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1. INTRODUCTION

Robotic manipulators are an automation device that is quite commonly used in industrial factories
today. Not only does it serve the product assembly process, but it also contributes to handling complex tasks
in production. In particular, in toxic, dangerous, and risky working environments for humans, robotic hands
are the perfect replacement. However, a robot manipulator with many different kinematic uncertainties is an
uncertain nonlinear system with many variables. For example, load variations, nonlinear friction, and
external disturbances reduce system stability and performance. These frequent influences will reduce the
controller's trajectory tracking accuracy. The stability of the robot manipulator system is changed due to
repetitive movements, which will accumulate errors. Therefore, key indicators for industrial development
depend on maintaining the performance and improving the trajectory tracking accuracy of robotic
manipulators.

There are several classical and modern control methods for robotic manipulators, including
proportional integral derivative (PID) controllers [1]-[4], adaptive control [5]-[7], sliding mode control
(SMC) [8]-[12], and backstepping [13]-[16]. With the advantage of stability and sustainability even when the
system has disturbances or when the object's parameters change, the SMC is a typical choice in robot control.
However, when the amplitude of the control law changes greatly and with the impact of the sign function, the
control signal can become chattering, less stable and have a negative impact on the actuators. To overcome
the disadvantages of sliding controllers, many scientists have researched and proposed combining sliding
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control techniques with neural networks [17]-[21], especially combined with fuzzy controllers [22]-[25].
Among them, fuzzy control is used by many research scientists because of its simplicity in design. For
example, fuzzy controllers are applied in controlling robots to perform complex tasks that are difficult to
perform with conventional control analysis models or controlling mobile robots.

From the above analysis, it can be seen that for the problem of motion control for robot systems,
there are many control methods. However, current controllers are designed based on a combination of many
control methods, using a single control method is difficult to meet the complex working conditions of robots.
With this combination, we can simultaneously exploit the advantages of many different methods and
overcome the disadvantages of each method. Therefore, this study introduces a adaptive fuzzy sliding mode
adaptive control (AFSMC) method aimed at improving the trajectory tracking accuracy of robot
manipulators.

2. DYNAMIC MODEL OF ROBOT MANIPULATOR

There are many methods of studying robot dynamics, but the most common is the Lagrange
mechanics method, specifically using the Lagrange-Euler equation. For robot joints, with separate dynamic
sources and control channels, gravity effects, inertia, Coriolis, and centripetal effects cannot be ignored.
However, these aspects have not been fully considered in classical mechanics. Lagrangian mechanics studies
the above problems as a closed system, so this is a suitable mechanical principle for robot dynamics
problems. In general, the n-link robot system [26] has a dynamic equation described as (1):

B(p)g +C€(a,9)q+6(@) =7—74(q,9) = Faqg = F(q) 1)

where, g € R™ represents the vector of joint angles of the robot; B(q) € R™™ denotes the inertia matrix;
C(q,¢) € R™ accounts for the centripetal and Coriolis forces; G(gq) € R™ is the gravity vector; F,; € R™"
and F(g) € R™ describe the friction forces; t,(q,q) € R™ captures external disturbances and unmodeled
dynamics; and T € R™ represents the joint torques.

Let d(t) be the function containing the friction force F(q), disturbance t,;(q, ¢) and other uncertain
components, then (1) can be shortened to (2):

i =-B"'(Cq.Pq— B (G(@) —a®) + B (T )

where d(t) = B~ (q)[F (@) +74(q, D]
Suppose D = B~1(q)C(q, ), E = H = B~1(q), then (2) is rewritten as (3):

G=-Dq—E&G(q) —d(t) + Ht @)
if the matrices B(q) and C(q, ¢) are uncertain, then (3) is rewritten as (4):
=—(D+AD)q — (E+AE)G(q) —d(t) + (F + AF)T 4)

The properties of the manipulator's dynamic model [26] are as follows:
— B(q) is a symmetric, positive-definite matrix with bounded values, satisfying &, and 4, such that
41 < B(q) < &, for some positive constants;
- C(q q) remains limited, with a known function ¢(q) such that C(q,q) < c(q)llqll; and the matrix
— 2¢ exhibits skew-symmetry, which means that for any vector x, (B — 2€)x = 0 the relation
holds

3. ADAPTIVE FUZZY SLIDING MODE CONTROLLER FOR ROBOT MANIPULATOR
3.1. Sliding mode controller design

The sliding control technique has been proven by many studies to be stable and sustainable [8], [9].
In this section, sliding controllers are briefly summarized, without going into proving those properties again.
Let q,(t) be the desired trajectory and q(t) be the actual trajectory of the manipulator, then the position
tracking error e(t) = q4(t) — q(t) is used as the basis to determine the sliding surface, calculated as (5)
[27], [28]:

de(t)

8(t) = XK + Ke(t) + K, [ e(t)dt )
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the matrices X, € R™", K, € R™", and K; € R™" represent the proportional, integral, and derivative
gain matrices, respectively.
Derivative of (5):

§(t) = (j(‘le(t) + K, [ e(t)dt + K, de(t))’ (6)

dt

8(8) = K[ (t) + (D + AD)G + d(t) — (F + AF)T + (€ + AE)G(q)] +
(3(1 LG ycze(t)> @

dt

for the tracking error e(t) to approach the slip surface and move along the slip surface towards the origin, the
slip surface must be stable, i.e., tlim e(t) = 0[27], [28].

Assume that the uncertainty component is not considered. For good control performance, the control
signal represented by 7., (t) is expressed as (8) [29]:

de(t)
dt

Teq(£) = (HsT) ™ [Kia(t) + HEG(q) + 3, =2 + e (6) + K D4 (1) (8)

however, when there is an external disturbance or uncertain parameters appear in the model. To eliminate the
influence of such adverse components, the SMC control signal is determined according to (9):

T(t) = Teq () + 7, (8) 9)
where 7,.(t) = K,-sign(s) is the output signal of the SMC; sign(s) is the sign function and J, denotes the

SMC control gain which is the upper limit of the model disturbance and uncertainty.
The structure of SMC with PID slide surface is built as shown in Figure 1.

—> K1
q t : 7.(t) ot g
_d_’(‘?_e() Ky > [dt sign(s)> K, _’Q& malr?i?az(l);tor ::
I T_(t) a
d b
—> K3 —» —
ot |
;E » T (t)
Ldt B
Figure 1. SMC controller structure
The Lyapunov function is chosen as (10):
V(t) =587 (8)s(t) (10)
derivative both sides of (10):
V(t) = 8T (t)4(t) (11)
substitute (7) into (11):
V(t) = 87(t) {:Kl dfi—(:) + 3 [(D + AD)g + d(t) — (F + AF)z(t) + G4 (t) + (€ + AE)G(q)] +
ﬂCze(t)} (12)
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substitute (9) into (12):

“O 4 3 [da(0) + Dd + £G(@) = F (teg (8) +7,(0)) + L(0)] + Hre () }(13)

V() = sT(t) {7{1

where: L(t) = d(t) — AFt(t) + ADg + AEG(q)
Substitute (8) into (13):

404 36 [iia(® + Dd + £6(@) - F (7)1, 28

HoG(@) + 5 (®)]) + 7.0 + L] + He ) (14)

de(t)

V() = "0 {% +iig + K3Dq +

de(t)

= V(t) = s7(t) {7(1 "

. . de(t . .
+ 314 +Dg + £G(@)] - 3, (([36 22 + 56,4 + 3,04 +

Ko (®) + HEG(@)] GGF) ) +7(0)) + HL() + xze@)} (15)

= V(6) = 87(0) {540 + DG + £§(@)] — ([36 %2 + Kye(®) + Kilia + KD + H,66(@)] +

‘rr(t)) +IGL(E) + 3 <2 + sze(t)} (16)
Simplifying (16):
V() = 8T () [, (t) + K3L ()] 17)

Substituting 7,.(t) = K,-sign(s) into (17):
V(t) = 8T (t)[-K,sign(s8) + K3L(t)] (18)

by selecting K., such that K, > %;|L(t)|, we guarantee that V(t) remains negative for all t # 0. Therefore
the system is stable.

3.2. Adaptive fuzzy sliding mode adaptive control design
The structure of the AFSMC is shown in Figure 2 [29]. The fuzzy controller's output:

W, maxp, 1 (¥) M, H ()
1

y= (19)

Z{V=1<H?=1 #Ali (xl))

Fuzzy

IE Controller
Lt |

i_,oﬂ jdt ] Robot
- y manipulator

<y

Y

7 ®

Figure 2. AFSMC structure
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The fuzzy controller designed in this study takes two inputs: the error e(t) and its derivative &(t),
and produces an output signal .. The configuration of this fuzzy controller implemented in MATLAB is
depicted in Figure 3. The membership functions of input and output are illustrated in Figures 4-6.

Membership function plots "™ "% 181

FIS Variables
A NM NS z PS PM PB
~—_| 00
AFSMC
e Kr
Kr
e_dot
i
FIS Name: AFSMC FIS Type: mamdani 0 002 0 0002
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And method min | | cument Variable Current Variable Current Membrship Function (click on MF to select)
Or method = m ||| e e Name e Name NB
T t
Implication min [ e H T e Type trimf v
Range [0.010.01] Params 0t 001
Agaregation ax » Range Loot00] [-0.01-0.01-0.0067]
Defuzzification centroid .~ ‘ Help Close ‘ | Display Range 1001 001] ‘ Help Close ‘ ‘
Renaming output variable 1 to "Kr" | ‘ Changing parameter for MF 7 to [0.0067 0.010.01] ‘
Membership function plots "' """ 181 . Membership function plots ™™ "™~ 181
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DO 0N DO XY
e Kr e Kr
YAV
X
e_dot &_dot
0
input variable "e_dot" output variable "Kr*
Current Variable Current Membsrship Function (click on MF to select) Current Variable Current Membarship Function (click on MF to select)
Name e_dot Name NB Name Kr Name WS
T o Type trimf ~ Type output Type trimf -
Params [-0.01-0.01 -0.0067] Params 4000 4000 4583]
Range [-0.010.01] Range 4000 7500]
Display Range [0.010.01] ‘ Help Close ‘ ‘ Display Range [4000 7500] ‘ Help Close ‘ ‘

Changing parameter for MF 7 to [0.0067 0.01 0.01] ‘

Changing parameter for MF 3 to [4583 6167 5750] ‘

Figure 5. Input &(t)

Figure 6. Output XK.,

Select the composition device as MAX-MIN and defuzzify by the center point method. The control
rule is illustrated as in Table 1. The fuzzy control surface of X, is used to adaptively adjust &, online as

shown in Figure 7.

Table 1. Fuzzy control rule

K e(t)

T PB PM PS YA NS NM NB
¢ PB M S VS WS Vs S M
PM B M S VS S M B

PS VB B M S M B VB

VA VVB VB B M B VB VVB

NS VB B M S M B VB
NM B M S VS S M B
NB M S VS VVS VS S M
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Figure 7. Fuzzy control surfaces of X,

3.3. Simulation results

Simulation is performed on MATLAB software with the proposed AFSMC algorithm to control the
four-degree-of-freedom manipulator system as shown in Figure 8. The matrix B and the vectors C, G in the
dynamic (1) of the controlled robot are represented as in [30]. The parameters related to the robot
manipulator used to conduct the experimental simulation are clearly and detailedly presented in Table 2.

Xy

Figure 8. Four-degree-of-freedom manipulator

Table 2. Parameters of the four-degree-of-freedom manipulator

Symbol Meaning Unit  Value

Iy Length of link1  0.12 m

I, Length of link2  0.12 m

I3 Length of link3  0.09 m

Iy Length of link4  0.09 m

m; Mass of link 1 0.6 kg

m, Mass of link 2 0.6 kg

ms Mass of link 3 0.45 kg

my Mass of link4  0.45 kg
10q; 10sign(qg,)
o o (1062, . .. _ [10sign(q,)

where: Fy;q = 10G, | F(q) = 10sign(dy) |
1045 10sign(q,)
Select the  controller  parameters as  follows: X, = diag([200 200 200 200]);

%, = diag([600 600 600 600]); and K; = diag([100 100 100 100]);
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Figures 9-16 shows that the AFSMC controller achieves excellent tracking, low error, and fast
response. It overcomes SMC's chattering issue, keeping the robot's trajectory stable even with model
uncertainties. The system remains stable and tracks well under external disturbances. It is highly adaptable:
when parameters change, the response stays correct. Overall, the AFSMC controller ensures stability, high
tracking accuracy, and improved efficiency, demonstrating strong technical performance.
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Figure 9. Tracking the position of link 1 Figure 10. Position error of link 1
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Figure 13. Tracking the position of link 3 Figure 14. Position error of link 3

Adaptive fuzzy sliding-mode control for robot manipulator with uncertain model and ... (Hoang Dinh Co)



2610 O3 ISSN: 2302-9285

0.1

-3
7 x10° i

0.08

0.06 -

0.04

0.02

q(rad)
-

-0.02

Tracking error of link 4

-0.04 |

-0.06 |

-0.08

-0.1

0 2 4 6 8§ 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time (sec) Time (sec)

Figure 15. Tracking the position of link 4 Figure 16. Position error of link 4

Figure 17 compares the tracking performance of the AFSMC with that of a controller based on the
radial basis function (RBF) neural network [31]. The black line (qrr) represents the reference trajectory, the
target the system aims to follow over time. The blue line (garsmc) shows the system response with the
AFSMC, while the red dashed line (qree) depicts the response with the RBF neural network controller.

Figure 18 illustrates the tracking error of both controllers over time. The blue line indicates that the
AFSMC maintains an almost zero error, demonstrating excellent tracking accuracy and stability. Conversely,
the error for the RBF controller (red line) fluctuates more significantly, implying less precise tracking and
greater sensitivity to input changes or external disturbances. This highlights the superior stability and
accuracy of the AFSMC in trajectory tracking.

i %1073
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051

b ]
. . . . . . _ \ . . . . I I L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time (sec) Time (s)

q (rad)

Tracking error
IS

Figure 17. Trajectory of the robot manipulator  Figure 18. Position tracking error of robot manipulator

4. CONCLUSION

The paper presents the design method of AFSMC controller for robot manipulator, adaptive SMC
combined with the advantages of fuzzy logic to improve quality, reduce trajectory tracking error for robot
manipulator. The 4-degree-of-freedom manipulator model is used to illustrate the design method. The stable
and efficient operation of the AFSMC controller has been proven by using Lyapunov stability theory and
verified by simulation results on MATLAB software. From the results achieved, it contributes to adding new
control methods for robot manipulators; is a useful document in the research of the field of robots with high
precision, speed and flexibility. Implementing automation with robot manipulators, businesses increase their
competitiveness in the market. Robot manipulators are the premise for implementing automation solutions in
production and smart factories. To confirm the accuracy and reliability of the system, we propose to carry out
practical experiments in the future. Specifically, this work could include using existing robotic manipulator
platforms to test and calibrate the parameters of AFSMC, thereby optimizing the performance in practical
applications. This would not only confirm the feasibility of the method but also contribute to improving its
application in the field of automatic control.
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