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ABSTRACT

This paper presents an adaptive sliding mode control algorithm with an integral sliding surface variable
modification for a 3-Degree-Of-Freedom (3DOF) Selective Compliance Articulated Robot Arm (SCARA)
with a variable mass at the end-effector. This control technique allows establishing a control law more
conveniently compared to conventional sliding mode control methods, as it does not require precise
knowledge of the manipulator's dynamic model and does not demand a priori bounded uncertainty or
disturbance information. A computational study was carried out to evaluate the performance of the
proposed control law and compare it with various motion control techniques, including Proportional-
Integral-Derivative (PID) control and traditional sliding mode control. This study used a point-to-point
trajectory profile based on a cubic function to assess the tracking performance of different control
methods. The computational study involved two scenarios: one without uncertainties and disturbances,
and another in which these factors were present. The results show that the proposed method improves
joint tracking accuracy over PID control and significantly reduces chattering compared to traditional
sliding mode control, both under normal and disturbed conditions, highlighting the effectiveness of the
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proposed algorithm.
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I.  INTRODUCTION

Robotics has revolutionized industries by improving
automation precision and productivity. The 3-Degree-Of-
Freedom (3DOF) Selective Compliance Articulated Robot Arm
(SCARA), known for its simplicity, efficiency, and cost-
effectiveness, excels in planar and vertical movements, making
it ideal for assembly and automation tasks [1-3]. Its horizontal
compliance and vertical rigidity enable precise high-speed
operations in tight spaces. A high-performance motion
controller, such as the widely used Proportional-Integral-
Derivative (PID) controller, ensures accuracy during fast
movements [4, 5]. This control method is valued for its
simplicity and versatility in position and velocity regulation
and minimizes errors to ensure consistent performance under
varying conditions. With proper tuning, PID controllers [6] can
be adaptable to diverse applications. However, their
effectiveness is limited when dealing with parametric
uncertainties, disturbances, and highly nonlinear systems [7].

Another well-known technique is fuzzy logic control [8-
10], which handles uncertainty and unclear system models but

lacks stability guarantees and requires expert-driven trial-and-
error in rule design. An alternative approach combines PID
control with fuzzy logic [11], mimicking the biological
immune system to handle uncertainties and parametric
variations. Neural network control [12, 13] excels in complex
tasks but lacks stability guarantees, relies on quality data, and
risks overfitting, which reduces robustness. However, Sliding
Mode Control (SMC) [14-16] ensures stability and reliability,
overcoming the limitations of model-free methods such as
fuzzy logic and neural networks. Its robustness against
nonlinearities, uncertainties, and disturbances makes it ideal for
controlling SCARA [17, 18], and the straightforward
formulation enables precise and robust control in practical
applications.

Conventional Sliding Mode Control (CSMC) ensures
robustness but suffers from chattering, gain overestimation, and
reliance on precise modeling. Adaptive Sliding Mode Control
(ASMC) [19-21] addresses these issues by reducing chattering
through adaptive gain tuning, ensuring smoother control and
compensating for uncertainties and disturbances, making it
more practical than CSMC. This study proposes an ASMC
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algorithm for a 3DOF SCARA, building on [22] with an
integral sliding surface variable modification. The original
work uses only the conventional sliding surface variable, which
may cause tracking inaccuracy if the sliding surface variable
does not converge to zero. Unlike previous methods [23, 24], it
eliminates the need for bounded uncertainty conditions, ensures
bounded adaptive gains, and reduces chattering and incomplete
convergence. The integral sliding surface variable improves
tracking accuracy, allowing joint errors to converge to zero
even with residual s values, which is crucial for precise
tracking applications.

II. THEORETICAL BACKGROUND

A. Euler-Lagrange Equation for Manipulator

The Euler-Lagrange dynamic model, used in robotic motion
control, describes the relationship between applied forces or
torques and joint motion. It captures joint dynamics, including
viscous and Coulomb friction, as follows [25, 26]:

H(q)§ + C(q,9)q + E,q + Fsgn(q)
+G(Q)=1+D (1

where H(q) € R™™ is the mass/inertia matrix of the robot
manipulator, C(q,q) € R™" is the Coriolis-Centripetal force
terms, F, € R™" is the viscous friction matrix, F, € R™" is
the Coulomb friction matrix, G(q) € R™ represents the
gravitation torque matrix, T € R™ is the applied torque matrix
where each element represents the applied torque component
for a particular joint, and D € R™ represents disturbance
torques for the robot joints. In addition, the signum function,
sgn(x), is defined as

1, x>0
sgn(x)={ 0, x=0 (2)
-1, x<0

This function represents the sign discontinuity of an input
variable. Here, g and g denote the joint position and velocity,
respectively. For Euler-Lagrange systems, especially robot
manipulators, several key properties useful for control law
design can be found in [27].

Considering a trajectory tracking problem, joint tracking
error is defined as §(t) = q(t) — q4(t) where q,(t) represents
desired joint trajectories with qg, G4, G4 € L. Furthermore, an
integral sliding surface variable [28] adopted is defined as:

s(6) = §(0) +24g(6) + 4% [, () dr 3)

where s € R™ represents the sliding surface variable, and
A € R™" represents the diagonal positive-definite matrix.
Unlike recent studies, the traditional sliding surface variable,
given by s(t) = §(t) + AG(t) [14], is used instead of the
integral type in (3).

B. Dynamic Model Development

Lagrangian mechanics are used to derive the equation of
motion for the 3DOF SCARA manipulator. This energy-based
approach is effective for dynamic systems with few degrees of
freedom, such as the 3DOF SCARA manipulator. The
Lagrangian L is given by [29]:

L(q,4) =T(q,9) = V(q) “

where T = T(q, q) denotes the Kkinetic energy of the system,
V = V(q) denotes the potential energy of the system, g € R3
represents the generalized coordinate of 3DOF SCARA, and
g € R3represents the corresponding joint velocity. Figure 1
shows the 3DOF SCARA configuration.
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q1) qz| lg

(@)

(b)

(©)

my

Fig. 1. 3DOF SCARA configuration where the first two degrees of
freedom are revolute joint types, and the other degree of freedom is a
prismatic joint type: (a) overall configuration, (b) two-planar arm
configuration in the horizontal plane for the first two revolute joints, and
(c) prismatic joint in the vertical direction.

The robot arm in this figure is a 2R1P type, with two
revolute joints (2R) allowing horizontal movement of the first
two links and a prismatic joint (1P) providing vertical motion
for the final link, which has an additional variable mass m,.

Unlike the traditional 3DOF SCARA, the total kinetic
energy of the 3DOF SCARA with the variable mass m,, which
acts as a picking object and resembling a disturbance, is given
by:

1 o 1 o1 ) )
T = Em1lf‘hz + Emza%‘ﬁ + ;mzl%((h +q)% +
) . 1 . 1 ) )
mya,1,Cq, (47 + G14;) + §m3aqu + §m3a§(q1 +q)% +
. . 1,
msa,a,Cq, (47 + 414,) +Em3q§ +

1 . 1 . .
Em4afq12 + ;m4a§(q1 + qz)z +
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m4a1a2Cq2(q12 + ¢192) +
1 . 1, . 1 . .
§m4q§ + 511‘112 + 5(12 +13)(4; + 42)? )

whereas the total potential energy of this particular robot arm
can be written as:

V =-m3gq; — msgqs (6)

where g denotes the gravitational constant, m,, m, and ms are
the mass of 3DOF SCARA links 1, 2, and 3, respectively, [;
and [, denote the distances between the corresponding link's
center of mass and its axis, a; and a, represent the lengths of
3DOF SCARA links 1 and 2, respectively, l; represents the
distance from link 3's center of mass to the object mentioned
above, and a; is of the form a; = g5 + l3. The equation of
motion is given by:

da ( oL ) oL (7)

%= Ga) Tom
where t; represents the external applied torque and force,
depending on the type of each joint such as revolute or
prismatic joint, for each generalized coordinate with { = 1,2,3.
On the contrary, 7; represents the friction force and torque for
each point. According to (1), the equation of motion of 3DOF
SCARA can be expressed as:

Hyy Hip  Hiz[da Cii Gz G311
Hy1 Hyp Hys||Go| + |G Con Gas||G2| +
H3;  Hzp, Hssllgs C31 C3p Cs3llgs

Fo11 0 0 7141 Fe1q 0 0 1(sgn(q1)

0 Fpe 0 ]G]+ 0 Fmpe 0 |[[sgn(g)|+
0 0 Fi33llgs 0 0 Fe33l[sgn(gs)

Gy T1 Di]

[Gz] =|T2| + [D; ®)

Gs 13 D, |

where:

Hyy = [l + I + Iz + myl + my(af + 15 4 2a,1,Cq,) ]+
[m3(af + a3 + 2a,a,Cqy) + my(af + a3 + 2a,a,Cq,)]
Hip = [l + I3 + mp(I + a11,Cq2) + ma(aZ + a1a,Cq)] +

[m4(a3 + a;a,Cqy)]
Hy3=0,H,3 =0,H;; =0,H3;, =0
Hyy = [z + Is + my(1 + a11,Cq2) + m3(aj + a;a,Cqp)] +
[m4(aZ + a;a,Cq)]
Hyy = I + I3 + myl2 + msa? + mya3
H3z =mz; +m,
Ci1 = —2m,ya,1,5q,q; — 2m30,0,5G,q4; — 2m,a,a,5q24;
Ciz = —mya,1,5q2G; — M3010,5G242 — MyA10,5G24;
Ci3=0,C,,=0,03=0,C3; =0,C5,=0,033=0
Co1 = Maa11,5G2G1 + M3a1a25q2G1 + Mya10,5q2G;

Fy11 = Fp1, Fyaz = Fip, Fizs = Fiz

Fei1 = Foq, Frpp = Fep Fezz = Fz
G1=0,G, =0,G3 = —mzg —mug )

All viscous and Coulomb friction coefficients, F,; and F;
with i = 1, 2,3, are real positive constants. It should be noted
that (8) and (9) are nonlinear and coupled differential equations
with time-varying parameters.

C. Control Law Design
The adaptive sliding mode control law is given by

(t) = —I's(t) — n(t)sgn(s(t)) (10)

where I' is a diagonal positive-definite matrix which can be
arbitrarily chosen, and n(t) is the gain of the control law:

n() = &) + & O+ &I (11)

where &, &, and &, represent adaptive variables. The adaptive
law for &; withi = 0,1, 2 is given by:

&®) = s - &) (12)

T
where [T = [( fot qdr)T g’ qT] and the initial condition of

each adaptive variable is &;(0) € R*, and y; € R*, which can
be arbitrarily chosen. Further stability analysis and theoretical
development are omitted here, but more details can be found in
[22].

III. COMPUTATIONAL SETUP

This study used a point-to-point trajectory to evaluate the
joint trajectory tracking performance of different controllers.
The desired trajectory profile for each DOF of the 3DOF
SCARA is defined as a cubic trajectory, represented by:

qld(t) = Co + Clt + Cztz + C3t3, i= 1,2,3 (13)

where t represents the time variable and {Cf}j‘—o are
coefficients determined by specifying the initial joint position
as well as the final one and velocity of each DOF of the 3DOF
SCARA. The initial positions of all joints are set to zero, while
the final positions are varied for each joint to clearly highlight
the differences in their trajectories. Furthermore, to verify
tracking performance under parametric uncertainties and
disturbances across diverse controllers, these uncertain
parameters are established by using sinusoidal functions. The
parametric uncertainty is represented by:

Myyne = My + MyampSIN(Wiyt) (14)

where Mgy, is the amplitude variation of the mass m, in (4),
and wy, is the angular frequency of mass variation. On the
other hand, the disturbance D in (1), which represents
unexpected external torques/forces, is given by

D; = dgmpsin(wat), i =123 (15)

where d ., and w; are the amplitude and angular frequency of
disturbance, respectively. The results of this computational
study are provided in the next section. It should be noted that
all  computational studies were  conducted usin%
MATLAB/Simulink 2024a on a system with a 13™ Gen Intel

www.etasr.com

Em-Udom & Amnatchotiphan: An Adaptive Sliding Mode Control with Integral Sliding Surface ...



Engineering, Technology & Applied Science Research

Vol. 15, No. 3, 2025, 22445-22451 22448

Core™ i5-13420H processor (2.10 GHz), 32 GB of RAM, and
an NVIDIA GeForce RTX 4050 GPU. This computational
setup ensures the efficient execution of numerical simulations
and control algorithm implementations.
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Fig. 2. Trajectory tracking performance without parametric uncertainties
and disturbances for PID control (blue line), CSMC (orange line), and ASMC
(green line): (a) joint 1, (b) joint 2, (c) joint 3. The inset figures depict the joint
tracking errors produced by each control method.

IV. RESULTS AND DISCUSSION

A. 3DOF SCARA without Parametric Uncertainties and
Disturbances

Figure 2 shows the performance of the PID control, CSMC,
and ASMC, including the reference trajectory. The results
indicate that the joint tracking responses of all three control
methods align closely with the reference trajectory,
demonstrating the overall accuracy of these methods.
Furthermore, a more detailed examination reveals that both the
CSMC and ASMC provide superior joint tracking precision
compared to PID control. This observation is supported by the
inset figures in Figure 2, which show the joint tracking errors
for the considered control algorithms. These error plots clearly
highlight the enhanced performance of the sliding mode-based
methods in terms of achieving accuracy and reliable control.

Although the CSMC can deliver impressive tracking
performance, it can suffer from chattering when compared to
the PID control and ASMC, as shown in Figures 3(a) and 3(b).
Figure 3(c) shows that the control input signal F5 of the CSMC
is not affected by the chattering phenomenon, probably due to
the simplicity of the dynamic equation governing the 3DOF
SCARA in the prismatic coordinate q.

In summary, the ASMC demonstrates both exceptional
tracking accuracy and immunity to chattering, as confirmed by
the computational results. These attributes make ASMC a more
appealing control algorithm compared to its conventional
counterpart and the PID control, due to its high precision and
robust control performance.

B. 3DOF SCARA with Parametric Uncertainties and
Disturbances

Figure 4 summarizes the in-silico investigation on the joint
tracking performance of the ASMC, CSMC, and PID control
with parametric variations and disturbances. The results in this
figure indicate that the joint tracking responses obtained by the
PID control are significantly affected by uncertainties and
disturbances because it cannot maintain its tracking accuracy
when compared to the reference trajectory profile. In contrast,
the CSMC and ASMC exhibit superior tracking performance
even under uncertainty and disturbance conditions.

The inset figures in Figure 4, which illustrate the joint
tracking errors for all control methods, also confirm this
observation. These error plots demonstrate the superior
performance of the sliding mode-based approach, underscoring
its ability to deliver both precise and dependable control even
under uncertain and disturbing conditions.

Like 3DOF SCARA without uncertainty and disturbance
scenarios, the control inputs for the CSMC suffer from
chattering, as illustrated in Figures 5(a) and 5(b). However, the
control input signal F; of the CSMC is not affected by the
chattering phenomenon, as shown in Figure 5(c). This can be
explained by the same reason as the dynamic system in which
uncertainties and disturbances are not present.
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Fig. 3. Control input signals without parametric uncertainties and

disturbances for PID control (blue line), CSMC (orange line), and ASMC
(green line): (a) joint 1, (b) joint 2, (c) joint 3.

Despite its high tracking performance, CSMC remains
susceptible to chattering, primarily due to the use of an overly
conservative predefined gain in the discontinuous control input.
While this conservative design ensures robustness, it often
results in excessive switching activity, which can negatively
impact system performance and actuator longevity.
Fortunately, this issue can be effectively mitigated by
employing the ASMC, where the gain in the discontinuous
control input is progressively adapted based on system
dynamics, rather than being fixed at an overestimated value. By
dynamically adjusting the gain, the ASMC significantly
reduces chattering while maintaining robust tracking
performance, leading to smoother control inputs.
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Fig. 4. Trajectory tracking performance with parametric uncertainties and
disturbances for PID control (blue line), CSMC (orange line), and ASMC
(green line): (a) joint 1, (b) joint 2, (¢) joint 3. The inset figures depict the joint
tracking errors produced by each control method.

Similar work was carried out in [17, 18]. While their results
were promising, these studies focused on CSMC, relying on the
robot's dynamic model for control law design. In contrast, our
method is more practical, as it does not require precise
knowledge of the dynamic model. In [30], an innovative
ASMC method was introduced, which employed fuzzy logic
control instead of the traditional signum function to mitigate
chattering. This approach not only delivers impressive results
but also eliminates the need for precise knowledge of the
robot's dynamic model.

It is important to note that a continuous trajectory profile is
more sophisticated when compared to the point-to-point
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trajectory type. However, various forms of continuous
trajectory profiles exist, each exhibiting distinct characteristics.
As a result, further computational investigation is needed to
ensure precise outcome predictions.
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Fig. 5. Control input signals with parametric uncertainties and

disturbances for PID control (blue line), CSMC (orange line), and ASMC
(green line): (a) joint 1, (b) joint 2, (¢) joint 3.

V. CONCLUSION

This study presented an adaptive sliding mode control
method with an integral sliding surface variable, inspired by
[22], for joint trajectory tracking of 3DOF SCARA
manipulators. This method eliminates the need for precise
dynamic models or exact bounds of uncertainties, making it
simpler and more practical to implement. The computational
results show that the proposed method significantly reduces
joint tracking errors compared to the PID control while
achieving comparable accuracy to the CSMC with much less
implementation complexity. Additionally, it minimizes

chattering in control inputs, offering smoother performance.
These benefits are especially evident under parametric
uncertainties and external disturbances, demonstrating its
robustness and effectiveness.

This method can be readily extended to the control of a 4-
DOF SCARA manipulator, highlighting its scalability. To do
so, the dimension of the sliding surface variable vector s in
(10) can be increased from 3 to 4, and the diagonal positive-
definite matrix I' in (10) expanded from 3x3 to 4x4. Unlike the
CSMC method, which requires precise knowledge of the
manipulator's dynamic model, the proposed approach does not
rely on the explicit mathematical structure of the 4DOF
SCARA manipulator. Future work will involve validating this
approach in physical robot manipulators.
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