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Abstract—This paper investigates the intelligent neural adap-
tive trajectory tracking control problem for a flexible-joint
manipulator with full-state constraints. The approach uses neural
networks to approximate the system’s uncertain nonlinear terms
and integrates backstepping recursion with a tangent-type bar-
rier Lyapunov function to develop an intelligent adaptive control
method with comprehensive state constraints. The stability of the
closed-loop system is demonstrated using Lyapunov stability the-
ory, ensuring that all state variables remain within predetermined
boundaries. The proposed method’s feasibility and effectiveness
are ultimately validated through simulation of the flexible-joint
manipulator system.

Index Terms—Adaptive intelligent control, full-state con-
straints, backstepping, flexible-joint manipulator

I. INTRODUCTION

He manipulator is a vital component of industrial au-
tomation, embodying the integration of modern and au-
tomation technologies [1]. It plays a significant role in both
everyday life and various production processes. Since the
mid-20th century, the rapid advancement of automation and
computer technologies has established a robust foundation
for the development of manipulators, leading to significant
progress in related research [2]. However, traditional rigid
robotic arms face several limitations, including low control
precision, slow response speed, and a low load-to-weight
ratio, which restrict their application in high-precision man-
ufacturing fields such as medical technology and aerospace
[3]. To overcome these limitations, flexible-joint manipulators
have gained considerable attention in recent years [4]. These
robotic arms offer substantial advantages in terms of adapt-
ability, safety, and precision, thereby significantly enhancing
production efficiency and workplace safety [5]. There have
been many notable research outcomes related to flexible-joint
manipulators, with the development of an effective control
system being crucial for optimizing overall performance.
The backstepping control method is highly effective for
solving trajectory tracking control problems in flexible joint

This work is supported in part by the National Natural Science Foundation
of China (U22A2043), the Doctoral Startup Fund of Liaoning University of
Technology under Grant XB2024014.

2" Yongming Li
College of Science, Liaoning University of Technology
Jinzhou, Liaoning, China
l_y_m_2004@163.com

robotic arms [6]. Many studies have utilized backstepping-
based approaches to address control issues in flexible robot-
ic arms with notable results. Huang et al. [7] designed a
controller for a single-link flexible robotic arm based on
backstepping, but this control strategy is limited to systems
with known state parameters. Liu et al. [8] combined singular
perturbation control and adaptive control with backstepping
to develop a control strategy for flexible dual-robot systems,
but this approach is complex to compute. To address this
computational complexity, Li et al. [9] combined backstepping
with an instruction filter and used neural networks to approx-
imate system uncertainties, reducing computational demands.
Subsequently, Dong et al. [10] added an error compensation
mechanism to eliminate potential filtering errors introduced
by the filter. Zhang et al. [11] applied finite-time and state-
constrained backstepping methods to flexible joint robotic
arms, achieving good results in handling trajectory tracking
issues.

In practical production settings, there are often stringent
requirements on the operational workspace of flexible-joint
robotic arms [12]. Exceeding these limits can damage the
system, cause shutdowns, or jeopardize operator safety. There-
fore, research into flexible-joint robotic arm systems under
state constraints is of paramount importance [13]. Currently,
backstepping-based control strategies are prominent and show
promising control performance in the study of these systems.

Motivated by the above considerations, this paper aims
to investigate the adaptive NN tracking control problem for
a class of flexible-joint manipulator systems with full-state
constraints. Compared with the existing results, the main
contributions of this paper can be summarized as:

i) Modeling flexible-joint manipulator involves using neu-
ral networks to effectively handle system nonlinearities,
combined with the backstepping method to provide an
adaptive intelligent tracking control approach for such
systems.

ii) To ensure the stable and reliable operation of the flexible-
joint manipulator, a tangent-type barrier Lyapunov func-
tion is introduced to achieve safety constraint control over
system states. An intelligent adaptive full-state constraints



control method is proposed.

II. PROBLEM FORMULATIONS AND PRELIMINARIES
A. System Formulation and Some Assumptions

The model of the flexible joint manipulator systems consid-
ered in this paper is as follows

M(q)j+Clq,)q+ G(q) + Fg+ K(g —gm) =0

J(jm+BQW+K(Qm_Q):u (D

Yy=4q
where ¢,q¢,§ € R represents the manipulator displacement,
velocity, and acceleration, respectively. M (q) € R, G(q) € R
C(q,9) € R, and F € R represents inertial matrix, Grav-
itational term, Coriolis centripetal matrix, and Joint friction
coefficient matrix. g, ¢m,dm € R represents the rotor an-
gle displacement, angular velocity, and angular acceleration,
respectively,. K € R, J € R, and B € R represents
the joint compliance, inertia term, and damping term of the
joint, respectively. v and y is the system input and output,
respectively.

Let [xla T2, T3, x4]T = [q7 q.a qm, q.m}T,
transformed into the following form

the system (1) is

561 = X2
&y = faT2) + gow3
T3 = T4 2

iy = fu(T4) + gau

Yy=1x

where f2 = —M_l(l'l) [C(.’El, $2)J]2 + G(J?l) + F(.’L‘Q
g2 = M_l(l‘l)K, f4 = —J1 [BJ?4 + K($3 — $1)], and
ga=J""

Assumption 1 (see [14], [15]): There exists a positive
constant g;o such that 0 < g;0 < |9:(Z;)| < oo. Without
loss of generality, the assumption that 0 < g0 < ¢;(Z;) < 00
holds.

Assumption 2 (see [16], [17]): It is assumed that the ref-
erence signal y,,,(t) and its time derivatives ¥y, §im, yfff), yfff)
are continuous and bounded, i.e., |y, (t)] < Yo < k.1 and

‘yfﬁ)(t)’ <Y

III. ADAPTIVE INTELLIGENT FULL-STATE CONSTRAINTS
CONTROL AND STABILITY ANALYSIS

A. Adaptive Intelligent Control Design

In this section, the adaptive intelligent control design will
be carried out in the backstepping recursion framework. First,
define the following coordinate transformation

21 = %1 — Ym
, (3)
Zi =X —i-1,0=2,3,4

Based on the above coordinate transformation, the fuzzy
adaptive backstepping recursive design process is as follows

)+ Kxq),

Step 1: According to (2) and (3), the following equality can
be obtained ) )
21 =22 — Ym

, “)
= (22 +a1) = Um
By using neural networks hy(Z1]01) = 6T ¢1(Z1) to approx-
imate the nonlinear function hi(Z;) = —y,, with Z; =
[%1,ym] . the following can be obtained
h(21161) = 077 1(Z1) + &1(Z1) 5)

where 67 is optimal weight vector, £1(Z7) is NN approxima-
tion error and satisfies |e1| < &7 with €7 > 0.
Construct the following tan-type barrier Lyapunov function

2
1 -
(”1) + 2 g1067 (6)

1 k2
V= -ty
! 2wz ) T2

2w

Yo, 51 = él — 61 is weight parameter
From (4)-(6), we have

where kyy = ko1 —
estimation error and 6, = g75-||0%°.

Vl = SecC (%) Z1 [(ZQ+C¥1)+9?T§01(21)+€1(21)} (7)
+g1051é1

By using Young’s inequality, we have
2
sec (2%}) 2101 01(Zy)
bl
a? 1 2 w22 2 2 2
< 3 tggsec” (g ) A0 e (Z0)]
where a; > 0 is a design parameter.
T 2
sec (2k§1> z1€1(Z1)

2
lene2 [ 2
< 58ec (2

®)

*2

Substituting (8) and (9) into (7), one has
2 2
Vi < sec <2k2 ) {al + 2 sec (;&11)

T 2
><Z191091||<P1(Z1)||2+ %Sec (ﬁ) 21910}

(10)

+ sec (%2 ) 2122 + +

2‘ho
rsec? (22) 1 (20)]

The virtual controller and the parameter adaptive update law
are designed as follows

2 ~
o= =Mz — ﬁ sec (%) 210101 (20)|?
1 2
3 sec (2’%1) 2

1 o (T2
sasec” (- ) Al ()
1 b1

where A1, 01 > 0 are design parameter. Substituting (11) and
(12) into (10), one has

+ 91091 [91

(1)

0, = —010; + (12)

Vi < —sec (ka ) Z%gw)\*{ — 01910016,
(13)

*2

-+ sec (ﬁ) 2122 —|— —|—
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where A\] = A\; — 0.5 > 0 is a design parameter.

Step 2: According to (2) and (3), the following equality can
be obtained

2o = fa+ g2(23 + ) — én (14)

2

Let ho(Z3) = fo — vy +sec (2k2 ) zl/sec <2k2

~ 1T N
T2, Yms Y > Yrms 91} . By using neural networks h2(22|62) =

) with Zy =

01 5 (Z5) to approximate the nonlinear function ho(Z>), one
has

ha(Za|02) = 057 02(Z2) + 2(Z2)

where 63 is optimal weight vector, £2(Z5) is NN approxima-
tion error and satisfies |e3| < &3 with 3 > 0.

5)

Construct the following tan-type barrier Lyapunov function

1k2 2 1
Vo=V + -2ta (WZ2)+ ~g2003

27 2k2, (16)

where kyy = koo — Yo, O3 = Oy — 0y is weight parameter
estimation error and 0 = g5 ||92 || From (14)-(16), we have

Vo = Va +sec (732 ) 22 [ga(zs+a2) +05702(Z)
T w22 A
+eo(Za}-sec (ﬁ) zl/sec (Qki)}—i—gzwgﬁg

By employing Young’s inequality, the following inequalities
are obtained

sec (2k2 )2292 wa(Z3)

a7

(18)
a
% + g sec (532 ) 23105l pa (Z2)°
where ag > 0 is a des1gn parameter.
2 2 %2
m25 1 s €5
— Z = 19
o (g ) et = g (5 ) o g 09

From inequalities (18) and (19) yields

2
Vg < V1 + sec (%2 ) 29 |:920t2 + ﬁ sec (;’“Zfz)

2
) 2’2920}

X 222002 |p2(Za)|IP+ & sec (2k2
2
) la(z2)P] 2O

T(Z% 71'23
— sec 22 2122 + sec 22, 222302

+ 92002 [92-— Fqzec? (2k2

i

2920

The virtual controller and the parameter adaptive update law
are designed as follows

g = —Aozg — 212 sec (%2 ) 2205 |p2(Zo)||?

L e
by = —onhy + L sec? (T2 2lom(m) 2 @2
2 = —O02U2 2(1% 2"352 211P2( 42

where \a, 02 > 0 are design parameter. Substituting (21) and

(22) into (20), one has

Vo < —sec <2k2 ) 22g10M " — 019100161 + 3

*2

+ 289110 — sec (%) 23ga0h” — 020200202 (23)
7'!'2’2
—|— —|— 2g20 —|— sec (ﬁ) 222392
where A5 = Ay — 0.5 > 0 is a design parameter.
Step 3: According to (2) and (3), we have
2:“3 = X4 — dg
) 24)
= (Z4 + 043) — Qg
71'22 2 .
Let h3(Z3) = —dg + sec (ﬁ zzgg/sec (2k2 ) with

ZQ = [f37ymaymaynuy7(3);é1792:| . By uSing neural net-
works hs(Zs|03) = 67 3(Z3) to approximate the nonlinear
function h3(Z3), one has

ha(Z3103) = 03" 3(Z3) + e3(Z3)

where 63 is optimal weight vector, £5(Z3) is NN approxima-
tion error and satisfies |e3] < €% with €} > 0.

(25)

Construct the following tan-type barrier Lyapunov function

k‘2
Va=Vot -2 <7T23> + 93093 (26)

27 2kZ,

where kys = kg — Yo, 03 = 05 — 05 is weight parameter
estimation error and 03 = g L 116% || From (24)-(26), we have

. . 2
Vi = Vo + sec (%) 23 [(z4 + a3)
b3
+ 057 03(Z3) + e3(Z3)

2 2 ~ A
— sec (%2 ) zz/sec (%)} + g306303

By employing Young’s inequality, the following inequalities
are obtained

2
sec (2%3) 23037 p3(Z3)
2
G+ gy see (53) 31051 lea( 2011

where a3 > 0 is a design parameter.

2 2 *2
T3 1 0 €3
— Z3) < =
sec <2k§3> z3e3(Z3) < 5 5ec <2k§3> 25930 + 0

From inequalities (28) and (29) yields

27)

(28)

(29)

. . 2 2
Vs < Vo + sec (;kirf) 23 [053 + ﬁ sec (;:23 )
b3 3 b3
A 2 1 nz3
x zagaofallps(Zo)+ §sec (55 ) za0a
) Bllos(Zs)IP]

2
) 2324
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The virtual controller and the parameter adaptive update law
are designed as follows

a3 = —A3z3 — 212 sec (2k2 ) 2303]|03(Z3)||”
(€20)

2
2 sec (2k2 ) 23
X . 1 9 2
by = —osdy + g (52 ) ezl (2

where A3, 03 > 0 are design parameter. Substituting (31) and
(32) into (30), one has

3
Vs < — Z sec <2k2 ) 22gio\ > 0igiof
5 ' (33)
1 2, 1%\ & 2
+ 3 l; a; + 3 l; 9:0 (%) Z3%24
where A5 = A3 — 0.5 > 0 is a design parameter.
Step 4: According to (2) and (3), we have
Z4 =14 — Q3

(34

= fa+ gau — c3

2 7TZ2 .
Let ha(Zy) = fo — a3 + sec (Qk; ) 23/sec (21@544) with

93} . By using neural net-

Z4 = [Ellaymw"aym 7é17"'7
works hy(Z4|04) = 0T p4(Z4) to approximate the nonlinear
function hy(Z4), one has

ha(Z4]60s) = 057 0a(Zs) + €4(Zs)

where 6} is optimal weight vector, £4(Z4) is NN approxima-
tion error and satisfies 4] < &} with €} > 0.

(35)

Construct the following tan-type barrier Lyapunov function

1k? w22 1
Vi=Vs+ - tan 4 2 36
4 + 2 <2k§4 + g40 4 (36)

where kpy = ke — Yo, 94 = 94 — 6, is weight parameter
estimation error and 04 = g;,'[|07]|. From (24)-(26), we have

Vi = Vs + sec (%2 ) 24 [gau
+ 05" 0a(Zs) + e4(Za)

2 2 ~ X

— sec (2k2 ) Z3/sec (;kzi)} + g400404

By employing Young’s inequality, the following inequalities
are obtained

sec (2k2 )2494 wa(Zy4)

(37)

(38)
G+ gy sec (530 ) 221012 s (Z0)]°
where a4 >0 1is a design parameter.
2 2 *2
T2y 1 TZ5\ o €}
3 — Z4) < —s — 39
sec (216%4) z4€4(Z4) < 5 Sec <2k§4> 21940 + S0m (39)

From inequalities (38) and (39) yields

1 w22
V4 < V3 + sec <2k2 ) 24 [g4u—|— 343 S€C (2’“121)
Oulloa(Za) P+ 4 sec (22
X z49a00allpa(Za) "+ g sec {5z ) 24940

RENCI)
)zzumzmn ]

~ X 2
102 ((mz
+ ga004 {94 — gazSec (2k§4

7'!'212
— sec (ﬁ) 2324 + + 2g40
The final adaptive controller and parameter adaptive update
law are designed as follows

w= =Xz — sy sec (53) 200l pa(Z0)
41)

1 2
— =sec —4> 24
2 (2k§4

- 1 2 A
b1 = mseCZ (2@4) Alpa(Za)|” — 04y (42)

where A4, 04 > 0 are design parameter.

B. Stability Analysis

The above control design is summarized as the following
theorem.

Theorem 1: For the single-link flexible joint manipulator
systems (1), Assumptions 1 and 2 hold. If the virtual con-
trollers are given by (11), (21), and (31), the controller is
designed by (41), and the adaptive law is designed by (42),
the designed intelligent adaptive control scheme can ensure
the following performance objectives:

a) All signals in the closed loop system are SGUUB.

b) The tracking error converges to a smaller neighborhood
containing the origin.

¢) All the states of the system satisfy the constraint bound-
aries given in advance.

Proof: Substituting (41) and (42) into (40), one has

4 ~ A
Vi< — Z sec <2k2 ) 219105 — 5 2 09500,
j=1

4 4 - (43)
52 P2

where A} = Ay —0.5 > 0 is a design parameter. By employing
Young’s inequality, we have

m

e*

P 1 ~ 1
—0jg500;0; < —503‘91'09]2' + 5%9;‘09]2 (44)
By substituting (44) into (43), it can be obtained
2 N 1 4 ~
Vi< — Z sec ( ) 23gj0N;" — 5 Y 0595005
i=1 =1
i 4 L‘L2 1 5)}.{2 1 4 ! (45)
+3 7J+§Z2;,0+§ZUJQJ09;
Jj=1 j=1 j=1



2 2
For |z;| < ks, % tan (;fbj) < sec (ka ) 2]2 holds, thus
. 4 2 2
Vi< -3 %tan (2%) gjoA;"
b
I= 14 X (46)
% Z O'jgjogjz- + E
j=1
4 0 4 g2 4
where = = E 4 +3 Z -+ 3 '21 ;95007 Choose
[ = min {29]0)\J,crj, =1, 2 }, we have
Vi< —BVi+E (47)

Similar to [18]-[20], the closed-loop signals are bounded. In
addition, from 21 = y—yum, [ym (t)| < Yo, |21] < |21]+|ym| <
ky1 + Yo, we have |z;| < k.;. Moreover, since a;—1()(j =
2,3,4) are some bounded continuous functions of bounded
signals, we have |a;_1(-)| < @;j—1. According to z; = z; +
aj—1 and |z;| < kj(j = 2,3,4), we have |z;| < |z;| +
aj—1 = ke;j. Therefore, all states of the system do not violate
its pregiven constraint bounds. |

IV. SIMULATION RESEARCH

In this part, in order to further verify the rationality and
effectiveness of the developed control design method, the
following single-link flexible manipulator simulation example
is provided.

In the simulation, the desired reference trajectory at the end
of the link is chosen as y,,(t) = sin(0.5¢) + 0.5sin(¢). The
constraint boundary for the four states is chosen as k.; =
2 (j = 1,2,3,4). The parameters of the single-link flexible
manipulator model are given in TABLE 1.

TABLE I
PARAMETERS OF THE MANIPULATOR SYSTEM

Description Values Unit
The length-L of link 1.0 m
The link mass M 0.3 kg
The natural damping B 0.015 none
The actuator inertia J 0.35 kg *m?
The joint flexible K 15 N -m/rad

The simulation results are shown in Figs. 1-7. Fig. 1 shows
the tracking curve of the system output, and Fig. 2 shows the
tracking error curve. It can be seen that the tracking error is
very small and converges to within a small neighborhood of
zero. Figs. 3-6 show the curves of four states and constraint
boundaries, and it can be seen that all states remain within the
preset constraint boundaries. Fig. 7 shows the system control
input curve, which verifies the effectiveness of the proposed
adaptive intelligent full-state constraints control method.

V. CONCLUSION

This paper addresses the problem of adaptive intelligent full-
state constraints control for single-link flexible manipulator
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Fig. 1. Curves of output y and desired signal Y.
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Fig. 2. Curve of the tracking error 2.
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Fig. 3. Curves of the state z; and the constraint boundary k..
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Fig. 4. Curves of the state z2 and the constraint boundary k2.
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Fig. 5. Curves of the state 3 and the constraint boundary k3.
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Fig. 6. Curves of the state x4 and the constraint boundary k4.
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Fig. 7. Curve of the controller u.

systems. Utilizing neural network approximation techniques
effectively handles the uncertain nonlinearities in the systems.
An intelligent adaptive neural network controller has been
proposed. By combining a novel barrier Lyapunov function
method, a controller with a full-state constraint structure is
designed, ensuring the stability of the closed-loop system.
Finally, the proposed method is applied to a single-link flexible
manipulator system, demonstrating its effectiveness.
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