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Fuzzy Adaptive Control for Strict-Feedback
Uncertain Nonlinear Systems with Input Delays
and Saturations

Meng Li, Libing Wu*

Abstract—This paper devotes to study the strict-feedback
uncertain nonlinear systems with input delays and saturations,
a fuzzy adaptive tracking control strategy is offered in an
adaptive backstepping recursive framework. Firstly, the Pade
approximation method is introduced to overcome the difficulty
of input delays in the network systems. Then, the fuzzy-logic
systems (FLSs) are invoked to deal with the unknown nonlinear
function, and the output of the system does not violate the
qualification by using the barrier Lyapunov function (BLF). In
addition, the boundary estimation method is flexibly used for
the issue of unknown control coefficients, also the hyperbolic
tangent function is combined to realize fast compensation for
input saturations. Finally, the simulation results indicate that
all signals within the closed-loop are uniformly bounded, and
the tracking error converges to a small vicinity of the origin,
which demonstrates the rationality of the method.

Index Terms—Fuzzy-logic systems, Input delays, Barrier
Lyapunov function, Output constraint, Input saturations

1. INTRODUCTION

LL the time, the research on nonlinear systems has

consistently been a central concern for a great many
scholars. The extensive application of nonlinear systems in
diverse fields such as industrial control [1], power systems
[2], and aerospace control [3] makes it extremely crucial
to ensure the safety and reliability of these systems. For
this reason, numerous advanced control strategies have been
developed to tackle the nonlinear problems present in engi-
neering practice. Among them, FLSs have become the pri-
mary means for modeling uncertain functions and achieved
accurate estimation of unmeasurable states by designing state
observers [4]. In view of reducing the complexity of online
computation, several adaptive-based optimal control schemes
were discussed in [5]-[6]. Furthermore, the method described
in [7] was applicable to the control of high-dimensional
systems. The proposed strategies in this works did not require
the system to possess a specific parametric form and can
effectively overcome the challenges of stability loss and poor
transient performance. It is essential to note that the unknown
control direction is also one of the significant factors con-
tributing to system performance degradation. By introduc-
ing micro-adjustable auxiliary functions [8] and Nussbaum
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functions [9], the obstacles posed by the unknown control
direction were effectively circumvented, thereby improving
the robustness of the system in complex environments.

Meanwhile, input delays cannot be avoided in real indus-
trial systems due to communication bandwidth and signal
transmission. It may significantly weaken the dynamic per-
formance of the system, thereby affecting the production
of real industrial systems, so exploring the control system
with input delays is of profound practical importance. Over
the past few decades, many scholars have been working on
solving the input delay issue. Specifically, with the aid of
auxiliary systems, the difficulties created by input delays can
be quickly tackled in [10]-[11]. In addition, the introduction
of the Pade approximation [12]-[13] gave an alternative idea
for solving the input delay issues in nonlinear networks.
Based on this, a condition for the finite-time stability of the
system was brought up in [14], and the state feedback control
rate was designed in combination with a power integrator.
However, since the convergence within a finite time is
influenced by the initial state of the system and is not feasible
to predict in advance, a class of fixed-time fault tolerant
control methods relying on fuzzy adaptation was proposed
for nonlinear systems with input delays [15]-[17], which
provides some new ideas for the study of this problem. It
should be considered that although some meaningful findings
have been achieved in dealing with the input delay problem,
there are still certain challenges in handling the effects of
input saturations in practical engineering applications.

As an inherent and prevalent characteristic of nonlinear
systems, input saturation not only poses certain obstacles to
the design of controllers but also potentially precipitate sys-
tem instability. To confront this formidable challenge, there
have been some results that approximate input saturation with
the help of smoothing functions [18]-[19], or compensate
it by constructing auxiliary systems [20]. Furthermore, by
invoking the predefined time performance functions and
smooth functions, the stability of the system under input
saturations [21] was guaranteed, and the precise tracking of
the state trajectory was realized within a predefined time.
However, when the saturation function exhibits asymmetric
features, the complexity of control escalates significantly.
Therefore, a Gaussian function was introduced to construct
the saturation model, and a robust adaptive control method
was devised for the pure feedback system [22] by combining
the implicit function and the BLF. It can be found that
limitations on the state of the system are frequently desirable
in practical systems. The BLF has emerged as an effective
technique for addressing output constraint issues, and there
have been some notable results in [23]-[25]. In subsequent
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work, the asymmetric BLF has turned into an effective instru-
ment to tackle systems with asymmetric output constraints.
Building on these advancements, Yang et al. [26] relaxed
the Lipschitz continuity condition by designing a high-gain
observer, thus reducing the complexity of the algorithm.
It should be emphasised that although numerous control
methods have been developed for input saturations and state
limitations, solving the general nonlinear problem of input
delays on this basis is still an unexplored area, especially
when considering systems with unknown control coefficients,
which creates considerable challenges for control design,
thus further motivating our investigation.

Inspired by the above findings, to rapidly address the
influence of the input delays and saturations on systems
with unknown control direction, while maintaining the output
tracking within the specified bounds, an effective fuzzy adap-
tive control scheme is presented in this article. In addition,
the specific contributions are listed below:

1) Compared with the work in [11], [12] and [13], a fuzzy
adaptive controller is developed by applying the hyperbolic
tangent function and the Pade approximation method, which
are capable of being applied in complex systems with input
delays and saturations, thus having higher practical engineer-
ing value.

2) Different from the traditional adaptive control strategies
in [11], [12] and [14], the BLF is introduced as an effective
constrained control strategy that guarantees the transient and
steady state responses of the system, and meanwhile realizes
the accurate tracking of outputs.

3) Unlike the existing error transformation methods pro-
posed in [11], [13], [16] and [23], the upper and lower bounds
of the unknown coefficients are constructed by combining the
boundary estimation methods, which can be directly used to
tackle nonlinear systems having unknown control directions.

The paper is structured as follows. Section 2 provides the
system description and preliminaries. Section 3 focuses on
building the adaptive controller and analyzing its stability.
In the end, two examples are drawn out to enhance the
persuasive power of the theoretical results.

II. SYSTEM DESCRIPTION AND PRELIMINARIES

Introduce the following SFNSs with unknown control
coefficients

&y = Vi(Ti)zip1 + fi(Ts) + Bi(z, 1),
1=1,2,...,n—1 0
En = U (Tp)u(t — 7) + fn(Zn) + Bn(z,1)
y=x
where Z; = [z1,22,...,7;]7 € R\, 2 € R, and y € R

denote the input and output variables. f;(-) and 5;(z,t) rep-
resent the unknown nonlinear function and the disturbance,
respectively. Tyax 1S the upper limit of the unknown delay
constant 7, and the output vector y satisfies |y| < k,,1 with
km1 > 0.

In view of dealing with input delays, the pade approximate
method in [13] is introduced here as follows

w{ult — 7)) ]

(=)
= ™y fu(t)} = & = {u(t)}
o 7 @

where X denotes the variable, w {u(t)} represents the Laplace
transform of w(t), and the additional variable x,, is specif-
ically described by

w{u)} = w{znn ()} —w{u®)} G
Next, a simple calculation gives

)} =l @)+ Solman@) @

Combining the Laplace inverse transform, we get

1+TN

2w {uf (t

. _ _F
Tint1l = —TTint1 + 2Tu; (5

where 7 = %
Next, the saturation model with respect to v can be

formulated by

Fi, v=>F
u(v) =sat(v) =< v, fi<v<F (6)
fl; véfl

where u(v) means the saturated input, f; and F stand for
the unknown lower and upper bounds of v.
With the aid of the hyperbolic tangent function, it holds

that Fytanh( ),
1tan T )
C(’U) { 1tanh(£)

v>0
v <0

¢(v), and |¢(v)] <@

i

(7
f1
where sat(v) satisfies sat(v) = ¢(v) +
is the boundary of ¢(v).
For this, invoking the mean value theorem yields

c(v) = c(vo) + cu(v — vo) (8)
where p satisfies 0 < p < 1, and it gives
oc, 4

Cp = %'U:v“ = |v:vu )

Then, by setting vg = 0, we arrive at
u(v) = cu(v) +<(v)
By transformation analysis, the system (1) becomes
Ly = Wi(Zi)zivr + fi(Ti) + Bi(x, 1),
i=1,2,...,
T = VY (Zn)Tni1— Vn(T

—TTny1 + 27U

(ev/]\/[u+ew/MM )?

(10)

n—1
n)u(V)+ fn(Tn)+ Bu(z,t)
in+l ==
Y=o
(11)

Remark 1. To cope with the input delays in networked
systems, we define a variable x,,4; that does not represent
the actual state variable. In particular, due to the existence of
error variable x,,41, how to construct an effective coordinate
transformation to make the selection of the controller meet
the actual requirements is also a difficulty to be overcome in
this article.

Firstly, in view of achieving the desired control objectives,
we provide a few assumptions:

Assumption 1. [17] There exists a bound for the distur-
bance f3;(x,t), such that |3;(z,t)| < 5.

Assumption 2. [13] If the reference signal y4(¢) and its
time derivatives yflk)(t) for 1 < k < n are bounded and con-
tinuous, then there exist positive constants xo, X1, X2 - - - » Xn
such that |yq(¢)| < xo and ‘y( )( )’ < Xk, ¥t > 0.
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Assumption 3. [15] The uncertain nonlinear vectors
U,(Z;) in system (1) are well-defined, and its lower and up-
per bounds are chosen as 0 < h; = ¥, < W,(t) < ¥; = H;.

Assumption 4. For a given small positive number c,,,, one
can find a positive number ¢, that satisfies 0 < ¢, < ¢, < 1.

Remark 2. Assumptions 1 and 2 are typical and evidently
quite reasonable preconditions. In particular, it is noted that
W, is unknown in Assumption 3, so it only applies to the
stability analysis and does not participate in the controller
design. Assumption 4 establishes the range of the gain c,, and
its lower limit, which quickly compensates for the negative
influences of input saturation, and prevents the degradation
of system performance resulting from excessive gains.

Next, we give the specific form of FLSs

N -
Zi:1 Y H:'L:1ﬂFil (x,)
N
POy | e HEt (i)
where © = [z1,zo, . .. ,xn]T denotes the input of the system,
y is a result of the system output, §; = maxycritp: (¥),
pp,t(2;) and ppi(y) represent the functions defined in the

fuzzy sets F! and P'.
Accordingly, the fuzzy basis function complies with

H:'L:1MFil (331)

y(z) = 12)

1= =N o (13)
doamalliza UFil(Ii)
Then, the final output of (12) is organized as
y(z) =n" () (14)

To simplify the design of the system (1), a few lemmas
are given here:

Lemma 1. [15] Take f(x) as a continuous function on the
compact set =, and it follows that

sup | f(z) —n"p(z)| < &

en (15)
where £ > 0 is the approximation error.

Lemma 2. [22] Postulate that there is an upper bound
kp1 > 0, and for any z; € R, the inequality |z1| < kp; is
fulfilled. Then, we have
k2 23

bl . 1 -
ki — 21

log (16)

2
kyy — 21

III. DESIGN OF ADAPTIVE FUZZY CONTROLLER

This section presents a fuzzy adaptive control strategy that
relies on the Lyapunov stability theory, and the stability proof
of model (1) is completed by introducing BLF. Subsequently,
the variable changes are set as follows

21 =21 —Yd

Ziy — Xy — Q—1, 7;:2,3,'“,”71

A7)

1
Zp = Tp — Qp_1 + ;ann-&-l

Remark 3. The virtual control «;_; appears at each step
and the actual control input v is given at step n. In particular,
%ann+1 is regarded as a way to get rid of the previously
introduced z,,+; and prepare for the subsequent processing
of the unknown control direction.

Step 1: Exploiting the coordinate transformation (17), one
has

21 = Uizg + f1(Z1) + Bi(x,t) — Ya (18)

To guarantee that z; does not violate the expected con-
straint bounds, the BLF is invoked as

19)

where r1 > 0, h; > 0, 01 is the estimated value of 6, and
the estimation error ; = 6; — 01
From (18) and (19), we have
2121 919'1
hi(kg, —2f) ™
21

:m(\l’li@ + fl(fl) + ﬁl(xat)

‘./1:

(20)

Invoking Young’s inequality, the following holds

A 4 B
hl(kgl 1)/81 (m t) *

—_— 21
T 23k — 22 2 @D
Obviously, a straightforward calculation shows that

21

hy (kgl - Zf)

Z1

. L
s iy — )

<\I/122 + \Illoq +
. (22)
3 06y

2 1

—Ya+ fl(ff1)> +
Similarly, we can get
2 HY %

2+5

2;22 Uy < 55575 2
hi(ky, — 27) 2hi (ky, — 21)
22 22

<Ssm et

Q(kbl —z7) 2

Then, (22) is recalculated as

(23)

z1 hlzl
W — ) 20— D
a N B bb 3

- 2hl(kz% - z{) > * *

7 (- h
Let fi(e1) = (@) + 552 2o + o —on
the Lemma 1 is invoked to fuzzy approximate

fi(@1) = ni ¢1(z1) + Exlar)

where & > 0 represents the upper bound of the error, with
[€1(21)] < &1 holding.
From Young’s inequality, one has

Vi < (‘I’1a1+f1(331)+

(24)

—9q. Next,

(25)

2 2.7 2
1 T 21 Imll” ¢1 (@1)¢1(z1) | af
- < 1
Ny L Pe (- LR T
2 272
21 21 p1éi
s &1(11) < +
h(kiy — 27) 1) 203 (kjy —21)?  2hi
(26)
Then, there exists
20 T
. z1 210191 (71)¢1(71)
I <o—F5——5 Vi1 +
hi(k3, — 2}) 2a2(k§1 22)2
2 2
21 ay ﬁl
+ =3 + + 241 27
20% (ki) — 27)° 2h2 2 @7
P&t 616,
Zh% T1
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where aq and p; are positive design constants. The parameter
0, satisfies 01 = ||m°. .

Naturally, the control signal o and adaptive law 91 are
designed as

B —210197 (21)$1(z1) 21 o1 n
= — — 121
b, — r2 o1 (z1)d(z1) 016,
2ai(ky, — 21)?
Substituting (28) into (27) yields
2 3. 2 2 &2
Gz 01616, ay 5 B &

Vi < — + =+ =+ == (29
S at Tttty T @
It is well known that

- ~ 1~
010, = 0,(61 — 91) < -7 — 50% (30)
Therefore, we can easily get that
) P 02 42 2
Wi ng 01212 LT L12
b1~ 21 2rq 2rq 2h{
2
2 51 Pifi
=4 = 4 == 31
to TSt 203 (€29)
2 02 2
—c12] o107 25
= - —+d
2 om 2 ¢
0'191

2 272
where d; = 2“71% + 51+ 51 + 1121}%1.
Stepi(2<i<n-1): Des1gn the ensuing dynamics for

Vi N
1, @
. v 2, i 32
Vi=Vioi + thzz + o, (32)
Its derivative is described as
V= v 4 25 Bib (33)
hi Ti
Noting the transformation (17), we have
2 = Wxip1 + [i(@;) + Bi(w,t) — éiq (34)
where
i—1 aa
Qi1 = a;kl (f&(Zk) + Viwpp1 + Br(z, 1))
k=1 (35)
= 804Z 6@1
n 1 (k+1 i Z 14
k=0 yd k=1
Obviously, there exists
Zi 86&;71 22 8@1-,1 2 B%
- t) < = k
hi < D >ﬂ’“(m’ )< g2 ( 02 ) T2 a6
Z g ) < 2 4
h; 2hf 2
Consequently, one can obtain
2 n-1l _ 79
. Zi—1%; —c12] 005,
Vit < D
V=""h, +k§172% ; 27y,
a (37)
n—1
SWETW!
01,02 5_2
where dj, = 2h2 + 5k + Zz 1 th.

By leveraging (33)-(37), we arrive at

N2
chzk—&—de—Za;—?ik

k=1

. C1Z
Vi<
b1 Zl
9i9i 2

2
+ R (Zil + fi(®i) + 5

r
=1 v
i1

) i (8Oéi—1>2 3 Z aai—ly(k+1))
d
2 Oz k=0 8Z/<(1k)
-2 > Ooicy (fr(Zk
i 8xk
Z 5041;_1 ék + Ui (zig1 + a,;))

71@ 1 k
92
Zcmk + de - Z 021;:

k=1

(38)

)+ Vrzri1)

—0121
1.2 _ .2
kbl - 1

99
\I' iZig1+ Wi+ fi(xs))

— +
where

i—1 2
NN I e S

Z 50&1 1 (k+1) Z a;;klek

k=0 k=1

Z

k=1
By referring to Young’s inequality, it leads to

”771” ¢T(IZ)¢Z(5E1) a?
T

) + Hyrpgr)

Zi =

h; fZ(x ) - 2a
Z22 n Pi 522

207 2h7

(39)

Further more

2
. —C1 21
Viss—>
bl 1

2 d O—ké]%
St ya-y
k=2 k=1
1

%, doellagnie) |, o
*Z > T

K2

(40)

z2 L P 52
2p?

where 6; = ||n;]|*.

+ — l (\I/ Zi+1 + v, az)

+ 2h2 Ry

Take the control signal «; and the adaptive law 0 as

_ % 007 ()i (ws) zi

“i= 2a? 202 i @)
b — TizféﬁiT(Z;)@(%) b
2a;

Next, combining (40) and (41) a simple calculation gives

. 0121 O'k-é]% a?
Vi < di, —
B4 ZC’“Z”Z e

212
52 ~ B 0l "
PiSi Pi | iUV
Qh? +; 2 + ri

2
+ — Cizi + Zi %541
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and -
- . - - 92 92 43)
0:0; = 0;(0; — 0;) < — — —
( )55
Then, we deduce that
) 7612% 1 ) i
‘/i Sﬁ — Cka + dk
Fn =2 o k=1
. . (44)
! 0
B Z et + ZiZit1
2r
k=1

whered—2h2+ ‘—1—221214—”252.

Step n: It is worth noting that the actual controller v only
occurs in the last step, and the following Lyapunov function
holds

1 62
L n 45
2h, 2r, “43)

Based on (11) and (17), one arrives at

Vn = Vn—l +

2
z, +

Zn . 1. 6,0
hn (1771, — Op—1 + anxn+1) - ==
n Tn

=Vn— 1+ h., (\I’nzn—&-l v, (U)+ fn(fn)‘F 571,(1'7t)

'(7,977.
T'n

= hn)e(v) + fu(Zn)

Nnén

Tn

Vn* n—1 1

=Y

—H,xpi1+ 2Hu(v))—

— Op—1

<Vn 1+ hi((ZHn

+ ﬂn(xat) - dn—l) -

(46)

— (f&(Zr) + Vixpr1 + Br(z, b))
(47)

—1 da ! da
14 n—1 (k+1)
+ n- ak + Z Y
k d
k=1 G k=0 ay((i)
Furthermore, there exists

2n [ On_1 22 [ dan_q ? B2
- < —
hn ( 3Ik ) ﬂk(ﬁ’t) - 2h2 ( 8Ik > + 2

Zn 62

2h2 2
Substituting (47) and (48) into (46) yields

chzk+2dk—zzk7i]€

(48)

— (f1(Zr)+ Yiary1)
B S 3Oén—1y(k+1)> 4 (Zn <5an—1)2
o Yd
=0 ayé) hn 2 8xk

n—1
Oap—1
_ Z an Y0, + (2H,, — hy)(cpv + g))

k=1 k

(49)

n—1

— 122 92
= k‘glcizil Z ki + Z d — Z 021;:

k=2 k=1

n. 79 5o
n Z % _ 0r0n, + Zl((QHn — hn)CMU + fn(xn))

<

S
>

S

By virtue of Assumption 3, it gives

2
Fu(@n) =2n- L+ +fn( n) + +5 <aa"_1)

2 oxy
- n—1
8an, 4 Oy, —
+ Hng - Z ~ ! ak - Z (k)l yék+1)
k=1 90y, k=0 9Yq
5‘an
- Z L(fr(@k) + Hipgr)

Similarly, one can get

Z721 ||77n||2¢z;(mn)¢n(xn) a%

T
< T
2 2 ¢2 (50)
Prge o Fno P
hy, " = 2p2  2h2

II?

Additionally, let §, = L2

Cm

, under Assumption 4, the

virtual controller v and the adaptive law 6, are produced
here

P —CnZn _ Znéngbz;(xn)qsn(xn) . Zn
Cm 2a2 2emp?
o )
0 — T 25 Cm @, (Tn) P (Tn) 5
= — 0,0,
2a2
and -
i —d bn O (52)
00 = 0, (0, — 0,) < 2 —
( n) S5
Based on (50)-(52), (49) becomes
. —c123
V, < 5L chzk+2dk—§:—k (53)
Tk
k=1
where d,, = 2h2 + b +Zl 1 2" + ‘;"f”.
Noting Lemma 2, one can obtain
2 2
—az ki
- < —c1log —— 54
R oY
Finally, the above discussion gives us
Vi< —cVp+w (55)

where ¢ =
ZZ:l di

Relying on the aforementioned calculations, owing to the
boundedness of x;(t), z;(t) and 6;(¢t) for i = 1,2,...,n
the actual control signal w(t) is bounded. By applying the
conditions stated in Assumption 2 and Lemma 2, considering
that |z1] < k1, and y(t) = ya(t) + z1(¢) with |ya(t)] < xo-
Therefore, we can deduce that |y(t)| < |ya(t)] + |21 ()] <
Xo+kpr = k1 for all ¢ > 0. In this way, the state constraints
are not transgressed.

Remark 4. Although the control of nonlinear systems
with input delays has been researched in [10], the obstacles
posed by unknown control directions were not sufficiently
considered. In addition, input delays are separated from the
input signal by the Pade approximation, which eases the
analytical process and can be applied to complex system

min {2¢;, 05,k =1,2,...,n}, and w =
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(1) with input saturations and state constraints at the same
time, thus effectively meeting the requirements of control
engineering.

IV. SIMULATION STUDIES

This section verifies the credibility and practicality of the
theoretical results through two simulation examples.
Ezample1: Consider a third-order nonlinear system
& =22 + f1(ZT1) + Bi(z,t)
By = a3 + f2(T2) + Ba(z,t)

Ey =u+ f3(T3) + P3(w,1) o
T4 = —TXg + 27U
where
f1(z1) = — 0.1sin(z4)
f2(Z2) =0.01sin(zq22)
f3(zs) = — e~ "3sinz; coszs
Bi(x,t) =0.1sin(z1x2x3)c0s(t), i=1,2,3
On this basis, a subordinate function is chosen as
ups (1) = RS 9 7i=1,23 (57)

Now, we present the remaining parameters of the system.
Specifically, ¢;=5, co=4, c3=3,a; = 0.5,7; = land 0; = 0.5
fort =1,2,3, 7= 0.8, ¢, = 0.5, kp1 = 1, Upin = —2,
Umax = 0.5. The initial conditions are selected as x1 = x4 =
0, 2o = 0.2, 5 = 0.3, §; = 65 = 0.1, 5 = 0.2. Design the
reference signal y; = 0.2sin(t), and the state variable z; is
constrained such that |z1] < 0.3.

In accordance with the designed tracking control strategy,
Figs. 1-6 indicate the corresponding simulation findings. Fig.
1 depicts the output signal y and the predetermined trajectory
yq. The system states x5 and 3 are illustrated in Fig. 2. Fig.
3 shows the trajectory of variable z4. The response curves
of the adaptive laws 61, 6 and 93 are presented in Fig. 4.
Moreover, the actual control signal v and the saturation input
sat(v) in Figs. 5 and 6 are bounded respectively.

/y ——System output y
08F o2 \ - - - Reference signal yq|
L 0 1 N - kml ]
0.6
- km?

Time (sec)

Fig. 1: State trajectories y and y,4 in Example 1.

Example?2: To further demonstrate the utility of the strat-
egy, we studied a one-link manipulator having the following
dynamics in an industrial system

Ap + Cp + Nsin(p) = v

. . (58)
Fo+Dv=u— L4

0.6

——System state x2
- - - System state z3]| |

0.4

0 5 10 15 20 25 30
Time (sec)

Fig. 2: System states x5 and x3 in Example 1.

0.6

——New variable x4
0.4 q

08 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30
Time (sec)
Fig. 3: New variable x4 in Example 1.
0.4 T T
- - - Adaptive law 6,
) A Adaptive law 6
03 02 03 P 22|
T Adaptive law 63
0.2 J
0.2} 0.1 F e 1
AN e
0
0.1 ¢™ 0 \ A ° 1
LR, 01
‘\‘ : S, R U I i SN S
oF  TumEEmeao - — — — — —
0 5 10 15 20 25 30

Time (sec)

Fig. 4: Adaptive laws 61, 6, and 03 in Example 1.

| ‘—dontrol iilput v‘

0 5 10 15 20 25 30
Time (sec)

Fig. 5: Control input v in Example 1.
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2

Urmaw == = Umin

== = Umax
T T ——Saturation input sat(v)|]
ol
K sat(v) U”m;\ |
2 ________________________________
0 5 10 15 20 25 30

Time (sec)

Fig. 6: Saturation input sat(v) in Example 1.

where p, p, p, v are joint acceleration, velocity, position
and system input, A = 1lkg - m? is the rotor moment of
inertia, C = 1IN - s/rn2 is coefficient of viscous friction,
L represents the coefficient of reverse electromotive force,
D = 1Q and F = 0.1D are the armature resistance and
armature inductance respectively.

Then, let x1 = p, x2 = p, xr3 = v, we then have

1 = x2 + f1(z, t)
&y = x3 + fo(Z2) + Pa(z, )
&3 = 10u + f3(Z3) + Ps(x, 1)

Ty = —Tx4 + 27U

(59)

where
f2(i’2) = — T2 — 0.8Si1’1($1)
[3(Z3) = — 225 — 103
Bi(x,t) =0.01sin(xy zox3)cos(t), ¢=1,2,3

Accordingly, the values of other parameters are taken as
cp =8, ¢ =c3=5,a;, =04, r, =1 and o; = 0.5 for
i =1,2,3, ¢ = 0.5, kyy = 1, and 7 = 2 + 0.1sin(¢).
The initial values are specified as 1 = 0, x2 = x4 = 0.1,
xz3 = 0.2, él = 0.1, ég = ég = 0.2. Given the reference
signal y4 = 0.2sin(¢) and the constraint that the system state
a7 is constrained to be |z1| < 0.3. Furthermore, we define
VUmin = —2 and vpa, = 0.7.

Similarly, the analysis findings are illustrated in Figs. 7-
12. Of these, Fig. 7 displays the tracking curves for y and
yq4. The system states xo, x3 and the variable x4 are shown
in Figs. 8 and 9. Additionally, the response curves of the
adaptive laws él, 92, ég, the actual control input v and the
saturation input sat(v) depicted in Figs. 10-12 are bounded,
respectively.

V. CONCLUSION

This paper is concerned with the fuzzy adaptive tracking
control issue of strict-feedback nonlinear systems with input
delays and saturations. By introducing a hyperbolic tangent
function into the Pade approximation method, it is guaranteed
that the control signal does not to violate the saturation
bound, even if input delays occur. Then, a fuzzy adaptive
controller is constructed in accordance with the boundary
estimation method and the BLF. Furthermore, the stability
analysis shows that all closed-loop signals are uniformly
bounded, and the output error converges to a small area near

0.8 v T i i "
L ——System output y
o6l 02 P - - - Reference signal y |
0 N\ -==km
-0 k’m?

0.4 02
0 /

Time (sec)

Fig. 7: State trajectories y and y4 in Example 2.

0.6

\ ——System state o
- - -System state x3| |

0.4

0 5 10 15 20 25 30
Time (sec)

Fig. 8: System states xo and x3 in Example 2.

0.8

——New variable x4

0.6

06 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30
Time (sec)
Fig. 9: New variable x4 in Example 2.
0.25 T T
‘ - - - Adaptive law 6
0.2y P 6. | Adaptive law 05|
‘\ i 3 Adaptive law 03
0.15 “ 0.1 1
PR
R i
S Y ==
A2 l 4 6
A Y
0.05F %\ N\ N
AN 61
\~~. .'— R L N NPT
oF Tt e e e e -
0 5 10 15 20 25 30
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Fig. 10: Adaptive laws 6y, 65 and ég in Example 2.
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Fig. 11: Control input v in Example 2.
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Fig. 12: Saturation input sat(v) in Example 2.

the origin. However, continuous updates of the control signal
result in significant resource wastage, and ensuring the con-
vergence of system states to stability within a predefined time
remains a challenge. These issues will be further investigated
in future work.
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