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Abstract. This paper presents an adaptive terminal sliding mode control method
for industrial robot manipulators. The proposed approach ensures finite-time error
convergence without requiring prior knowledge of the bounds of uncertainties and
external disturbances. This is accomplished by employing an RBF neural network
and an adaptive control algorithm to estimate the upper limits of these uncertain-
ties. Additionally, the controller eliminates chattering effects while maintaining
robustness and accuracy. The stability of the control algorithm is rigorously val-
idated using Lyapunov theory. The proposed controller has been tested through
simulations on a three-degree-of-freedom robot to demonstrate its effectiveness.
The simulation results confirm the controller’s ability to handle uncertainties
and disturbances effectively, highlighting its potential for real-world industrial
applications.

Keywords: Adaptive Control - Terminal Sliding Mode Control - Neural
Network - Industrial Robot Manipulators

1 Introduction

Sliding mode control (SMC) has proven effective in industrial robot control due to its
robustness, simplicity, and efficiency in handling parameter variations and disturbances
[1-3]. The Lyapunov theory ensures its stability and stabilization, which guarantees
asymptotic stability. However, asymptotic stability implies that state convergence slows
down as the system approaches equilibrium, precluding reaching equilibrium in finite-
time. While practical applications may tolerate this, achieving higher steady-state preci-
sion would necessitate greater control force, often impractical with constrained control
equipment or actuators [4]. Terminal sliding mode control (TSMC) was developed to
address this limitation for faster, finite-time convergence. TSMC accelerates conver-
gence near the equilibrium point and has been successfully applied in high-precision
industrial robot manipulators [3—8]. Despite these benefits, TSMC commonly encoun-
ters chattering, a typical issue in sliding mode controllers. Reducing chattering in the
control law usually requires knowledge of uncertainty bounds, posing challenges in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025
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measuring uncertainties in robot dynamics. Adaptive TSMC techniques have emerged
to estimate these uncertainty bounds [9—11] or integrate them with other control methods
like fuzzy control [12, 13] or neural networks [14, 15]. Despite that, while studies typi-
cally bound the impact of external disturbances within known values, practical systems
are susceptible to unmeasured external disturbances.

This paper proposes an adaptive TSMC method for industrial robot manipulators.
This method guarantees finite-time error convergence without requiring prior knowledge
of the upper bounds of parameter uncertainties and unmeasured external disturbances.
These uncertainties are identified and compensated for using an adaptive control algo-
rithm and an RBF neural network, minimizing the chattering effect while maintaining
robustness and accuracy. The proposed controller’s effectiveness is validated through
simulations on a three-degree-of-freedom robot, demonstrating its capability to manage
uncertain dynamics efficiently and unmeasured external disturbances.

2 Synthesis of an Adaptive Terminal Sliding Mode Controller

2.1 Dynamic Model of Industrial Robot Manipulator

Generally, the dynamics model of an n-degree-of-freedom (n-DOF) industrial robot
manipulator can be formulated as follows [1-3]:

H(@)q4 + C(q. 9q + g(q) + (@) +d@) = u, (D

where q € R" is the vector of joint angles; H(q) € R"*" is the inertia matrix; C(q, q) €
R™ ™ is the matrix containing Coriolis and centrifugal forces; g(q) € R" is the vector of
gravitational torques; f(q) € R" is the vector of the friction force; d(r) € R” is a vector
of external disturbances that vary slowly, cannot be measured, and are bounded; u € R"
is the vector of input torque.

In reality, the dynamics model of the industrial robot manipulator (1) contains uncer-
tainties resulting from parameter variations, operating conditions, or unknown loads.
Consequently, H(q), C(q, ), and g(q) can be expressed as follows:

H(q) = Hp + 8H; C(q, q) = Co + 3C; g(q) = go + 8g; 2)

where Hy, Cp, and gy denote the estimated terms; SH, 8C, and 8g denote the uncertain
terms. Accordingly, the dynamic Eq. (1) can be written as follows:

Hoq + Coq + go + 8(x) + d(¢) = u, 3)

withx = [q, q, q]T and:
8(x) = SHij + 5Cq + 5g + F(q). @)

In the following section, the article synthesizes the control law to ensure that the
industrial robot manipulator tracks the desired trajectory.
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2.2 Propose Control Algorithm
Considering a desired trajectory qq € R" for the robot (3), the tracking error is:
e=qq—q. ®)

The control goal is to devise a feedback law u so that the robot manipulator’s output
q follows the desired trajectory qq and ensures that the tracking error e converges to zero
within a finite-time. To achieve this, we introduce the sliding surface:

s = ¢+ Ble|*sgn(e), (6)

where § is a positive constant; « is a positive exponent, 0 < o < 1.
From (6), we have:

§ =g — 8+ Palel*'e. ()
Substituting (7) into the robot’s dynamic Eq. (3) and transforming:
Hos = Ho[da + Balel*'¢] + Cod + g0 + 300 + () —u ®)
The proposed control law for the robot manipulator (8) is as follows:

u = Ho[da + Barle|*'€] + Co[qa + Ble[*sgn(e)] + go

+Ks + Kosgn(s) + 3(x) + d(r) ©)

where K; = diag(ki1, k12, ..., ki1n); Ko = diag(ka1, k22, ..., kou); ki > 0, koi > 0,
i = 1, n; §(x) is an estimate of §(x); d(¢) is an estimate of d (7). The control system block
diagram for the robot manipulator (8) using control law (9) is shown in Fig. 1.

d(t)' — »| Industrial q

e — s : Robot »
Sliding 5| Adaptive »| Manipulator
q surface TSMC u
o A A
RBF
N—— Neural
Network

A 4
o | Adaptation
>

Law

e

Fig. 1. The block diagram for the robot manipulator’s control system (8) with control law (9).

We use the RBF neural network, capable of estimating any nonlinear function, to
estimate 8(x), and the network’s output is defined as follows:



594 L. Van Chuong et al.

T
M M M
3(x) = [ijlw;‘jgp]j(x) +e1, ijlwﬁjwlj(x) +e2,.., ijlw;j%j(x) + 8,,:| :

(10)
where w represents the ideal weight; ¢;;(x) is defined as Gaussian function as:
lIx — ¢
iX) =exp|l ———|; 11
@ij(X) p( 2bl2/. 1D

where b;; signifies the spread of the ij-th basis function; ¢;; denotes a vector with dimen-
sions equal to x, defining the center of the basis function; i = 1,n; Jj = 1, M with
M represents the number of basis functions, selected to be large enough to ensure the
estimation error &;.

The nonlinear function vector §(x) is estimated as:

. Mo Mo Mo T
3(x) = [Z,ZIWU(/)U(X)’ DR GV Zizlwnjwn,(x)] D (12)

where wy; is the estimated weight. The process of estimating the nonlinear function is to
adjust the weight w;; such that w;; — Wi

In this study, using the Lyapunov stability theorem, we design an adaptive update
law for the weights of the RBF neural network and an adaptive control algorithm to
estimate the unmeasured external disturbances component as follows:

Wi = pisigi(X); (13)

di(t) = gisi; (14)

where p;, g; are positive coefficients; i = 1, n;j =

<

2.3 Stability Analysis

To demonstrate control system stability, we select the Lyapunov function as:

V__sTH05+—Zl 12, Wi+ Z, i (15)

where ¥ = wj — Wy di(1) = di(t) = di(0); i =T j=T.M
Compute the derivative of the Lyapunov function:

. 1 . 1 n M . 1 noo~ <
— Tl T i e . .
V =s Hp$ + Es Hos + sz E - E j:1W’/W’J + 7 E izldl(t)dl(t). (16)
From (8) and (9) we have:

Hos =58 (x)+ d (1) — Cos — K;s — Kosen(s), A7)
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where § (x) = 8(x) — 8(x): d (1) = d(r) — d(1).
Substituting (17) into (16) and continuing to transform:

o1 ~ ~
% ZEST[HO —2Cols+sT & x) + s d )+ sT[—Kls — Kzsgn(s)]
Ly~ S i+ 5 God 18
oD g B Y 0. as)
For manipulator robots, we have [Hy — 2Cp] as a skew-symmetric matrix [1-3], so

sT[Hy — 2Cols = 0.
Besides, from (10) and (12), we get:

~ M M M T
B (x) = [ijlw]m]j(x), POSRETCIS ijlwnjwnﬂx)} te (19

where Ww;; = wh — Wi e = [e1, €2, ..., enl', leil < &F,i =T, n. From there, we have:
. n M noo~ 1 n M .
V=)l D 0+ D sidi(h) + E-Zi: 2 it
1 noo~ a T
;Zi_ld,-(t)di(t) +sT[-Kis — Kosgn(s) + ¢]. (20)
) =
Notice that: w;‘j = const so W; = 0and Vv,/ = —vAv,;/; the external disturbances change

slowly, thus d;(t) ~ 0 and d i) ~ —d ;(¢). Continue substituting adaptive update laws
(13) and (14) into (20):

V=—s"Kis — [sTKgsgn(s) - sTs]. (1)
If we choose kp; > 8;“, then sTKzsgn(s) > sTe, and therefore we can ensure:
V <—-s'K;s <0, (22)

and system (8) is stable. Adopting the terminal sliding surface (6) will ensure finite-time
convergence of the tracking errors [3, 4].

3 Simulation Results

Next, the proposed controller is simulated in Matlab/Simulink with a model of the 3-
DOF robot manipulator to demonstrate its accuracy and efficiency. The article uses a
dynamic model of robot manipulators [16] with specific parameters as follows:
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hip 0 0 C11 €12 €13 0
Ho=10"3| 0 hyphy |3 Co=107| a1 ez |3 80 =10"3] & |;
0 h32 h33 €31 €32 €33 82

hi1y = 15.1sin(g2)sin(g3) + 22.9cos?(g1) — 5.4cos%(g3) + 62.6;

hy = 7.55COS(q2 — Q3) +199.1; hy3 = 7.5500S(q2 — q3) + 60.3;
h3z =7.55co0s(q2 — g3) + 90.6; hyz = 103.3;
c11 =470.1; c12 = 109.44; sin(q2) cos(qz) + 15.1g1 cos(qr) sin(g3);
c13 = 15.14 sin(q2) cos(g3) + 59.14, sin(g3) cos(q3);
c21 =4694 sin(g2) cos(q2) + 146.24; sin(g3) cos(g3) — 7.55¢1 sin(q2 + g3);
22 =7.55¢2 sin(gz — q2) + 774.1; c23 = 7.55¢3(sin(g2) cos(g3) — cos(g2) sin(g3) ]
c31 = 146.241 sin(q3) cos(gz) — 7.5541 sin(q2) cos(q3); cx3 = 721.8;
c20 =7.55¢2 sin(g3 — q2) — 721.8; go» =-5.1sin(gz) + 9.7sin(g3); g3 =9.7sin(g3).

Suppose the forms of the uncertain parameter components 3H, 3C, 3g; the friction
force vector f(q); the external disturbance vector d(¢); and the desired trajectory qq are
given as:

SH = 30%Hy; §C =30%Cyp; §g = 30%go; f(q) = 0.2sgn(q)

2.0 cos(1.5t 4+ 0.3) 2.0sin(0.60¢ 4 0.5)
d(t)=| —3.6sin(3t —0.1) |; q4=| 3.0c0s(0.75¢ + 0.8)
—2.8sin(2t 4+ 0.2) —5.0sin(0.8¢ + 0.6)

Tracking trajectory q (rad)

L L = o~ v oW

N B

Tracking trajectory q., (rad)
(=3 L]

Tracking trajectory a (rad)
=) E N oN -

“0o 2 4 6 8 10 0 2 4 6 8
Time (s) Time (s) Time (s)

s
o
()
EN
o
o
S

Fig. 2. Trajectory tracking of the robot manipulator.

The proposed controller (9) and adaptive updating algorithms (13) and (14) were
applied to the robot manipulator. The resulting simulations are shown in Figs. 2, 3, 4
and 5.

The results in Fig. 2 show that with the proposed controller (9), the robot manipula-
tor’s trajectory quickly tracks the desired trajectory. Figure 3 reveals that the uncertain
dynamic parameters and external disturbances are effectively estimated using adaptive
updating laws (13) and (14), with the estimation error tending to zero in Fig. 4. This
estimate is incorporated into control law (9), as shown in the control signal simulation
results in Fig. 5. Notably, once the uncertain components are estimated and compensated,
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Fig. 3. The estimation results of the uncertain components.
— a5 e
mﬁ 2 I:CESIH 0& I:Eb'sz oﬁ
g 1 S 5
5 5 5
= 0 = 0 =
S £ £
g ! £ z
g 2 z 2
5 g 5 =
0 5 10 0 5 10
Time (s) Time (s) Time (s)
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Fig. 5. The signal from the adaptive TSMC controller.

the chattering phenomenon in the control signal is reduced to a minimum because the
sliding mode control component depends only on the RBF neural network estimation
error. These simulation results confirm the precision and effectiveness of the proposed
adaptive TSMC.

4 Conclusions

This paper presents an adaptive TSMC method for industrial robot manipulators. The
proposed TSMC ensures finite-time convergence of tracking errors without requiring
knowledge of the bounds of uncertain parameters and unmeasured external disturbances
by employing RBF neural networks and adaptive control algorithms. This approach
also minimizes the chattering phenomenon in the control signal. Stability is rigorously
demonstrated using Lyapunov theory and mathematical analysis. Simulation results on
the 3-DOF robot manipulator confirm the controller’s efficacy, adaptability, and robust-
ness. The proposed controller demonstrates high precision and reliability, even with
dynamic uncertainties and external disturbances. This adaptive TSMC method signif-
icantly improves industrial robot control, delivering robust performance in complex
operating environments.
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