Advances in Engineering Technology Research IBCEE 2025
ISSN:2790-1688 Volume-13-(2025)

Adaptive RBF Control Based on Predefined-Time Stability For
Flexible Manipulator

Jie Fan' 2, Yanfeng Pu2" ", Ting Wang " ¢, and Guoping Yang 2 ¢
' School of Nanjing University of Technology, China;

2Nanijing Customs District P. R. China, 360, Longpanzhong Road, Qinhuai District, China.
2fanjie202311@163.com, ? puyanfeng@customs.gov.cn, °wangting0310@njtech.edu.cn,
9nj4132@nj.intra.customs.gov.cn

Yanfeng Pu and Jie Fan are equally first authors.

Abstract. In view of the background that customs use flexible manipulator to perform remote
dangerous goods detection operations, this paper proposes an adaptive RBF control method based
on the definition of nonlinear robot system and predetermined time stability to meet the
requirements of customs robot remote operation tasks. The design of the adaptive RBF controller
can compensate for the uncertainties in the robot dynamics, and the adjustable parameters make
the design of the control system more flexible, ensuring accurate tracking control in the presence of
system model uncertainty and disturbances. The Lyapunov method is used in this research to
demonstrate the stability of the control system, and robot tracking control simulation and
experimentation are used to confirm the efficacy of the aforementioned approach.

Keywords: Adaptive RBF; Predefined-Time Stability; Remote Operation; Customs; Robots.

1. Introduction

With the acceleration of globalization, the number of cross-border goods is increasing.
Traditional manual inspection methods often cannot meet the dual needs of safety and efficiency.
Therefore, introducing robotics technology into the field of dangerous goods inspection, especially
through remote operation, has become an innovative and effective solution. Remote operation can
significantly improve safety. When conducting dangerous goods inspection, potential risks and
uncertainties are often worrying. By using robots for remote operation, customs officers can
monitor and control robots in a safe environment and avoid direct contact with possible dangerous
substances. Therefore, the motion control of robots needs to be fast and accurate to ensure efficient
completion of operational tasks.

Sliding mode control has strong robustness and anti-interference ability [1-9] and has been
widely used in trajectory tracking of nonlinear systems, but there will be obvious jitter phenomenon.
Since the convergence time of these sliding mode control methods cannot be determined in advance
by calculating the control parameters, they are usually called finite time control methods. To this
end, several predetermined time stable control systems are studied. Zhang et al. proposed a new
robust scheduled time tracking control method for the global tracking control problem of robots
with uncertainty and external disturbances [10]. Aldo et al. designed a scheduled time stabilization
dynamic controller based on the inherent passivity of the robot dynamic structure [11]. Jia et al.
proposed an adaptive scheduled time SMC for nonlinear systems, which can accelerate the
convergence speed of the system [12]. The introduction of these methods has promoted the
development of tracking control with time constraints. Traditional robust control cannot select the
stable time as an accurate control parameter. Therefore, it is meaningful to study a simple and
robust scheduled time tracking control method.

This paper combines the scheduled time stability theorem with the adaptive RBF sliding mode
control algorithm, and designs a new sliding surface and controller on this basis, which can ensure
that the customs robot system can complete the operation task quickly and accurately within the set
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scheduled time. The stability of the robot system under the action of the scheduled time and
adaptive RBF controller is proved by Lyapunov function.

2. Preparation

2.1 Predetermined time Stability

For predetermined time constants T, , The origin of a system *=/ (x) is referred to as
fixed-time stable if both the stable time function and it are fixed-time stable TR, - R The
following conditions are met:

T(x,))<T, ,Vx,eR". (1)

If the above conditions are met, L is called the predetermined time.
For a system, if there satisfies the following conditions:

n(&/lz + gVHZJ
V< — 2
nTc\/g ®

After that, the system is stable for the specified amount of time. I.>0 is the predetermined
40<n<18,e>0.

time an

2.2 Robot dynamics model
The robot system is described by the Euler-Lagrangian form as follows:
H(q)§+C(q.9)4+G(q)=7+d 3)

JR nxl
Among them, 999 € R™ indicates the generalized joint coordinates' angular position, angular

H(g)eR"™ : : .. o
(q) symbolizes the matrix of positive definite inertia;

G(q) c Rnxl

. nxl1 . . nx1 .
gravity effects vector; 7€ R is the input torque vector; ¢ €R"™ represents the internal
uncertainty and the bounded external disturbance vector.

Taking into account the uncertainty components of the model itself, the following equation is

defined:
H(q)=H,(q)+H (q)
C(4.4)=C.(9:4)+C (4.9) )
G(g)=G,(4)+G(q)

The dynamic equations are expressed as follows:
H,(9)4+C(4.9)4+Gi(q)=7+4d, (5)

velocity, and angular acceleration.;

C(q,Q) c Rnxn

is Coriolis and centrifugal torque impacts of matrix; symbolizes the

The following Jacobian matrix i is used to transform from joint space to workspace, that

. Ay 3 1. = )
X=J,qx¥=J,J, x+J g .1s further written as:

H,(q)i+C (¢.4)i+G(q)=F,+F, 6)

is,

In:
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H(q)=J,"H,(q)J,"

(‘LQ) J _T(C'(qaq.)_Hi(q)JA_l‘].A)JA_l

1

i(‘]) = JAiTGi (‘I)vF; :JAJTaEi = JAdei

(7)

O

)>

3. Sliding surface and controller design
In order to achieve the predetermined time stability by sliding mode, this paper designs the

following sliding surface:
pr(d|pl +elp
( ” ” ” ” )+ap (8)

S=p+
P nT\/g

P=X"% i the position tracking error,

Wherein, Yd is the expected value of * |
ne (0’1) d5 < (0’1) , ee (0’1) ,o> 0. TCare the predetermined times.
Theorem 1: If a sliding surface (8) is used by the error system , it converges to zero within a

predetermined time
S@) = {p‘s(p) - O} , therefore:

Proof: When the sliding surface has a position error

S
pz_[m( lol" +ell) o

If 7, :%pr = ;
V,=p'p
P
B pﬂ'( 2_n+8||p
- nTC\/g
=_p7z< 2 +8||p||2+n)_
nTC\/g
__pr(slel
- nTL\/g
yol4 (5 VPF% + ngH;j

= — o I
A new variable £ is introduced in the controller and expressed as follows
P:xd—p”( )— (11)
ni, Joe

In the sliding plane the equatlon (5)is expressed as follows:
H (¢ )s+C (g, )s+H (g )P+C (g. )P+G (9)=F.+F,

2+n)
~alpf

(10)

2+n )

(12)
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ol el)
F=H (@)P+C(a:0)P+Ci(a)-—— = wiy(x) (13)

Among them, Wis the weight matrix of RBFNN, 7 (¥) is its foundational role. The input ¥ isa
multidimensional vector: [x * & x i x"].

F, ="A"T7/(x)

If the estimated value of RBFNN is expressed as , then the estimated error value

can be expressed as W=W=W _In this way, the adaptive expression of the weight can be obtained

wwﬁy()

. Among them, Bis a diagonal matrix that is positive definite, the following

as
Lyapunov function is established:
= 1 ;2 1
V=2 sTH, (q)s+5tr(w BW) (14)
s (a)s<abf o oy
Among 2 o SHS
For the above equation(14), we can get:
?:%STﬁli(q)sjtsTIfli(q)é+tr(ﬂ/T,B_1v;v) (15)
Combined with the properties of the robot system, H (q) —26 (q, q) represents the
antisymmetric matrix, we can get:
V:%STH Ifl S+tr w,B w)
S7Z'(5 ||s
=s"| - +tr w (16)
-n 2+n

((SV 2 +gl7l 2]
< _

- nTL\/%
0<5,8<1,ne(0,1)

According to equation (16) and , we can conclude that Theorem 1 is
satisfied and the predetermined time stability of the position error can be promised within the given
predetermined time .

4. Numerical simulation

The tracking performance is compared to the current robust control approaches using the
following two-DOF robot model. The dynamic model used by the robot in the simulation is as
follows:
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H( ) M, +M,+2M,cosq, M,+M,cosq,
A= M, +M,cosq, M,

__M . . _M . + . .
C,«((])= 3?2?”1% 3(% ‘b)sm%} (17)
| M,q,sing, 0.0
[ M,gcosq, +M,gcos(q,+q,)
G(q)=
| Mgcos(q,+q,)
The following are the robot's settings. The M, value of M, =B, +xL,. is We take
T T 2 72 T
M, =[M, M, M, .M, M| , B =[B,,B,,B,,B,,B] ’ L,-=[I1 A ,1112,11,12] ,11=12=1as the

length of the corresponding joint, where B, is the execution parameter variable of the robot

manipulator. 'We  consider k=058 = [1.66,0.42,0.63,3.75,1.25] , € =98N /s

=06 ~5=03  a=09 | n=05 _ The
[1-0.2*cos(zf) 1+0.2%*sin(z7) ]

expected trajectory is set to

, Joints 1 and 2 have their starting positions set to 0.83 and 1.08.
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Fig.1 The x1 axis trajectory tracking Fig.2 The x2 axis trajectory tracking
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Fig.3 Input torques of the joint in the paper Fig.4 Sliding mode surface under different
predefined-time
From Figure 1 and Figure 2, we can see that stable and accurate tracking can be achieved within
the scheduled time of 0.6s. Figure 3 is the control input result of the scheduled time sliding mode
control, and Figure 4 is a comparison of the duration required to arrive at the sliding surface under
different scheduled times. In summary, it can be concluded that the new scheduled time sliding
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mode control scheme proposed has faster convergence speed, shorter convergence time, and better
robustness.

5. Conclusion

For the customs robot remote control system, this paper designs a scheduled time adaptive RBF
sliding mode controller based on the definition of nonlinear multi-joint manipulator system and
scheduled time stability to resist the interference of model uncertainty and external disturbances and
achieve precise tracking control. Through numerical simulation and real robot experiments, it can
be concluded that the control method designed in this paper has a faster convergence speed and
shorter convergence time, and this simultaneously confirms the viability and efficiency of the
control strategy put forward in this research.
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