9 01 — (——1))(-
(23/1 : 2:: £j+1 I

j=1
nl— 2
@
— ||P||) 076, —
Z( Zl ZVJ
J=
wq?  ar 5
e A VT
0

1 1
—(I=m)Di— 55D>— D3 — D4

2t 2t
w2

gje*Te* n—1 ()*2
j=I

Z

Vi —1 J
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#2 1 +2t(¢ — mi 5 - = hE .
4 wq +27(2) + +2t ()2 Wherc?c mln{k,%k],y] c1<j<n g2
2 2(1 —n) l<j<n—-1,w,a,2h—-1),1-— 77,2r}
bo Letx =é  Pe,y=1,0=8,02=1—8,03 =
Ty + 1o 87) B!, from Lemma 3, one can get
Let @ Pe)f <& Pe+ (1 — BT (93)
An
A= m >0 (88) Furthermore, similar to (93), by using Lemma 3, one
R 5 can get the following results.
YI=g¢1—2nllP|I”>0 (89)
Pi=ci—vi—2lIPIF >0, j=23,--,n p
(90) "l aps "l aps £
A | 259/. 0; 52591. 0; +(1—B)BTF  (94)
Eiii=——1>0, j=1,2--,n—1 () j=1 j=1
§i+1 o\ B
n—1 52 — 2 5
J < _f VBT-F (95)
Substituting (88)—(91) into (87 ) ot 2yi |~ XZ: 2y ~ P
. n—1 1 p
T 2
V< AeTPe—ij Vi grg, PBE i 52 S =TT (96)
< — 2y; ’ j=1 =1
j=1 j=l1
. N -1
n—1 2 ~ 1 B
Sf@ q2 ) <N 23241 -ppTr 97
> Z$J+1X1+1 5 _;Zq + (1= p)p 97)
j=1 -
—‘_l——(h—lmz—(l—n)nl—& <L>ﬂ <L ia—ppm (98)
Y0 27 Yo Yo

Dy
27 +Z

=

n—1 = *2
SjO; wq*?
Z_JJFL

= 2y 2
1421(1) ) > bo

S t3 S8 ) o - 24
(2(1— ) v

n
1 o
§—CETPE—C§ & —ey 5016
j=1 j=1 7Y

n—1 52 n—1 ~
O; 1
J 2 q
Tl Tel KTy
j=1 j=1
- 2
"
—c— —c— —cDy —cDy —cD3 —cDy
Y0 2
I S L W
= 2V 2 o o 2y
J= J=
14+2r(0) 3 )
— 4+ -+2 t T, 92
(2(1_77)+2+ T lu®OI"+ 7 (92)
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< ’“‘7+<1—ﬂ>ﬂ% 99)

B
Df <D+ (1-pBTF,i=1,2,3,4
(100)

Substituting (93)—(100) into (92) and by using Lemma
3, one can get

g
n
Vs—c@pPef—c|d 2
j=1
n 1 p n—1 @"’2 p
T J
—e| 23000 —e| X5
i— — J
j=1 j=1
n-1 =2\ B
1> q
(X3 ) —<(%)
j=1
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g]G*Te*

—cDﬁ—cDﬂ—cDﬂ+Z
2yj

j=1

n—1 = *2
Sj®; @q*? b
W

st 2y 2 Y0
Y+ 11— p)BTE
1+4+2t(r) 2
(—2(1_ 3 +2r> ()|

*T@* n—1 §j0*2

1+22/

< < —cVh +Z 55

4 ]:1
*2
z4 —b—°+T +11(1 — )BT+~ s
2 Y0
1+ 22(r) 5
(—2(1_ ) +2+2 )llu(t)ll ) (101)

If V(t) < H, then the error signals z; (1), éj (1), ej(1),
@j(t), Xj+1(), and g (¢), the dynamic signal r(¢) and
the compensation signal 1 (¢) are all bounded. It is easy
to prove the boundedness oféi (1), @j (t),q(t),and e; (¢)
. Furthermore, from (39), (5§7) and (82) one can get that
«; and u(t) are all bounded. Therefore, we can get

V(i) < —cV(HP +d (102)

Q*TQ* n— 1
where d = 3"}, L+ Z

zzrq l&
2}/, + Y0 +

B
T+ (SR +3+ 2r) tmax +11(1 = BYBT7 and
Umayx is the upper bound of ||u(1)]|%.
Based on Lemma 2, the trajectory of the closed-loop
system will be derived into V (r)# < ﬁ in finite
time Tk , and Tg can be computed by

1
Tp = ——
. ((1—ﬂ)cp)
1-8

voy—f_ (4 )" 103
0) d= e (103)

where, V (0) is the initial value of V ().
If V(t) = H, based on the boundedness of z;(z),
0i(t), ej(t), ®;(t), xj+1(t), and g(¢), we also can

. n
get V(1) < —cV()P +d withd = Y 5
j=1

*Te*

_%

+ 2B 7, (S 4§ 4+ 28 ) it

1 1(1 - BB = . If we choose ¢ > W’ then the deriva-
tive of satisfies V(t) < 0. This means that the trajec-
tory of will not escape the boundedness of H . That is
tosay V(t) < H,Vt > 0 for V(0) < H. Then, based
on (102) and Lemma 2, all signals will be derived into
V()P < ﬁ in finite time.

From above discussion, all signals are SGPFS for
V(0) < H. The proof is completed. O

Remark 4 Compared with the existing results [50-55,
63,70-72] , which only work on the nonlinear system
with small input delay or ignoring input delay for finite
time control, the proposed scheme in this paper can
tackle the problem of finite time control for non-strict
feedback uncertain nonlinear systems with unknown
time-varying input delay.

Remark 5 The proposed compensation signal can be
constructed, which is independent on the system model.
The compensation signal is bounded in finite time and
the design procedures have nothing to do with the input
delay. The fuzzy observer and the dynamical signal
function can be easily designed to deal with unmea-
surable states and unmodeled dynamics, respectively.
In addition, the finite time stability of the closed-loop
system can also be guaranteed by choosing the appro-
priate Lyapunov function and the setting parameters.
Thus, the proposed method is tractable for fuzzy finite
time control.

4 Examples

In this section, two examples are utilized to show
the effectiveness and characteristics of the proposed
approach.

Example 1 Consider a second-order system with unmod-
eled dynamics and input delay described as the follow-
ing form:

i =—2z+0.25x}

. xzcos(xlz)+sin(x1x2)
x=x2+ G +4 (104)
Xo=u(lt—1t(@))+ + Ar

y =X

L+ 2 2
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where A = 0572, Ay = z2 and 7(t) = 04 +
0.1sin(t)s.

Letvii =y, ¥io = z2 fori = 1,2, it can be easily
to prove Assumption 1. Choosing V (z) = z2, one has

V(z) = =222 +0.25z1x7 < —1.62% + 2.5x] + 0.625.

Leta = 1.6, k(|x]) = 2.5x}, by = 0.625, 7 = 0.5z°
and 75 = 1.6z2 then Assumption 2 is true.

By selecting a = 1.2 € (0,a) and according
to Lemma 1 the dynamical signal function r can be
designed as
F=—1.2r +2.5x7 4 0.625.

The virtual control input o and u are designed as
(39) and (82), él, éz, @1, and c} are designed as (40),
(41), (83), (84), and the turning function ¢ is designed
as (42).

In the simulation, ¢ .j @)= exp[—0.5(%;+3— /)1,
fori=1,2,j=1,2,- . 7 5. The observer parameters
are selected as I = 30 and I, = 150. Selecting Q =
61, one can get

P |:0.1007 0.0200 j|
0.0200 15.7000 |°

Let the initial conditions x1(0) = x2(0) = 0.2,
£1(0) = £2(0) = 0. 7(0) = 0, 12(0) = 0, w2(0) = 0,
61(0) = 6,(0) = [0,0,0,0,0], ©(0) =0,4(0) =0
and z(0) = 0.2. The other parameters are taken as
ki =8k =15, n=mn=n=nn=2n=1,
si=1,6=55 =56 =6 =100,& =0.01,
h=2,8=0.92and T = 0.5. The simulation time is
10s, and the simulation results are shown in Figs. 1, 2,
3,4 and 5.

Figures 1 and 2 draw the trajectories of the state
variables x; and x; and their estimated values x; and
Xp , respectively.

From Figs. 1 and 2, one can observe that the state
trajectories of x; and X, can track the state variables
x1 and xp quickly, which means that the sate observer
can effectively estimate the unmeasurable states by
using the proposed fuzzy observer. In addition, it can
be seen from Figs. 1 and 2 that the proposed adaptive
fuzzy finite-time controller can effectively stabilize the
closed-loop systems under the time varying input delay,
unmodeled dynamics and unmeasurable states.

Figure 3 depicts the trajectories of auxiliary variable
.

From Fig. 3, one can observe that under the time
varying input delay 7 (¢) = 0.4 4 0.1sin(t)s, the com-
pensation signal p is bounded in finite time. This means

@ Springer
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Fig. 1 The trajectories of x; and X in example 1
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Fig. 2 The trajectories of x, and X, in example 1
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Fig. 3 The trajectory of p in example 1
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0.06 —0.4
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Fig. 4 The trajectory of unmodeled dynamics z in example 1
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Fig. 5 The trajectories of u(t — 7(¢)) and u(¢) in example 1

that the proposed compensation signal is bounded in
finite time, although there are unmodeled dynamics in
the real system. On the other hand, Fig. 3 shows that
the proposed compensation mechanism cannot destroy
the stability of the closed-loop systems.

Figure 4 draws the trajectory of unmodeled dynam-
ics z.

From Fig. 4, one can observe that the trajectory of
unmodeled dynamics z is bounded by using the pro-
posed adaptive fuzzy finite time controller.

The control signals u(t — 7(¢)) and u(¢) are shown
in Fig. 5.

From the simulation results in Figs. 1, 2, 3, 4 and
5, one can obtain that for the time varying input delay,
unmodeled dynamics and unmeasurable states, all the
signals of the closed-loop systems are bounded by using
the proposed adaptive fuzzy finite time controller.

In what follows, two cases are considered to ver-
ify the effectiveness of the proposed scheme for the

Time (sec)
Fig. 6 The trajectories of x; and X in example 1(Case 1)

6

-2

(0] 2 4 6 8 10
Time (sec)

Fig. 7 The trajectories of x, and X, in example 1(Case 1)

unmodeled dynamics and unknown time varying input
delay.

Case 1. The unmodeled dynamics exists in the con-
sidered system (104) and without unknown time vary-
ing input delay, i.e., t(¢) = 0. If the dynamical sig-
nal r does not employed for controller design, then
finite time control scheme cannot guarantee the stabil-
ity of the system. To test this, the compensation signal
for unknown time varying input delay is omitted, i.e.,
1 = 0 and the other parameters are designed as above
for system (104), the trajectories of xp, X, x2, X and
z are shown in Figs. 6, 7 and 8.

From Figs. 6, 7 and 8, it can be observed that for
the finite time control scheme, all signals of the closed-
loop system become unstable if the dynamic signal is
not used to deal with the unmodeled dynamics.

Case 2. To test the validity of the compensation mech-
anism for unknown time varying input delay, both the
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Fig. 8 The trajectory of unmodeled dynamics z in example
1(Case 1)

EZl

-

[0} 2 4 6 8 10
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Fig. 9 The trajectories of x; and X in example 1(Case 2)

unmodeled dynamics and the unknown time varying
input delay are included in the considered system (104).
Under such a condition, only the dynamical signal is
employed to tackle the unmodeled dynamics, and the
compensation signal for unknown time varying input
delay is ignored, i.e., u = 0.

The dynamical signal r and the other parameters are
designed as above for system (104), the trajectories of
X1, X1, X2, X3 and z are shown in Figs. 9, 10 and 11.

From Figs. 9, 10 and 11, one can observe that the
finite time control scheme also cannot ensure the stabil-
ity of the closed-loop system when the compensation
mechanism for unknown time varying input delay is
ignored for the controller design. In addition, from the
trajectory of unmodeled dynamics z in Figs. 8 and 11,
one can observer that the unmodeled dynamics z does
not change sharply when the dynamical signal is used
in Fig. 11. However, due to the existence of unknown
time varying input delay, the finite time controller can-
not stabilize the closed-loop system.

@ Springer
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Fig. 10 The trajectories of x and X, in example 1(Case 2)

4 6 8 10
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Fig. 11 The trajectory of unmodeled dynamics z in example
1(Case 2)

From the above simulation results, one can observe
that the proposed method in this paper can tackle
finite time control for non-strict feedback systems with
unmeasurable states, unknown time varying input delay
and unmodeled dynamics.

Example 2 Consider an application example the one-
link manipulator with motor dynamics and distur-
bances used in [53,58]. The dynamics model of the
system is described as follows:
{Dc’]"+Bc}+Nsin(q)=I+Id (105)
MI+HI=—-Kuqg+V

where ¢ is the link position, ¢ is the velocity, and
g is the acceleration. I denotes the torque produced,
I; = sin(q)cos(I) denotes the torque disturbance,
and V denotes the input control electromechanical
torque. The parameters are selected as D = 1 kg m?,
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B =1Nms/rad, N = 10Nm,M =03H,H =108 —=
and Km = 2 Nm/A . -
It is assumed that the time varying input delay, the
disturbance and the unmodeled dynamics exist in the
system (104). Let x; = ¢, xo = ¢, x3 = I/D and
u(t —1t(t)) = V(t—1(t))/DM then system (105) can
be written as
i =—2z+0.25x]
X1 =x2+ 44
. N . B
Xy = x3 — D sin(xy) — sz -08; s " . . o

1
+ Bsin(m)cos(ng) + Ay

i Ko Bt ut— )+ 4
=———X - —— -1
B="up?  mMp T 3
y=x1
where A} = zlesin(xl), Ay = Z2x1x0, A3 =

zx1x2x3, and T(¢) = 0.4 4+ 0.1sin(t)s.

Let i1 = y, ¥in = 722 for i = 1,2,3, then
Assumption 1 holds. Choosing V(z) = z°, one has
V(z) = =222 +0.5z1x7 < —1.52% + 2.5x} +0.625 .
Leta = 1.5, k(|x|) = 2.5x}, by = 0.625, 11 = 0.5z
and 75 = 1.5z2 then Assumption 2 is true.

By selecting a = 1.2 € (0, a), and from Lemma 1
the dynamical signal function r can be designed as

F=—1.2r +2.5x7 4 0.625.

The virtual control input oy, o apd u are designed
as (39), (57) and (82), 61, 6>, O3, @1, @, and § are
designed as (40), (41) , (58), (59),(83) and (84), the
turning function ¢; and ¢ are designed as (42) and
(60).

In the simulation, Prig) = exp[—0.5(%; +3 — /)]
fori =1,2,3,j =1, é S , 5. The observer param-
eters are selected as /1 = 80, /, = 2,3 = 2. Selecting
Q =1, one can get

0.1361 10.3861 0.2500
P = | 10.3861 830.908 20.2722
0.2500 20.2722 21.2722

Let the initial conditions x;(0) = x2(0) = 0.5,
x3(0) = ~0.5, £1(0) = £2(0) = £3(0) = 0,6,(0) =
62(0) = 63(0) =[0,0,0,0,0], ©1(0) = ©2(0) =0,
r(0) = 0, n(0) = 0, @2(0) = w3(0) = 0, g(0) =0,
z(0) = 0.5. The other parameters are taken as k1 = 15,
ko = 15, k3 = 12,)/1 = 3,)/2 = 1,3/3 = 3,
n=r=wm=3n=2¢a=2¢a=44¢=3

Time (sec)

Fig. 12 The trajectories of x; and X in example 2

4 6 8 10
Time (sec)

Fig. 13 The trajectories of x, and X, in example 2

S1=26=4¢g=3o=100,§ =2,§ =02,
h =4,8=0.95,7 = 0.5. The simulation time is 10s,
and the simulation results are shown in Figs. 12, 13,
14, 16, 15 and 17.

Figures 12, 13 and 14 draw the trajectories of x1, X1,
X2, )?2, X3 and )23.

From Figs. 12, 13 and 14, one can observe that under
the time varying input delay () = 0.4 + 0.1sin(t)s
and the unmodeled dynamics and disturbance, the pro-
posed fuzzy state observer can effectively estimate the
unmeasurable states and all state variables are bounded.

The trajectories of auxiliary variable u are depicted
in Fig. 15, which shows that the compensation signal
 is bounded in finite time.

From the simulation result in Fig. 15, one can con-
clude that the proposed compensation signal is bounded
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Fig. 14 The trajectories of x3 and X3 in example 2

2 4 6 8 10
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Fig. 15 The trajectory of 1 in example 2

in finite time, although there are unmodeled dynamics
in the real system.

Figure 16 draws the trajectory of the unmodeled
dynamics z.

From Fig. 16, one can observer that the trajectory of
unmodeled dynamics z is bounded. This means that the
unmodeled dynamics can be effectively suppressed by
introducing dynamic signal mechanism in the design
process of adaptive fuzzy finite time controller.

Figure 17 shows that the control signals u(t — ) and
u(t) are bounded.

From the simulation results in Figs. 12, 13, 14, 16,
15 and 17, one can conclude that for time varying input
delay, unmodeled dynamic and unmeasurable states,
all signals are bounded by using the proposed adaptive
fuzzy finite time controller.
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Fig. 16 The trajectory of unmodeled dynamics z in example 2
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Fig. 17 The trajectories of u(t — 7(¢)) and u(¢) in example 2

Remark 6 We considered the one-link manipulator
with motor dynamics, disturbances, unmodeled dynam-
ics and unknown time varying input delay. The system
model is a non-strict feedback form and the finite time
control performance includes the time varying input
delay, which will cause great difficulty to design finite
time controller. The proposed compensation mecha-
nism effectively solves the input delay problem, and
the design process does not make the controller design
complicated. The effective control performance is ver-
ified by the simulation results.

Furthermore, in order to demonstrate the effective-
ness of the proposed compensation mechanism to deal
with time input delay, a comparison with the Pade
approximation method employed in [70,71] is carried
out to test the control performance. The simulation
results are shown in Figs. 18, 19 and 20.
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Fig. 18 The trajectories of x] and x| in example 2 ( Pade approx-
imation method)

2 4 6 8 10
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Fig. 19 The trajectories of x5 and X, in example 2 ( Pade approx-
imation method)

25

z3
- = =y

Time (sec)

Fig.20 The trajectories of x3 and x3 in example 2 ( Pade approx-
imation method)

From Figs. 18, 19 and 20, one can observe that the
fuzzy observer cannot effectively estimate the unmea-
surable states, and all state variables of the closed-loop
systems are unstable when time varying input delay
occurs for Pade approximation method. The simula-
tion results show that the control signal is completely
invalid when the input delay occurs. This means that
the Pade approximation method is invalid for long time
varying input delay.

Comparative explanations The proposed method in
this paper gives an effective way for adaptive fuzzy
finite time control of non-strict feedback nonlinear sys-
tems with unmodeled dynamics, unknown time varying
input delay and unmeasurable states. Compared with
the existing results [17,36-43,56-63,70,71], the main
advantages of the proposed scheme can be summarized
in three aspects.

(1) The proposed compensation mechanism can effec-
tively overcome the design difficulty caused by the
unknown time varying input delay. Unlike the Pade
approximation method in [70,71], which is invalid
once the input delay is long, the proposed method
can tackle long unknown time varying input delay.
In addition, the proposed method does not depend
on the system model.

(2) The algebraic loop problem has been overcome and
the complexity of the non-strict feedback system
is reduced for finite time controller design. Spe-
cially, the proposed method is also suitable for non-
linear systems with strict-feedback form. Unlike
[36—43], the considered finite time control schemes
are limited to the strict feedback nonlinear systems
or all state variables are measurable, the proposed
method is more general.

(3) Compared with the results in [17,56-63], the
unmodeled dynamics and unknown input delay
problem are both considered in finite time control
schemes, which can improve the robustness of the
closed-loop system in practical applications. Most
of the existing general finite time control schemes
are invalid for this issue. In addition, the compu-
tational burden for finite time controller design is
reduced by using the idea of DSC scheme.

5 Conclusions

In this paper, observer-based adaptive fuzzy finite time
control for non-strict feedback uncertain nonlinear sys-
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tems has been addressed. A novel compensation mech-
anism and dynamical signal function are introduced to
solve the challenges caused by unknown time vary-
ing input delay and unmodeled dynamics, respectively.
A fuzzy state observer is designed to estimate the
unknown state variables based on the approximation
ability of FLS. The non-strict feedback structure is sim-
plified by using the property of FLS. Moreover, the rela-
tionship between input delay 7 (¢) and the convergence
time Tg will be further studied in future work.
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