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Adaptive Prescribed-Time Neural Control of
Nonlinear Systems via Dynamic Surface Technique

Ping Wang ©, Chengpu Yu

Abstract—The adaptive practical prescribed-time (PPT) neural
control is studied for multiinput multioutput (MIMO) nonlinear
systems with unknown nonlinear functions and unknown input
gain matrices. Unlike existing PPT design schemes based on
backstepping, this study proposes a novel PPT control framework
using the dynamic surface control (DSC) approach. First, a novel
nonlinear filter (NLF) with an adaptive parameter estimator and
a piecewise function is constructed to effectively compensate for
filter errors and facilitate prescribed-time convergence. Based
on this, a unified DSC-based adaptive PPT control algorithm,
augmented with a neural networks (NNs) approximator, is de-
veloped, where NNs are used to approximate unknown nonlinear
system functions. This algorithm not only addresses the inherent
computational complexity explosion associated with traditional
backstepping methods but also reduces the constraints on filter
design parameters compared to the DSC algorithm that relies
on linear filters. The simulation showcases the effectiveness and
superiority of the devised scheme by employing a two-degree-of-
freedom robot manipulator.

Impact Statement—Due to the increased demand for intelli-
gence and autonomy development, intelligent control of nonlinear
systems has gained widespread attention and has been extensively
explored and applied across various practical fields. In particular,
the prescribed-time (PT) intelligent control, which aims to restore
the system state to a stable state within a specified time,
holds significant practical research value as it guarantees the
rapid convergence of the system. However, there are few PT
intelligent control results for MIMO nonlinear systems with
unknown nonlinear functions and unknown input gain matrices.
Henceforth, based on the dynamic surface technology, this study

Manuscript received 13 December 2023; revised 18 February 2024 and
27 March 2024; accepted 18 May 2024. Date of publication 24 May 2024,
date of current version 15 October 2024. This work was supported in
part by the National Key Research and Development Project under Grant
2020YFC1512503, in part by the National Natural Science Foundation of
China under Grant 61991414, in part by Chongging Natural Science Foun-
dation under Grant CSTB2023NSCQ-JQXO0018, in part by Beijing Natural
Science Foundation under Grant 1221005, in part by the Natural Science
Basic Research Program of Shaanxi under Program 2024JC-YBQN-0668, in
part by the Project for Science and Technology under Grant 2022-JCJQ-QT-
018, in part by Young Talent Fund of Association for Science and Technology
in Shaanxi under Grant 20220101, and in part by the Postdoctoral Interna-
tional Exchange Project under Grant YJ20220347. (Corresponding author:
Chengpu Yu.)

Ping Wang and Chengpu Yu are with the School of Automation, Beijing
Institute of Technology, Beijing 100081, China, and also with Beijing Institute
of Technology Chongqing Innovation Center, Chongqing 401120, China
(e-mail: pingwang0906@ 126.com; yuchengpu@bit.edu.cn).

Maolong Lv is with the College of Air Traffic Control and Navi-
gation, Air Force Engineering University, Xi’an 710051, China (e-mail:
maolonglv@163.com).

Zilong Zhao is with the Faculty of Electrical Engineering Mathematics
and Computer Science, Delft University of Technology, 2628 CD Delft, The
Netherlands (e-mail: z.zhao-8 @tudelft.nl).

Digital Object Identifier 10.1109/TAL.2024.3404914

, Senior Member, IEEE, Maolong Lv

, and Zilong Zhao

proposes a PT neural control scheme by constructing a new
NLF, which effectively achieves the prescribed-time convergence
of tracking errors. This framework not only avoids the inherent
computational complexity explosion associated with traditional
backstepping but also reduces the constraints on filter design
parameters. Finally, the algorithm’s practicality and superiority
are validated through simulation examples, demonstrating its
potential for further extension to real-world applications.

Index Terms—Dynamic surface control (DSC), nonlinear filter
(NLF), nonlinear system, prescribed-time (PT) neural control,
robot manipulator.

1. INTRODUCTION

RESCRIBED-TIME (PT) control, proposed in [1] and [2],

has gained significant attention in recent years [3], [4], [5],
[6], [7], injecting new life into the control field. PT control is
appealing due to the fact that, unlike existing finite-time [8],
[9]1, [10] or fixed-time [11], [12], [13], [14], [15] control, the
designer can predetermine the settling time, independent of
the system initial value and control parameters. To achieve PT
convergence, various effective methods have been developed in
[16], [17], [18], [19], [20], [21], and [22], including the state
scaling-based approach in [2], [3], [4], [16], and [17], as well
as the time scaling-based scheme in [18], [19], and [20]. More
recently, in [21], a linear time-varying feedback was proposed to
achieve PT stabilization for nonlinear systems, using the solu-
tion of Lyapunov equations that included a function that goes to
infinity as the time approaches the settling time. Additionally, in
[22], a novel nonscaling backstepping design was developed for
stochastic systems. However, it is noteworthy that most of these
results only consider robust controls, making it challenging to
handle more system uncertainties.

Adaptive control offers a promising approach for addressing
uncertainty. However, ensuring the boundedness of parameter
estimation, as highlighted in [23], poses challenges in designing
controllers with PT stability. To tackle this issue, researchers
have recently proposed several innovative adaptive PT control
methods. For instance, in [24], dynamic high-gain state scaling
approach was employed to achieve adaptive PT stabilization for
uncertain nonlinear systems. In [25], a newly PT control frame-
work was presented, eliminating the reliance on time-varying
functions for state transformations and thereby reducing com-
putational burdens compared to the approach in [24]. Another
study, [26], designed a DSC-based adaptive PT control utilizing

2691-4581 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I
COMPARISON BETWEEN THIS STUDY AND SOME REPRESENTATIVE ADAPTIVE PT CONTROL RESULTS

System model System uncertainty Control method
Ref. SISO MIMO Parame'ter Unknowg Unkr'lown Backstepping DsC
Second-order | High-order | UMCertainty | control gain | nonlincar Lincar filter | Nonlinear filter

[24], [31] 7 v v

125] v v v

[26] v v v

27 v v v v
[28],[29] v v

[33] v v v

[34] v v v v

[35] v v v v

[36] v v
Our article v v v

linear filter (LF) and state scaling transformation for nonlin-
ear systems. Notably, the adaptive schemes [24], [25], [26]
only work for parameter uncertainties to obtain PT stabilization
performance, thus exhibiting limitations when handling other
forms of uncertainties. Furthermore, although the controller
designs proposed in [24], [25], and [26] are capable of driving
the system state converging to origin within the prescribed time,
they may result in excessive control inputs and costs in practical
applications. This can be problematic for certain systems such
as space rendezvous and docking teleoperation [27] where the
end-effector of the space robot must reach a predefined capture
area within a specific time.

To achieve PT convergence with a preset residual set for
control design, the concept of practical prescribed-time (PPT)
control has been proposed in single-input single-output (SISO)
systems [28], [29], [30], [31], [32] and MIMO systems [33],
[34], [35], [36]. In [28], the PPT tracking control was studied for
normal-form nonaffine systems with nonparametric uncertain-
ties, while a transformation-based adaptive control scheme was
developed in [29] for strict-feedback systems with unknown
control directions. The output-feedback PPT has also been
discussed in [30] for strict-feedbacklike form with exogenous
disturbance. The recent results [31], [32] achieved the event-
triggered PPT control of nonlinear systems. In [33], a neu-
ral adaptive PPT tracking control scheme for Euler—Lagrange
systems with full-state constraints was addressed by using the
backstepping scheme. Subsequently, Cao et al. [34] presented
a LF-based DSC framework for handling the PPT control for
Euler-Lagrange systems with system uncertainties. While the
control schemes in [31], [33], and [34] effectively handle un-
known nonlinear functions, it is important to note that the PT
convergence set of Lyapunov functions is dependent on control
parameters, making implementation challenging in practical
applications. Addressing this concern, recent research [35], [36]
presented a new sufficient condition for adaptive PPT stability
in nonlinear MIMO systems by constructing a new piecewise
exponential function. The merit of this algorithm lies in that the
convergence domain and convergence time can be decoupled

into separately user-defined parameters, which are independent
of the control parameters and initial values. However, the algo-
rithms proposed in [35] and [36] are based on the traditional
adaptive backstepping process, which can lead to the explosive
growth problem due to the virtual controller (VC)’s derivative
in the iterative design of each step. An effective strategy for
addressing the complexity explosion phenomenon is the uti-
lization of DSC technology [37], [38], [39], which applies a
first-order filter to the VC during each backstepping iteration,
thus transforming the differential operation into algebraic oper-
ation. Based on our current knowledge, there is no previous re-
search available on achieving adaptive PPT stability using DSC
schemes for nonlinear MIMO systems that support user-defined
convergence time and convergence region characteristics. This
article aims to investigate this area and proposes new methods
for achieving this goal.

Building upon the preceding discussions, this article delves
into the realm of adaptive PPT stability of nonlinear MIMO
systems with unknown nonlinear functions and unknown in-
put gain matrices, employing the DSC approach. For visual
clarity, Table I illustrates a comparison between the out-
comes of this study and some representative adaptive PT con-
trol schemes. The primary contributions of this research are
as follows.

1) A novel adaptive PPT scheme for uncertain MIMO non-
linear systems using the DSC framework is presented.
Compared with recent PPT stability schemes [27], [33],
[35], [36] that use the conventional backstepping method,
our proposed control scheme avoids the computational
complexity explosion by eliminating the need to calculate
the VC’s derivative in each iteration under the backstep-
ping settings.

2) Unlike traditional DSC-based PT algorithms [26], [34]
with LFs, we construct a novel nonlinear filter (NLF)
incorporating a parameter estimator and a piecewise func-
tion. This filter not only effectively compensates for the
filter error but also relaxes the requirement on filter pa-
rameters while ensuring PPT stability (see Remark 6).
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3) Our proposed control framework integrates neural
network (NN) approximation technology and adaptive
control theory, making it suitable for high-order MIMO
systems with more uncertainties than existing algorithms
(16], [171, [18], [19], [20], [21], [22], [24], [25], [26],
[27], [28], [29], [30], [31], [32], [33], [34], [35], [36].
This approach can also be expanded to address the
PPT issue of MIMO systems with input saturation (See
Corollary 1). Moreover, our control algorithm allows
designers to preset the settling time and convergence
domain separately, which is a unique feature not found
in [31], [33], and [34], where the convergence domain
depends on control parameters.

The article is structured as follows. Section II provides the
problem statement. Section III presents the NLF construction,
controller design, and stability analysis. Simulations in Sec-
tion IV verify the validity of the proposed PPT control scheme,
while Section V gives the conclusions.

II. PROBLEM FORMULATION AND PRELIMINARIES

This article focuses on an uncertain nonlinear high-order
MIMO systems, which is described as follows:

{jjp(t) = merl(t) + [p(Zp(t), p=1,...,n—1
Ty, (t) = G(i‘na t)u(t) + fn(i‘n (t))

where forp=1,...,n, x, € R™ and u € R™ denote the sys-
tem state and input, respectively, f,(Z,) are the unknown con-
tinuous functions with z,, = [z, 27 ..., 2]]", G(-) is the un-
known input gain. Set y(¢) = x;(t) as the system output.

Problem: Let the trajectory of the desired system output
be x14(t). The control objective is to develop an adaptive
tracking control scheme based on the DSC strategy for model
(1), achieving the PPT stability while ensuring that the track-
ing error converges to a user-defined residual set within the
prescribed time.

The following assumptions and preparations are required.

Assumption I: The tracking signal z4 is continuous and
differentiable. In addition, the inequality ||Zq4| < 27, holds
with 27, > 0 being a constant.

Assumption 2: The input gain function G(-) is positive de-
fine and bounded by a < ||G(-)|| < @, where a and a are two
unknown positive constants.

Notations: Denote x(t) by x or x(-) for simplicity.

Lemma 1 [9]: For any positive constants o, o0y,
03, arbitrary real numbers ¢, &, and a continuous
function ~(-) >0, it holds ~(-)EE < o3]€|(0r1Fo2) 4
(02/01 + 02)((01 +02/01)03)(_(01/02))’7(')(0'%2/02)|52|(o‘+02)~

Lemma 2 [39]: For Vx € R and any constant 7 > 0, it has
0<|z| = (2?/Va2 +72) < 7.

NNs have excellent approximation capabilities for continu-
ous functions [34], [40]. Specifically, any function f(3) that
satisfies continuity can be written as

F(B)=W*Te(B) +e(B) )

where e C R™, U is a compact set, the ideal weight is
W* e R*™ with + > 1 being the neuron number, the approx-
imation error () € R™ satisfies ||(8)|| <e, € is a constant.

ey
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$(B) = [61(8), 62(B), ..., ¢.(B)]" € R* with ¢;(8) being de-

fined as a radial basis function (RBF)

—(B—v)"(B—

V2

vj _
$;(8) = exp J)},le,z,...,b 3)
where v is the width and v; = [vj1,...,v;,] " is the center.
On the basis of NNs, the unknown nonlinear function f,(z,)
in (1) for p=1,2,...,n will be rewritten as

Fol@p) = WLy, (2p) + £5, (Tp) )

with Wy € R'»*™, ¢ (-) € R™, and the upper bound con-
stant of the norm ||ef, (Z,)]| being €.

Next, to fulfill the PPT stability of system (1), the following
time-varying piecewise function [36] is introduced

_ X [ (Te_t>]_17 te[O>Te)
«(0) = {fo;ﬂ(t "), telT Yoo

where T, denotes the convergence time defined by the de-
signer and p represents a tuning parameter satisfying p €
(0,1n(2)/T.].

Based on this function (5), the following lemma will be
provided for the PPT stability.

Lemma 3 [36]: For the nonlinear system x = F'(¢, x(¢)) with
x(0) = xo0, where the nonlinear term F'(-) is continuously dif-
ferentiable and the equilibrium point is the origin, if there is a
continuous-differentiable positive-definite function V'(, t) and
scalars d, b, ¢ > 0 satisfying d > i, b > ¢ and

®)

: b
V<—nt)V+-+c
S

where 7(t) = d + (|| /<) and d and b are the user-defined con-
stants, then the equilibrium of system x = F(¢, x(t)) is PPT
stable and the convergence set is 2 = {x|V(x) < (b/u))} for
vt >Te.

Remark I: Note that the definition of 7)(¢) is related to the
derivative of the piecewise function ¢(¢). For implementation,
we define the derivative of the piecewise function ¢(¢) at the
piecewise point ¢t = T, as its right derivative at that time. More-
over, since when ¢t — 7., the limit lim;— () — 0 holds. This
together the definition of 7)(¢) implies that 7)(¢) — oo holds. For
this reason, to avoid the singularity of the term (|<(¢)|/<(¢)) in
n(t), the following two measures used in [23] will be adopted in
the implementation process: 1) replace T, with T, (scheduled
time) +¢ (small constant) so that the controller works at time 7% ;
and 2) set an upper bound for 7(t) before the time approaching
the preset time 7.

Remark 2: Compared with the existing studies [16], [17],
(18], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], [32], [33], [34], [35], [36] that emphasize the
PT control, focusing on the PT stability of model (1) has more
general theoretical and application value. On the one hand,
dynamics (1) can be used to describe many practical systems
compared to SISO systems [18], [19], [20], [21], [22], [23],
[24], [25], [26], [28], [29], [30], [31], [32], such as marine
surface vessels [9], teleportation systems [27], and robot manip-
ulators [34]. In addition, system (1) has more uncertainties than
the existing results [16], [17], [18], [19], [20], [21], [22], [24],
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Fig. 1. Controller’s iterative design flowchart.

[25], [26], [27], [28], [29], [301, [311], [32], [33], [34], [35], [36],
which allows for the presence of completely unknown nonlinear
functions as well as time-varying unknown input gain matrices.

III. CONTROLLER DESIGN AND STABILITY ANALYSIS

This section consists of three parts. In part A, a novel NLF
designed in this article will be presented first. Based on this, the
control design process and stability analysis under the settings
of DSC will be subsequently discussed in part B. Finally, the
main result is provided in part C.

A. NLF Design

Before the DSC design procedure, the following coordinate
transformations are introduced:

21 =71 — Z1d

Zp=Tp — 0y (6)

Wp—1=0Qp | —Qp_1, p=2,3,...,1n
where z, is the virtual error, ag is the output of the pth fil-
ter to be designed, ¢, is the pth VC to be designed, and
wy, is the pth filter error. Assuming that the derivative ¢, is
bounded by ||&,| < ¥, with ¥, being an unknown constant.
Let 1§p () be the estimate of ¥, and 9, (t) =¥, — 1§p (t) be the
estimation error.

Now, a novel NLF will be proposed for subsequent design

procedure, which is designed as

cco__ Pp _ q Wp
{Ppap = (T](t) +3 )Wp Ppﬁp\/m @

ap(0) =0a,(0), p=1,2,...,n— 1

where p, € (0,2],7; > 0 are the filter time constant to be de-
signed, and 7)() is defined in Lemma 3. Additionally, the update
equation of v, is designed as follows:

. T
19 _ wp Wp A
p = 0,

P 2_77191)’
wpwp—i—Tp

with 0y, > 0 being the design constant.

Remark 3: A novel NLF is designed in (7) for the subsequent
controller design based on DSC, which is different from the
traditional LF used in [31], [34], and [39]. Particularly, an

p=12,....n—1 (8)

X2 S-D X1
%
AD+NN 2 Z
VC |72 g | ADINNs [ e 2
a, 91,01, ¢r | 6, | ag
c
ag N.LCF wq X14
L
af
Step 1

~

adaptive parameter estimator V; updated according to (8) is in-
cluded in (7), enabling the proposed DSC scheme to effectively
compensate for filter errors. Additionally, the introduction of
time-varying function 7(t) guarantees the convergence at the
prescribed time. The advantages of the presented NLF in (7)
will be further elaborated in the subsequent controller design
(refer to Remark 6).

B. Controller Design Based on DSC

This section will give the controller design procedure based
on DSC with the coordinate transformations in (6), the NLF
in (7), and the adaptive laws in (8). The design consists of n
steps, starting from the subdynamics (S-D) z;, which is far
away from the control input, and iteratively designing toward
the S-D @,,. Each step designs a VC «, ultimately achieving
the design of the actual controller (AC) u. The overall iterative
design flowchart is shown in Fig. 1, where “AD” represents an
abbreviation of “adaptive.”

Step 1: Using (1) and (6), the time derivative of z; is
as follows:

H=mn+w +ar+ filz1) — g 9)

On the basis of (4), let 0, :max{||Wf]H,el} and 0, be its

estimate. Define the estimation error as 6; = #; — #,. Then,

select the first candidate Lyapunov function as

wlToJl + Lﬁ‘%
0191

with 0y, and oy, being two positive design parameters. Af-

terwards, combining (6) and (9), the time derivative of V) is
as follows:

Vi==2lz + —6 (10)

. k 1 ~ =
V1:ZlT(Zz+w1+Oél+f1—$1d)—59191
1
SRR
+w1T(Oél—Oé1)—719]’l9].
0w,

1D

Set a new function ¢ (z1) =1+ ||¢y, (x1)]| with ¢y, (x1) being
defined in (4). In view of the definition of 6, using Lemma 2,
we can get that

T, 2
Z1 21¥1

/T 2 2
zZy 2191 + T4

2L fi <z l|01pr < 0171 + 61 (12)
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Based on the designed filter in (7), the definition 1§1 =9 — 191
and ||&]| <9, combining Lemma 2 yields the following:

wi (6§ —du)
1 iwlw
(243wl wr - e o 9
i \Jwlw +72
1 Diwlw
—(£—|—§>w1Tw1 L L. (13)
P1 \Jwlw + 72
By using Lemma 1, it can be obtained that
1
2 (4 w) <zlz + EZZTZZ + EwlTwl. (14)

Then, substituting (8) and inequalities (12)—(14) into (11), V]
can be further written as

. 2 1 ~ =
Vi <zl <Z1+Oé1—501d+91 Lk >—*9191

\/Z?ZI¢?+73 70
1 1wl w
—(pi-ki)w?wﬁ- I L9 +0m
I

\/wlTwl —I—le

1 - oy wlw N 1 1
= 9, <19‘11m91) +522T,22+§w1Tw1.
0 \Jwlw +72
(15)
Design the VC «a; as
0,022 ,
Q) =—z1 — AL o + Z14
N
1 b 2 Z1
— =nz + (* - ) 16
277 1 < ui Z,ITZI ( )

with b being the user-defined parameters. Select the update
equation of the adaptive estimator 6; as

. 2,1
A ©1%1 21
91—_0' e

01—
/T 2 2
zZi z2101 + 74

Moreover, according to Lemma 1, combined with the defini-
tions of ¥, and 6, the following inequalities can be derived

— nb. 17)

U 151191— 719%-‘1- N 191’!91
o9, o9, o9,
2 4
n 5.0 v
< - I+ = 18
TR s (18)
N R S L (19)
o9, = 209, ' 2 8031'

As a result, from (16) and (17) and inequalities (18) and (19),

we can further obtain that

1 -
6% —

i 20 91

. 1 b
Vi < —=nzl - —
1S 503 21+g 20,

*ZZTZQ + (20)

2
:1917'1 +7’101 -+ (9?/805]) +

1
— —nwi wi +
p1

where ¢,
constant.

(91/807,) is a positive

IEEE TRANSACTIONS ON ARTIFICIAL INTELLIGENCE, VOL. 5, NO. 10, OCTOBER 2024

Step j (7=2,3,...,n—1): By using (1) and coordinate

transformations in (6), the dynamic Z; satisfies the following:

Zj=zjqy1 twj + +fj(.f'j) —0'4;571. 21

Similar to the first step, by using the NNs approximation (4), let
0; = max{HWf [, €} and define the estimation error as §; =

0; — Hj, where 0 is the estimate of 6;. Then, construct the jth
Lyapunov fl.ll’lCthl‘l as

1 1
Vi=Vii+ 52 2+ 5—0; +

1
2% %4 ¥ 5, 0, 12 (22

1 -

o7 2
wj + —1;
wj 209,
where oy, and oy, are two positive parameters to be designed.
Besides, we can obtain the following inequality from step j — 1
by inductive method:

= I
Vj%SZﬁ(‘*Z Zm_iem_ ﬁm

el 2 m 20’9 20’19m
1 1
— —whwm ) + =+ 377 2 + ¢ (23)
with cio1= 0 (9o T+ T O+ (0%, /803 )+
(97./80%,.))-

Next, using (7) and (21) yield the following:
W‘WI+J%M+%+%+E—

51)
——09 +w;j (& — @ —153
J ( J) 19

(24)

Similar to the derivation process of inequalities (12)—(14) in
step 1, according to Lemmas 1 and 2, the following inequalities
can be established:

2T 202
Zijj < ojTj + 033—]% 25)
w (&5—d;)
1 9wl w;

< 7(1 + E)w}“wj + 7; B =+, (26)

Pj A /wj wj + 75

1 1
2 G+ wy) 27z + 32z + 5w QD)

where the nonlinear function ¢;(z;) =1+ ||éy, (z;)]|-
As a consequence, substituting (8) and inequalities (25)—(27)
into (24), we have the following:

~ A 1 b
— 00+ =2% 12 - +ci. 28
+ Uﬁjn 7 ]+22j+1zj+1 + < + C] 1 ( )
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Now, for step j, we design the VC «; and the adaptive update

law éj as
3 éj<P2'Zj e 1 Z;
0 == 32— e A = 52— (29)
\ 7 205+ %j %
- 22725 .
P i i B 30)

T 2
zj zjcpj —|—Tj

This means that V; can be further derived as

i—l 72 32
. 1 0 9 1
V. < — § T m m m T m
' m=1 n(zzmz +20-97n +2‘719m +memw )

I e L T
——nz; zj — —w; wi+—nh;0; + —nd;Y;
277] J ;- j Uejnjj O_ﬂjn; J

1 b
—n +2 ]_HZJ'_H+E+Cj_1+19j7'j+9j7‘j. (31)

Similar to inequalities (18) and (19), we have the following:

2 94
n 5 5 N 5 1N J
— 0 < ———0) — 32
Ty, 77T = 20y, J+2+80129v (32)
J
_ N 2 o4
n 5 Uy J
10,0, <——1 - .
o0 0;0; < 200, 5+ > + 80(% (33)

Thus, combining (32) and (33), we can obtain the following:

: . 2, 2, 1,
Vi< — m o ——t— m
i < mz:: (zzmz —|—200m —|—2019m —|—pmwmw )
1
+ 35zt (34)
where the positive constant c¢; is defined as c¢;=
? (O T + T O + (9;/8057”)—&—(19;‘71/80129”1)).

Step n: In the last step, the dynamic z,, can be shown as

in = G(Zp, O+ fo(Zn) — 05 _,. 35)

Since G(-) is an unknown input gain matrix, it cannot be used
for subsequent controller design. For this reason, based on
Assumption 2, let a = (1/a) and a be its estimate. In addition,
let 0, = max{||W} ||, €.} and 0,, be the estimate of 6,,.

To this end, a total Lyapunov candidate is chosen as

1 1 =
Vi=Vo1+ 2Tz, + —6* + g 2
2 20 gg,, g,

(36)

where G =a — G and 6,, = 0,, — Hn denote the estimation er-
rors, and oy, >0 and o, >0 are two designed parameters.
Then, by (35), we have the following:

Vn = anl + Z;(G()u + fn(> - 0'4;,1)

1 ~ = .
- 0,0, — Laa. (37)
Oq

oo,
In view of the derivation process of inequality (12), the follow-
ing inequality can be inferred:

T 2
Zn *nPn

/T 2 2
Zn Z"@n + Tn

2L fn < OnTi + O (38)
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where ¢, (Z,,) is defined as ¢, (Z,) = 1 + ||¢y, (Z,)||-
Based on these preparations, the control law u, the adaptive
laws 6,, and @ will be designed separately as
~2..T

P a~vt vz, 39
VauTvalz, + 72
1 0,02 2 1 .
v Ezn—‘r%_an 1+277Zn+77 Tn (40)
NE P 2
: 2T
P X @)
a= 5” —7a. (42)
It is noticed from Lemma 2 and (39) that
2 T, T
TG Ju < —a— e
N T e
<ar, — Q|&Z;€'U|
< T ~ T
s ary, — z, v +aaz,v. (43)

Further, similar to inequality (32), using Lemma 1 yields the
following:

2 4

U N oz " oy,
—0p0, < ———0;, + — 44
0o, - 20 + 2 * 80(%” @4

2 2

n

45
Oa - ZUQ 2 8g% “3)

n

Substituting inequalities (38)—(45) into (37), the time derivative
V,, in (37) will be calculated as

. 1 52 a 5

Vi < — mz:] <2zmzm—|—2 oo > — 2%77(1

n—1 =
92 1 b
= n<m+wﬁwm> +-+c (46
= \209, p S
where the positive constant is defined as

5 LA O ), @
c= z_: (ﬁnLTm 8 2 ) + 7;_:1 (T7TL m 80’5"”1) + 80_5 .
Remark 4: Unlike the previous control schemes [16],
(171, (18], [19], [20], [21], [22], [23], [24], [25], [27], [28],
[29], [30], [31], [32], [33], [35], [36] using the conven-
tional backstepping method, this study proposes a controller
design framework using the DSC to simplify the calcula-
tion procedure. In detail, the traditional backstepping intro-
duces the coordinate transformation z; = x; — «;_ in the j-
step iteration. This makes Z; contain the derivative ¢;_; of
the VC «;_; designed in the j—1-step, which will appear
in the controller design in the j-step. For example, in the
jth step design of [36], it is necessary to calculate the following:

‘éj = i‘j — élj_l
-1 -1
: daj1 . daj-1 ()
=T; — ( Ty + =T L1d
— Oxy, Z oxy,
Ly 8% ). @
b, 90;_,
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As can be seen from the last four terms of (47), the complex
form of aj_; complicates the calculation of its derivative &v;_1,
especially for high-order nonlinear systems. However, by de-
signing a NLF (7), combining (6) and (8), the DSC scheme ef-
fectively avoids calculating ¢v;_; in the j-step iterative formula
(21) by converting differential operations into simple algebraic
operations, thereby reducing the computational burden.

Up to now, we have completed the design of the controller,
and the above design process produces the following theorem.

C. Stability Analysis

Based on the NLF designed in Section III-A and the con-
troller designed in Section III-B, this section will give the main
conclusion that the system (1) is PPT stable.

Theorem 1: For the nonlinear MIMO system (1) satisfying
Assumptions 1-2, under the settings of DSC with input signal
(39), the VC (29), the NLF dynamics (7), and adaptive laws (8),
(17), (30), (41), (42), it has the following characteristics: 1) the
closed-loop system is PPT stable; and 2) the tracking error con-
verges to the user-defined compact set {z]]|z1]| < +/(2b/1)}.

Proof: Based on the definition of V;, in (36) and inequality
(46), Vn can be further simplified as
Vng—nvn+§+c (48)
which together with Lemma 3 implies that the equilibrium of
the closed-loop system is PPT stable. Besides, according to the
proof of [36], inequality (48) also means that when ¢ € [0, T¢),
the Lyapunov function V;, is bounded by
Vn(t) < efdtvn(o) + eid(the)§(§(t) + 1) (49)
and when t > T¢, V,, < (b/p). Therefore, it follows from the
definition of V,, that (1/2)||2]|*> < Vi <V,,, which further in-
dicates that the tracking error z; converge to the set {z |||z || <
V(2b/w)} for t > T..

Moreover, in view of the boundedness and convergence of
Vi, we can conclude from the definition of V;, that z;, 0;, 9;,
wj, and a are bounded and convergent. Based on the coordinate
transformation z; = x; — 14 in (6), the boundedness of z; and
x4 mean that the state x; is bounded. This together with the
definition of ;; in (16) and Assumption 1 further indicates that
o is bounded. According to the equation w; = af — a;, it can
be inferred that «f is also bounded. Next, by employing the co-
ordinate transformation 2, = 2, — «f, we obtain that the second
state x, is bounded, which, combined with the boundedness of
éz, 191, and wy, implies that o is also bounded. It can be further
obtained from equation w, = a5 — a that a5 is bounded. By
applying an analogous analysis procedure to the previous one,
we iteratively obtain that z;, «;, and oz;? are bounded. Hence,
the control input w is also bounded. By applying the identical
iterative analysis approach, we can also deduce that all signals
within the closed-loop system converge.

This completes the stability proof. |

Remark 5: It is worth noting that based on (16) and Lemma 3,
users can freely preset the parameters b and p without being
dependent on initial values or control parameters. This feature
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is an advantage over PPT controls [26], [34], where the conver-
gence domain is determined by control parameters.

Remark 6: The DSC algorithm based on a LF was first
proposed by Swaroop et al. in their work [37]. They highlighted
that the stability of the system is influenced by the time constant
of the filter. Hence, it is desirable to relax the requirement for fil-
ter time constants when designing control schemes using DSC
frameworks. One contribution of this article is the development
of a novel NLF (7), which offers two significant advantages.
First, it effectively compensates for filtering errors w;. Second,
it reduces the constraints on filter time constant p;. To be more
specific, if the following LF is applied:
{ppld; = (ﬁ(t) + %)wpu (50)

a5(0) =ap(0), p=1,2,...,n— L.

Then, in the first iteration of controller design in Section III-B,
the inequality (13) will be modified to
.c . n 1 51 1
wi (6f—dn) < —<E+§) 1TW1+EW?W1+2*5179%

where 4; is an appropriate positive constant to be selected.
Simultaneously, construct the first Lyapunov function V) as

I 7 I & 17
Subsequently, according to (12), (14), (16), (17), and (19),
gombined with the LF (51), it can be derived that the derivative
V1 in (52) is as follows:

(51

(52)

1 1 ~
V< - 577,21 21+ — —209] n@f
n 0 1 _
_ (E — E)wlTwl + Ezszg + ¢ (53)

where ¢ = (1/26,)97 + 10, + (01/803,) is a positive con-
stant. Next, similar derivation steps are employed for it-
erative design from step 2 to step n. By designing V,, =

St ((1/2)28 20 + (1/206,)0%,) + X0 (1/2)whwm +
(a/20,)a* under LF (50), we can obtain that

- i 1 1 - a
V, < — Ty ) — 2@
= Zn(zzmz +209m m> 25,14

m=1
n—1
1) b
- Z (l——m>w§1wm+*+é
el Pm 2 S

where the positive constant ¢ is as follows:

(54)

(| ) - o a?
c= — ) ( 7n07n 7771) S o
¢ — (2(5m m) * mz::l " i 805 * 802
To achieve the goal of PPT stability, that is, the derivative I_/n
in inequality (54) further satisfies V,, < —nV,, + (b/s) + &, it
is necessary for the coefficient ((1/pm) — (8,,,/2)) associated
with the filter time constant p,, in inequality (54) to satisfy
the following:

n Om 2n

1
Gr-F)zan=mss <2 69
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which implies that the filter constant p,, will depend on the
control parameter d,;,.

Furthermore, according to Lemma 3 and the stability analysis
in Section III-C, the condition V,, < —nV,, + (b/c) + & will
cause the tracking error z; to converge to the set {z]||z|| <
v/ (2b/p)} for t > T,, where b and  can be freely determined
by the designer. However, it is worth noting that the selection
of constant b must satisfy the inequality p > b > ¢ (see the
prerequisite for Lemma 3). Since the value of p in (5) cannot
be infinitely large, to ensure that the convergence set is as small
as possible, it is usually desirable to choose a smaller value of
b, which means that constant ¢ should be as small as possible.
Therefore, based on the definition of constant ¢ in (54), a larger
parameter d,,, should be selected to ensure that the value of the
first term (1/28,,)9?, is smaller. Combining inequality (55),
this further results in a smaller selection range for the time
constant p,, of the LF (50).

However, employing the NLF (7) proposed in this article can
effectively circumvent the above issue encountered with the LF
(50). Specifically, the time constant p,,, will remain unaffected
by other parameters. This phenomenon is attributed to the in-

troduction of the nonlinear term p, U, (wp//wlwy, 4+ 73) with
adaptive law (8), which adequately compensates for the filtering
error term w,, [see inequalities (13) and (26)]. Additionally,
the resulting additional constant terms ¥, 7,,, and (0}, /8075 )
(m=1,...,n— 1) can be minimized by selecting smaller 7,,
and larger oy, , respectively, without compromising the filter-
ing constant p,,. Therefore, the NLF designed in this article
will allow for a greater degree of freedom in selecting filter
time constant.

Corollary 1: The adaptive PPT control scheme presented in
this article can also be used to address the following nonlinear
MIMO system with input saturation:

{j;p(t) =2pi1(t) + fo(3p(8), p=1,...,n—1
& (t) = G(ZTn, U (t) + fu(ZTn(t))

where u°® represents the input signal subject to the saturation
constraint, that is, u® = sat(u) = [sat(u;),...,sat(u,,)] with
u = [uy,us, ..., uy,]" being the actual control input to be de-
signed. The saturation function sat(u;) has the following defi-
nition for i =1,2,...,m:

(56)

Ui Ui = Ui
sat(ui) = q Uj, Ui < Ui < UiN (57)
Uim,y Ui < Ui

where u;ps > 0 and u;, <0 are known constants.

Next, to facilitate the subsequent controller design, similar to
[41], we will introduce a smooth function H (u;) to approximate
the saturation function sat(w;), which is defined as

B uthanh(u':i ), u; >0
H(u;) = {uimtanh( “iM), u; < 0.

Uim

(58)

Then, by using the Lagrange mean value theorem yields
the following:

sat(u;) = H(ug) + <(us) = H), ui + ¢(u;) (59

4955
where ¢(u;) = sat(u;) — H (u;) satisfies ls(ug)| <
max{u;p (1 — tanh(1)), wim (tanh (1) = 1)} £ G, H), =
(OH (u;)/0ui)|u,=u;  and  wj=mu; + (1 = m;)up  with
u=0,0<m <1 and0<ﬂm§H{“ <1

Therefore, the dynamic system (56) can be rewritten as
m.;v(t)zpo(t)"'fp(jp(t)), p=1,...,n— (60)
in(t) = G(Zp, ) Hou + G(Zp, t)5(w) + fn(Z,)

where  H, =diag{H, ,H,,,...,H, } and {(u)=

[s(u1),s(ua), ..., s(um)]T. Note that although input saturation
makes the expression of the last S-D z, of system (60)
different from the studied system (1), both have the same
properties. This is mainly reflected in two aspects. First, since
both G and H/, are bounded, there are two unknown positive
constants @, and @; such that

ay < |Gz, ) H, || < & 61)

holds. In addition, let f(Z,(t)) = G(Zn, t)5(u) + fnl(Zn(t))
and use the NNs similar to (4) to obtain its approximate form

F(@n(t) =Wl g, (Zn) + €5, (Tn)- (62)

By leveraging the aforementioned characteristics, it can also ob-
tain the PPT stability performance under saturation constraints
through an iterative design process, similar to Section III-B, for
the transformation system (60). For the sake of brevity, it will
not be repeated.

IV. EXAMPLE AND SIMULATION

To verify the validity of the presented algorithm, this sec-
tion will consider the following a two-degree-of-freedom robot
manipulator with unknown model dynamics:

&1 =2 63
{D(xl)fvfrC’(x],xz)z2+G(z1)+F(zl,x2)u (63)
where  z; = [z11,212)7  denotes the joint position,
Ty = [le,xzz]T is the velocity vectors, and wu denotes
the system input. D(-) = [D;;lax> is the inertia matrix,
where D11 = m]lgl + le(l% + 132 + Zleczcos(xlz)) +
Iy + L, Dyp=Dy :mZ(l§2+l1lcz COSIC12) + I, and
Dy, = mzlé + . C() = [Cij}sz is the centripetal-
Coriolis matrix with C1 = —malilpxnsinxy, Cp=
—mzlllcz Sin(.ﬁlz)(l‘gl + .1‘22), 021 = mzlllczl‘zl Sin(l‘lz) and
Cy = 0. The gravity vector G(x1) =[G}, G2]" is defined by
G1 = (myle + maly)gcos(zy) + malpgcos(xyy + x12) and
G = malegcos(zyy + x12). F =1[0.5sin(zy),0.5sin(x12)]7
denotes a nonlinear function. The parameter values in the
above matrices are given as m; =my = 1kg, [y =, =1m,
lg =1l =05m, I, =1 =05kg-m, g=9.81m/s>.

Let the desired trajectory be x1q = [z141,7142]" rad with
Tigr = =2+ 3sin(2t + 7/2) and x14 =2sin(2t + 7/2) —
1.2. Note that the robot manipulator corresponds to the
dynamic model (1) considered in this article when n =2.
Therefore, on the basis of the proposed PPT control scheme,
we can design the NLF, the adaptive laws, and the controller
for the robot manipulator correspond to those provided in
Section III.
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TABLE I

IEEE TRANSACTIONS ON ARTIFICIAL INTELLIGENCE, VOL. 5, NO. 10, OCTOBER 2024

TRANSIENT VALUES OF TRACKING ERROR UNDER NLF

Initial Value [z1lt=T.
Case 1: z11 = —0.0696,
=[3,-2,1,-1] | 212 =—0.0461,
Controller parameters [|z1]] =~ 0.0835
x=11,5,0.3] 211 = —0.0694,
2(0)=1[1,3,2,1] | z1p = —0.0465,
[|21]| ~ 0.0835

Controller parameters [z lt=T,
Case 2: oy, =1 z11 = —0.0696,
op = 5 Z12 = —0.0461,
Initial Value 04 =0.3 [|z1]] = 0.0835
2(0) = [3,-2,1, 1] o9, =5 211 = —0.0706,
ogg =2 z12 = —0.0530,
0 =0.5 [|21]] & 0.0835

zin (2(0) = [3,-2,1,-1])
212 (2(0) = [3.—2.1. 1))

o (@(0) = [1.8.2.1)) | ]
ez (2(0) = [1,3,2.1))

1 1.5 2 25 3
Times(s)

Fig. 2. Trajectories of errors zj; under different initial values.

Next, to validate the efficacy and superiority of the algorithm
presented in Theorem 1, we will conduct simulation compar-
isons from two aspects as follows.

1) One aspect of comparison is to confirm that the presented
NLF-based scheme guarantees convergence of the track-
ing error to the user-defined compact set at the preset
time, irrespective of the initial values, and control param-
eters of system.

2) Additionally, we will show the superiority of the proposed
NLF-based scheme has better stability than using the LF.

A. Part 1

Verify that the convergence of the tracking error independent
of the initial values and control parameters.

First, for simulation implementation, let 7, =2, u = 0.25,
b=0.001, d=10, and p; =2. Then, according to Theo-
rem 1, the tracking error z; = | — 14 = [211, 212 Will con-
verge the predefined set {z|||z1]] < /2b/u =0.0894} in the
prescribed settling time 7, = 2. In addition, the unknown dy-
namics —D~'(Cxy + G + F) is approximated by choosing
the neuron number of the RBF NNs being 11, the bandwidth
being v = 3 and the centers being evenly spaced in the interval
[-2.5,2.5]. Let = [x1,22]T and x = [0y,, 09, 04). Next, two
cases of simulation comparisons are given as follows.

Case 1: Choose the controller parameters as x = [1,5,0.3].
Perform simulation comparisons with different initial values
2(0) =[3,-2,1,—1]" and 2(0) = [1, 3,2, 1]7.

z1(oy, = 1,00 = 5,04

z12(09, = 1,09 = 5. 1
z11(09, = 5,09 = 2,0, = 0.5)
— — z13(09, = 5,00 = 2,0, = 0.5)

21

1.5 2 25 3
Times(s)

Fig. 3. Trajectories of errors zj; under different controller parameters.

Time(s)
10
g0
-10

0 1 2 3
Time(s) Time(s)
Fig. 4. Trajectories of state variables x;; and tracking signals.
oF
“= -10 b
20 ‘ ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 25 3
Time(s)
2 T T
o L L n
0 0.5 1 1.5 2 25 3
Time(s)
5F T T T =
\ —
= or
: f\f’ 7
o ‘ ‘ ‘ ‘ ‘
0 0.5 1 15 2 25 3
Time(s)
Fig. 5. Trajectories of adaptive laws.

Case 2: Select the initial value 2(0) = [3, —2, 1, —1] and con-
duct simulation comparisons under different control parameters
x =11,5,0.3] and x = [5,2,0.5].

Using these given parameters, Figs. 2—6 illustrate the sim-
ulation results. Fig. 2 displays tracking error trajectories with
various initial conditions, while Fig. 3 compares tracking error
trajectories with different controller parameters. Additionally,
the transient values of tracking errors in Figs. 2 and 3 are given
in Table II. Figs. 4-6 depict the trajectories of system states and
adaptive laws under x(0) =[3,—-2,1,—1] and x =[1,5,0.3].
From Table I, at the settling time ¢ = 2, there is always ||z, || <
0.0894, regardless of initial values and controller parameters.
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[leell

o 0.5 1 1.5 2 25 3
Time(s)

Fig. 6. Trajectory of the input signal norm ||u||.
z1p-Linear filter
z12-Linear filter
i
i
a -t ’.’ 3 z11-The proposed NFL
H —==== z15-The proposed NFL
2
i .
3 ors
At
/
at /
3
o 1 2 3
5 ‘ ‘
0 2 4 6 8 10
Times(s)
Fig. 7. Compare of errors z;; using the LF and the proposed NLF.

This, along with Figs. 2 and 3, shows that using the presented
PPT control scheme, the tracking error can converge to the user-
defined compact set at the preset settling time independent of
system initial values and controller parameters. This feature
is superior to the existing PPT control algorithms [31], [34]
that are limited to Euler—Lagrange dynamics or SISO systems.
Additionally, the convergence set of tracking errors in [31] and
[34] is also determined by the controller parameters. Further, as
can be seen from Figs. 4 and 5, the system state and adaptive
laws are all bounded. As indicated in Fig. 6, the input signal is
also a bounded variable. As a consequence, the validity of the
proposed PPT stability scheme with a novel NLF for uncertain
nonlinear MIMO system is verified by Figs. 2-5.

B. Part Il

A comparison between the proposed NLF-based scheme and
one employing LF.

By using the initial value z(0) = [3, -2, 1, —1]T, controller
parameter x = [1,5,0.3], and keeping other parameters un-
changed, if the LF is used for controller design, the trajectories
of the tracking error and input signal are illustrated in Figs. 7
and 8, respectively (due to limited space, only the trajectories
of key variables are provided here). It can been seen that the
tracking errors in Fig. 7, unlike the one in Fig. 2 after t = 2 s, do
not exhibit convergence to a small neighborhood of the origin,
but instead oscillating around the origin. This is further shown
that under the same filter time constant and control parameters,
the stability performance and convergence accuracy obtained
by the developed NLF-based PPT control scheme are superior
than that of the LF [34].

4957

70 — L —
|[ull-Linear filter

60

50

40

30

20

() 0.5 1 15 2 25 3
Time(s)

Fig. 8.  Trajectories of the input norm ||u;|| using the LF.

V. CONCLUSION

In this study, we thoroughly investigated the adaptive PPT
stability of nonlinear high-order MIMO systems with unknown
nonlinear functions and unknown input gain matrices. To ad-
dress the inherent computational complexity, a novel DSC
framework had been introduced. Additionally, we have de-
signed a new NLF, equipped with an adaptive parameter estima-
tor, which effectively compensates for filtering errors while also
providing more flexibility in setting the filter time constant. By
leveraging both neural approximator and adaptive technology,
our proposed algorithm appropriately compensated for system
uncertainties. The key achievement of this research ensured
PPT stability for the closed-loop system and enabled the track-
ing error to converge to a user-defined residual set within the
settling time. Notably, this performance was achieved indepen-
dently of the system’s initial values and control parameters.

Note that the control input matrix in system (1) is required
to be positive definite. However, for many practical physical
systems, their control matrices may be constantly changing
or not square matrices. Therefore, developing a PT control
schemes that allow the direction of the control input matrix to
be unknown is a direction worthy of future research.
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