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Abstract

This study presents a comparative analysis of Proportional-Integral-Derivative (PID) and Sliding Mode
Control (SMC) methods applied to a custom-designed and 3D-printed 3-Degree-of-Freedom (3-DoF)
Revolute-Revolute-Revolute (RRR) robotic manipulator. A central contribution of this work is the
development of a dual-environment validation framework that integrates ROS Noetic with the Gazebo
simulation platform, enabling seamless testing of controllers in both virtual and physical settings. This
framework provides a practical pathway for bridging the gap between simulation-based evaluations and
real-world experimentation, an aspect that remains underexplored in existing studies. The performance of
both controllers is assessed through joint position errors, trajectory tracking accuracy, and torque demands
for a cubic trajectory application. Experimental results show that while both controllers achieve satisfactory
performance, SMC demonstrates superior trajectory tracking, with consistently lower Root Mean Square
(RMS) errors across all joints. This improvement, however, is accompanied by slightly higher torque
requirements compared to PID, highlighting the trade-off between enhanced accuracy and increased
actuator effort. By combining a low-cost robotic platform with a reproducible dual-environment
methodology, this study not only offers insights into the practical strengths and limitations of model-free
PID and SMC but also establishes a framework that can inform future research and industrial applications.
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1. Introduction

In recent years, the utilization of robotic manipulators has
gained significant attention due to the growing need for
autonomy and their increasing range of applications in
industry such as manufacturing, welding, packaging, and
high-precision tasks [1]. Hence, the effective control of
robotic manipulators is vital for ensuring high accuracy,
reliability, and stability, especially considering their
possible nonlinear dynamics, parameter uncertainties,
and external effects such as friction, and varying
payloads [2]. In most industrial robots, motion
controllers accept externally defined motion profiles,
nevertheless the accuracy of trajectory tracking is
significantly influenced by the internal dynamics of robot
manipulators and the behavior of the joint servo
controllers, which presents major challenges in achieving
precise control [3].
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Of the numerous robotic joint type configurations, the 3-
Degree-of-Freedom (DoF) Revolute-Revolute-Revolute
(RRR) robot arm represents a foundational design, which
provides sufficient workspace while maintaining
practicable complexity for control system development
and assessment. The trajectory tracking performance
problem becomes extremely challenging in higher DoF
systems where the complex relation between joint
dynamics, actuator characteristics, and coupling effects
significantly affects the general system performance [4].
Conventional model-based approaches often require
precise knowledge of manipulator dynamics parameters
such as link masses, link lengths, mass-inertia, and
friction coefficients. These parameters can be difficult to
obtain accurately or may change during tasks because of
wear, payload variations, or aging of mechanical parts.
This limitation has motivated comprehensive research
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into control approaches, which can achieve powerful
performance  without depending on  attentive
mathematical models of the system dynamics.

Between the control approaches, Proportional-Integral-
Derivative (PID) control is one of the most preferred
control methods in industrial applications because of its
simplicity, easy implementation, uncomplicated tuning
methodology, and acceptable performance
characteristics in many robotic applications. The PID
controller's popularity originates from its straightforward
design and its ability to provide effective trajectory
following performance without requiring detailed
knowledge about the plant dynamics, which makes the
use of PID control method especially appealing in
practical implementations [5] Nevertheless,
conventional PID controllers may exhibit performance
limitations when dealing with nonlinear systems, or
applications where high trajectory following precision
and fast response time are crucial. In contrast, Sliding
Mode Control (SMC), a nonlinear control method
developed by [6], provides superior performance
characteristics against parametric uncertainties and
external disturbances, thanks to its discontinuous nature
of the control action [7] and robust control law [8]. The
main principle of SMC is to force the system state
trajectory to reach and then stay on a predefined sliding
surface that is constructed to be insensitive to system
uncertainties and disturbances, where the system exhibits
desired dynamic behavior despite uncertainties and
disturbances within specific bounds [9]. The sliding
surface is constructed to be insensitive to system
uncertainties and disturbances, which enables consistent
and reliable performance. However, this discontinuous
control action, while improving robustness, may lead to
a chattering phenomenon that can cause mechanical
wear. Nonetheless, a carefully designed sliding surface
and appropriate switching function selection can
minimize this effect and maintain effective performance.

Existing literature on the control of robotic manipulators
reveals several critical gaps that motivate this research.
Studies [8,10,11] have demonstrated that model-based
sliding mode control (SMC) outperforms model-based
PID control in two-link manipulators, resulting in faster
and more reliable responses [8,10], and lower position
tracking errors [11]. However, these model-based
approaches depend on dynamic models, which may
increase implementation complexity and reduce the
models' practicality in real-world scenarios. In addition,
the aforementioned studies are limited to 2-DoF systems
and are confined to MATLAB simulations without
validation on real robotic platforms. Furthermore, [12]
has used evolutionary algorithms for model-based SMC
and model-based PID optimization on a 2-DoF robot
manipulator in the presence and absence of disturbances,
however the study remains simulation-based and lacks
real-world validation.
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The development of the open-source Robot Operating
System (ROS) framework has revolutionized robotics
research and development by providing a standardized
platform for robotic simulation, control, and hardware
integration since its development in 2007 [13,14]. The
popularity of ROS comes from its modular architecture,
support for various programming languages, and open-
source nature. The use of ROS with the powerful physics-
based 3D simulation tool Gazebo helps robotic
researchers to test their robotic systems effectively and
safely before real-world implementation [15], which
assists to identify and reduce the potential risks in the
robotic operation process. Despite the acknowledged
advantages of ROS-based Gazebo simulator for robotic
manipulator simulation, most of the existing studies in
the literature focus either on simulation-only applications
or on real-world testing conducted independently of
simulation, resulting in a lack of the dual-environment
approach that allows simultaneous comparison and
validation between the simulation and experimental
setups [16,17,18]. Even though 3-DoF robotic
manipulator studies exist in the literature focusing on
uncertainty and disturbance effects, they generally lack
the dual-environment validation framework. Specifically
[4] compared PID, SMC, and Fuzzy SMC (FSMC),
proposed a self-tuning fuzzy sliding mode controller (ST-
FSMC) on a 3-DoF robot arm. However, the study is
limited to simulation, therefore lacks experimental
validation, and model-based, which may make the real-
world implementation more difficult due to the
complexity of accurately modeling robotic systems.

This paper conducts a comprehensive comparison of PID
and SMC control strategies on a custom-designed, 3D-
printed 3-DoF RRR manipulator. Unlike most previous
studies that remain confined to simulations or rely
heavily on precise dynamic modeling, our approach
emphasizes a model-free implementation validated in
both simulation and real-world environments. The
originality of this work lies in its dual-environment
experimental framework, which allows simultaneous
observation of the robot’s behavior in Gazebo simulation
and in a physical setup under ROS Noetic integration.
This framework enhances the reliability of the
comparative analysis by bridging the persistent gap
between virtual validation and hardware
experimentation. By focusing on trajectory tracking
performance, joint errors, and torque requirements, the
study not only clarifies the strengths and limitations of
PID and SMC but also contributes to a practical
methodology that can inform the broader application of
model-free control strategies in robotics.

2. Robot Model and Kinematic Analysis
2.1. Forward Kinematic Analysis

The forward kinematic model of the 3-DoF robot arm is
constructed using the Denavit-Hartenberg (D-H)
transformation method [19]. By defining link and joint
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parameters corresponding to the robot's dimensions and
obtaining transformation matrices, the position and
orientation of the end effector relative to base frame can
be determined from known joint positions. To
accomplish this analysis, coordinate frames must first be
assigned properly to each joint and link according to the
D-H convention. Then, the D-H table must be
constructed  correctly, and the corresponding
transformation matrices must be derived.

Figure 1 shows the frame assignments of the 3-DoF
version of Robotis' OpenManipulator-X model robot
arm, which serves as a reference for our experimental
robot model. Based on these frame assignments, the D-H
table is constructed, given in Table 1.

Figure 1. Frame attachments.

Table 1. Denavit-Hartenberg parameters for the 3-DoF

robot arm.
Frame a1 ai-1 di 0;
) (m) (m) )
1 0 0 d 01
2 90 0 0 0,+90-p
3 0 a 0 0:—90+p
4 0 as 0 0

The D-H parameters in Table 1 refer to the following
[20]:

a;: the distance measured from frame Z; to frame Zi+|
along frame X;
o;: the angle measured from frame Z; to frame Zi.
about frame X;
d;: the distance measured from frame X, to frame X;
along frame Z;
0;: the angle measured from frame Xi.; to frame X;
about frame Z;

According to forward kinematic analysis, the end-
effector position equations in Cartesian space are
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obtained as follows, where py, p,, and p, represent the
position components along the x, y, and z axes,
respectively:

Py = ascos(0;)cos(0, + 03) + a,cos(8,)cos(0, +
90° — B) ()

py = azsin (6;)cos(8, + 63) + a, sin(6;)cos (6, +

90° — B) 2
p, = di + assin(0, + 65) + a,sin(6, + 90° — B)
3)

In these equations, 6;, 8,, and 05 are the joint angles in
radians, d; is the length between the base frame and the
first frame in meters; a, is the length between the first
frame and the second frame in meters; a; is the length
between the second and the third frames in meters, and 8
is the offset of the joint angle in radians.

2.2. Trajectory Generation

To enable the robot arm to reach designated target points
from the initial point, cubic polynomials are used to
generate the trajectory in the joint space. The cubic
trajectory is preferred so that the motion between the
initial and final positions is smooth and continuous. The
equations below represent the general form for cubic
polynomials for position (6;), velocity (6;), and
acceleration (;) with respect to time (t), where i = 1, 2,
3 denotes the joint index:

0;(t) = by + byt + byt? + byt3 ()
0;(t) = b, + 2b,t + 3bst? Q)
6; (t) = 2b, + 6bst (6)

The cubic trajectory is generated according to the
following constraints on the initial and final positions and
velocities:

0:(to) = 6, (7)
bit)) = b, (®)
6;(tf) = eitf 9)
0;(t;) = a'itf (10)

The cubic polynomial coefficients by, by, b,, and b; can
be obtained using the initial and final values of position
and velocity. In the trajectory generation process, these
coefficients are calculated using the initial position 6;

lto’
the final position 8;, , the initial velocity 6; to ? the final

lff B
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velocity 6;

ltf >
coefficients is carried out as follows

and the final time tr. The calculation of the

bo = 6y, (1)
b, = éito (12)
3(9it - eit ) 29it +9it
by = —Lp— - —— (13)
f f
b; = —z(e“f ) + Sieg Sy (14)

i} 7
These equations are used to calculate the position,
velocity, and acceleration of the robot arm throughout the
motion. In the experimental scenario, the duration of
motion tf is selected to be 10 seconds. The initial and
final joint positions used in trajectory generation are
defined as follows.

The cubic trajectory is defined over the time interval as
to = 0 and t¢= 10. The initial and final joint positions are:

6, (to)] [0
0;(ty) = |62(t0) | = 0] (15)
|03(t0) | L0
[0:(tr)]  [—m/2
0:(ty) = |02 | = n/6] (16)
05(¢)]  Lm/12
The initial and final joint velocities are:
. 91 (to)] 0]
0;(t)) = Qz ()= |0 (17)
105 (to)] 0
0] 1o
0:(t) =00t | = |0 (18)
A

Substituting the initial and final positions given in (15)
and (16), and the initial and final velocities given in (17)
and (18) into equations (11), (12), (13) and (14), the cubic
polynomial coefficients by, by, b,, and b3 are calculated,
given in Table 2.

Table 2. Cubic polynomial coefficients.

Joint b, b, b, bs
1 0 0 -0.04712 0.00314
2 0 0 0.01571 -0.00105
3 0 0 0.00785 -0.00052
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Using these coefficients and applying to (4), joint
position functions are obtained as follows:

0,(t) = —0.04712¢% + 0.00314¢3 (19)
0,(t) = 0.01571¢% — 0.00105¢3 (20)
05(t) = 0.00785t2 — 0.00052¢3 Q1)

2.3. Gazebo Simulation

Gazebo is a powerful 3D simulator for robots within the
ROS framework, which helps robotics researchers
simulate and test their robotic developments such as
mechanical, software, controller, and trajectory
generation before and during real-world implementations
[15]. The experiments are conducted using the simulation
environment of the Robot Operating System (ROS
Noetic), with Gazebo 11.11.0, which operates under the
Ubuntu 20.04 (64-bit) operating system, where the
planned cubic trajectories are concurrently monitored
and evaluated on both the physical 3-DoF robot arm and
within the ROS-based Gazebo simulation environment.
The cubic trajectories are implemented using PID and
sliding mode controllers separately, with Python scripts
developed for each controller. Figure 2 shows the initial
position of the robot arm (as given in Equation 15), and
Figure 3 shows the final position (as given in Equation
16) for both control strategies.

Figure 2. Starting position in Gazebo.

Figure 3. Final position in Gazebo.
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3. Control Strategies
3.1. PID Control

In this study, a Proportional-Integral-Derivative (PID)
control method is used where the proportional term
provides an immediate response to current errors, the
integral term eliminates steady-state errors by summing
past error values, and the derivative term predicts future
errors by responding to the rate of error [21]. In addition,
a feedforward term is added wusing the desired
accelerations for each joint, which anticipates the
required control effort based on the reference trajectory's
acceleration. As a result, tracking performance is
improved by providing the nominal torque that is needed
to follow the desired trajectory before any error occurs.

This control strategy does not require detailed
mathematical models (since it is a model-free approach)
of the manipulator dynamics, where complex system
characteristics such as coupling and friction effects may
be challenging to model accurately.

The error signal e;(t) for joints i = 1, 2, 3 is calculated as
follows:
ei(t) = eidesired (t) -

ei actual (t) (22)

where 6;,, ... (t) represents the desired joint position
and 6; . . (¢) is the actual joint position of the joint i.
The complete control law implemented in the code
combines feedforward and feedback control as follows:

ui(t) = gidesired(t) + eri(t) + Ki f el(t)dt +

Ko ei(t) (23)

where 6; desireq(t) 18 the feedforward term that
represents the desired acceleration of the joint i, K,, K;
and K,; represent the controller gains of proportional,
integral, and derivative parameters, respectively and
u; (t) is the torque control input of the joint i. In code
implementation, PID gains are selected based on multiple
trials as K, = 3, K; = 0.001, and K;; = 0.5 for avoiding
instability and ensuring effective performance.
Therefore, u;(t) becomes:

U (1) = 6; 5,000 @) + 3€;() +0.001 [ e;(t)dt +
d

0.5 , e;(t) (24)
The computed torque control input is then converted to
PWM signals for the Dynamixel servo motors using the
scaling factor 885/4.1, where 885 represents the
maximum PWM range (+885) of the Dynamixel XM430-
W350-T motors and 4.1 Nm corresponds to the
maximum stall torque specification of the motors.
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3.2. Sliding Mode Control

In this study, a Sliding Mode Control (SMC) method is
implemented to handle system uncertainties and external
disturbances, which is crucial for robot manipulators.
The sliding mode control strategy uses a discontinuous
control mechanism that forces the states of the system to
reach and remain on a predefined sliding surface, where
the system exhibits desired behavior and becomes
insensitive to uncertainties [9,22]. The control approach
for SMC does not require precise mathematical models
of the manipulator dynamics, which is vital for systems
with modeling uncertainties and external disturbances.
Although SMC is widely recognized for its robustness
and fast dynamic response, its main drawback is the
chattering phenomenon, which may impose additional
stress on the joints and lead to mechanical wear [22]. In
this study, to minimize this chattering effect, a smooth
switching function hyperbolic tangent function (tanh) is
utilized instead of the commonly used signum function
(sgn), following a similar approach as in
[23,24,25,26,27,28,29,30,31].

In the traditional SMC method [6], the control inputs
u;(t) are obtained using only the system output, that is
position 6;(t) and velocity 8;(t). The design of the
sliding surface s;(t) is based on tracking error e;(t):

i) = Bigegireq(t) = Bigeryq (1) (25)
and velocity error é;(t):

é(t) = gidesired(t) - giactual(t) (26)
The sliding surface s is defined as [32]:

si(0) = A €;(8) + é:(t) 27)

where A; is a positive design parameter that determines
the convergence rate to the sliding surface.

The control law takes the form [33]:

u(£) = —ug,; sgn(si(t)) (28)

where u,, is the control gain for each joint i.

Smooth switching functions such as tanh(+) can be used
to fix the chattering problem, which is associated with the
delay in control switching caused by the use of the
signum function [23,29,33].

In the SMC approach, the controller design follows a
similar methodology as presented in [24]. The position
and velocity errors for each joint are calculated as
follows:

e(t) = gidesired Ok

0; actual ® (29)
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éi(t) = gidesired(t) - giactual(t) (30)

where 0; desired

position and velocity, while ;. . (t) and 9iactual(t)

are the actual position and velocity of the joint i. The
sliding surface s for each joint is defined as:

(t) and 6; desireq (t) Tepresent the desired

si(t) = A e;(t) + &(t) (31)

where A; is a positive design parameter that determines
the convergence rate to the sliding surface. The control

law implemented in the code uses continuous
approximation to avoid chattering with
u;(t) = uo,; tanh(s;(t)) (32)

where u,; represents the control gain for the joint i,

tanh(+) is the hyperbolic tangent function used as a
smooth approximation of the signum function, and u;(t)
is the torque control input of the joint i. This smooth
switching function eliminates the high frequency
chattering typically associated with the use of the signum
function in traditional sliding mode control while
maintaining robustness properties [23,29,33]. The
computed torque control input is then converted to PWM
signals for the Dynamixel servo motors using the scaling
factor 885/4.1, where 885 represents the maximum PWM
range (+885) of the Dynamixel XM430-W350-T motors
and 4.1 Nm corresponds to the maximum stall torque
specification of the motors.

The implementation of sliding mode control uses the
following design parameters: sliding surface parameters
A,=10.0, A,= 9.0, and A; = 5.0, which determine the
convergence rate to the sliding surface for joints 1, 2, and
3 respectively, with higher values providing faster
convergence, and control gains 1, = 1.0 Nm, uy,= 0.85
Nm, and uy,=0.75 Nm that define the maximum control
torque output for each joint.

4. Experimental Setup

4.1. 3-DoF Robot Arm

For this study, a 3-DoF all-revolute joint robot arm is
custom designed and fabricated using 3D printing
technology to perform the required tasks. Figure 4 shows
the appearance of the robot used in this study.
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Figure 4. 3-DoF robot arm.

4.2. Dynamixel XM430-W350-T Servo Motor

In this study, the movements of the joints are enabled by
using Dynamixel XM430-W350-T servo motors, with
one motor assembled at each joint, allowing each joint to
be independently driven. This motor model is selected
because of its high torque output and PWM control
option, both of which are crucial in our case.

Dynamixel XM430-W350-T supports multiple control
modes, such as current control mode, velocity control
mode, position control mode, extended position control
mode, current-based position control mode and PWM
control mode, also known as voltage control mode. In our
case, the servo motors are operated in the PWM control
mode, where the applied PWM signal directly controls
the motor voltage. The PWM control ranges from -885 to
+885, which corresponds to a full duty cycle. The motor
delivers a maximum stall torque of 4.1 Nm at 12 V - 2.3
A, which is sufficient for the torque requirements of each
link in the robotic arm. Communication is achieved using
the serial TTL protocol. Figure 5 shows the appearance
of the Dynamixel XM430-W350-T servo motor.

Figure 5. Dynamixel XM430-W350-T servo motor.
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4.3. OpenCM 9.04-C Microcontroller

In this study, the OpenCM 9.04-C controller is preferred
as the main control unit to control the robotic arm due to
its compatibility with Dynamixel servo motors, easy
ROS integration and real-time robotic control capabilities
with the TTL communication protocol. The appearance
of the OpenCM 9.04-C controller is given in Figure 6.
The controller has an ARM Cortex-M3 32-bit processor
(STM32F103CB) operating at 72MHz, which provides
sufficient computational power for our case. The board
accepts the voltage range from 5V to 16V, while
operating at the 3.3V logic level internally. In our case,
the controller is powered via USB (5V) for programming
purposes, where Arduino IDE is used for programming
the controller. However, an external power supply is
needed to control multiple high-torque servo motors to
obtain adequate current delivery for all motors.
Therefore, an expansion board, namely OpenCM 485, is
used for this purpose. Further details about the power
configuration and expansion module are provided in a
later section.

Figure 6. OpenCM 9.04-C controller.

4.4. OpenCM 485 Expansion Board

The OpenCM 485 expansion board is crucial for stable
power distribution and extension of the communication
interface for the OpenCM 9.04-C controller in the robotic
arm implementation. This board fixes the power
limitations of USB-powered operation by providing
power input jack and terminals that can handle higher
current demands required for simultaneous operation of
multiple Dynamixel servo motors. In our setup, a 12V -
2A adapter is connected to the board's power jack to
supply sufficient power for the entire system. The board
features multiple RS-485 and TTL communication ports.
In our system, all TTL connections to the three servo
motors of the robotic arm are established through the
dedicated communication ports on the expansion board.
The appearance of the OpenCM 485 expansion board is
shown in Figure 7.
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Figure 7. OpenCM 485 expansion board.

The complete configuration of the robotic system,
including all electrical connections and component
interfaces, is shown in Figure 8.

Figure 8. Robotic system configuration.

5. Results and Discussion

The performance results of PID and sliding mode control
algorithms for identical cubic trajectory are obtained in
terms of joint trajectories, joint position errors, and joint
torque performance criteria. Performance graphs are
generated by processing the recorded rosbag files during
the experimental process in MATLAB R2024b for data
analysis and visualization of the graphs.

Figure 9 shows the joint position tracking performance
for the implementation of cubic trajectory using the PID
control approach. The graph illustrates both actual and
desired joint positions in radians as functions of time in
seconds. In the graph, 6,, 8, and 85 represent the actual
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joint positions, depicted in blue, of joint 1, joint 2 and
joint 3, respectively. Similarly, 84,, 04, and 8,43
represent the desired joint positions, depicted in red, of
joint 1, joint 2 and joint 3, respectively.

Actual and Desired Joint Positions

—qt

- u\ = q1_desired
T Bl
c
= 1 2 3 4 5 6 7 8 9 10
2]
c
g . =
'6 q = -q2_desired
0 .
o 0 1 2 3 4 5 6 7 8 9 10
-
£
S —
A = -q3_desired
% 1 2 3 4 5 6 7 8 9 10
Time [s]
Figure 9. Actual and desired joint positions in PID
control.

When Figure 9 is examined, it is seen that the actual and
desired joint position trajectories are closely aligned with
each other, which means that the desired cubic trajectory
is approximately followed for all three joints. As a result
of the PID control application for the 3-DoF RRR robotic
arm system, it is seen that there may be slight deviations
between the actual and desired joint positions.

Figure 10 shows the joint position tracking performance
for the implementation of cubic trajectory using the
sliding mode control approach. The graph illustrates both
actual and desired joint positions in radians as functions
of time in seconds. In the graph, 6;, 6, and 85 represent
the actual joint positions, depicted in blue, of joint 1, joint
2 and joint 3, respectively. Similarly, 84,1, 64, and 43
are the desired joint positions, depicted in red, of joint 1,
joint 2 and joint 3, respectively.

Actual and Desired Joint Positions

—aqt
= -q1_desired

—q2
= -q2_desired

0 1 2 3 4 5 6 T 8 9 10

Joint Positions [rad]

—a3
= -q3_desired

0 1 2 3 4 5 6 7 8 9 10
Time [s]
Figure 10. Actual and desired joint positions in sliding
mode control.

From the observation of Figure 10, the actual and desired
joint position trajectories align closely with each other,
meaning that the desired cubic trajectory is followed
accurately for all three joints. The minimal deviation
between the actual and desired joint positions shows the
effectiveness of the sliding mode control implementation
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for the 3-DoF RRR robotic arm system. Although both
the PID and sliding mode controllers demonstrate that the
actual and desired trajectory profiles align closely, the
sliding mode control displays slightly better trajectory
following performance with tighter convergence between
the actual and desired positions.

Figure 11 illustrates the joint position error profiles in
radians as functions of time for the implementation of the
cubic trajectory using the PID control method. The graph
shows the position errors for three joints with e, (in red),
e, (in black), and e; (in blue), respectively.

Joint Position Errors

o
o
&

—el
—e2
—e3

T ey

o
o

od
o

°

3
P
&

o

Joint Position Error [rad]
e s 8

&
o

1 2 3 4 5 6 7 8 9 10
Time [s]
Figure 11. Joint position errors in PID control.

In Figure 11, the position errors of the three joints remain
within a certain range throughout the trajectory and
almost converge to zero at the end of the motion.

Figure 12 illustrates the joint position error in radians as
functions of time for the cubic trajectory implementation
using the sliding mode control method. The graph shows
the position errors for three joints with e; (in red), e, (in
black), and e; (in blue), respectively.

Joint Position Errors

e
X

=1
—e2
—e3

e

e

e

e
=
S

Joint Position Error [rad]
2 s 2

s
o8

1 2 3 4 5 6 7 8 9 10
Time [s]
Figure 12. Joint position errors in sliding mode control.

In Figure 12, the position errors for three joints using the
sliding mode control remain within a significantly
smaller range throughout the execution of the trajectory
compared to the PID control and converge to zero at the
end of the motion. This demonstrates the superior
effectiveness of the sliding mode control strategy in
achieving more precise trajectory following in joint space
with minimal steady-state error.
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Figure 13 shows the joint torque profiles for the
implementation of cubic trajectory using the PID control
method. The graph shows the torques in Newton meters
as functions of time for three joints with torque 1 (in red),
torque 2 (in black), and torque 3 (in blue), respectively.
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Figure 13. Joint torques in PID control.

6 7 8 9 10

In Figure 13, the joint torques for three joints show
smooth variations without dramatic changes, indicating
stable control performance. The PID controller generates
an appropriate torque command, which enables
successful trajectory following while maintaining
manageable actuator demands across three joints of the
robotic arm system.

Figure 14 shows the joint torque profiles for the cubic
trajectory implementation using the sliding mode control
method. The graph shows the torques in Newton meters
as functions of time for three joints with torque 1 (in red),
torque 2 (in black), and torque 3 (in blue), respectively.
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Figure 14. Joint torques in sliding mode control.
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In Figure 14, the joint torques for three joints generally
exhibit smooth variations throughout the following
trajectory, except for joint 1 which shows an abrupt
torque spike at one point during the motion. Although
joints 2 and 3 maintain relatively consistent torque
profiles that correspond to the dynamic requirements of
the cubic trajectory, the torque increase in joint 1 reflects
the characteristic control action of the sliding mode
controllers when confronting system uncertainties or
disturbances. This behavior shows that the sliding mode
controller requires higher torques compared to PID
control to achieve the superior trajectory tracking
accuracy, illustrating the trade-off between improved
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trajectory following precision and increased actuator
effort in robust control strategies.

Table 3, 4 and 5 show the root mean square (RMS) joint
position errors, average joint torque efforts, and
maximum joint error deviations for PID and SMC,
respectively.

Table 3. RMS values of joint position errors in PID and

SMC.
€ 5] €3
(rad) (rad) (rad)
PID 0.0671 0.0246 0.0063
SMC 0.0269 0.0179 0.0051

Table 4. Average values of joint torque in PID and

SMC.
1 T2 13
(Nm) (Nm) (Nm
PID 0.061 0315 0.263
SMC 0.045 0.277 0.241

Table 5. Maximum deviation of joint position errors in

PID and SMC.
4, 4, 43
(rad) (rad) (rad)
PID 0.173 0.250 0.193
SMC 0.120 0.247 0.192

First, the RMS values of the joint position errors (Table
3) indicate that the SMC controller consistently achieves
lower error magnitudes across all joints. For instance, in
Table 3, the RMS error of e; drops from 0.0671 rad under
PID to 0.0269 rad under SMC, while similar
improvements are observed for e, and e3. This
demonstrates that SMC offers superior precision and
robustness in trajectory tracking compared to the
conventional PID approach. Second, regarding the
average torque demand (Table 4), both controllers exhibit
comparable levels, but SMC generally requires slightly
lower mean torque values. For example, the average
torque 7; reduces from 0.061 Nm in PID to 0.045 Nm in
SMC, suggesting that SMC not only improves tracking
accuracy but also does so with more efficient actuator
effort. This characteristic is particularly valuable in
robotic systems where minimizing energy consumption
and mechanical stress is important. Finally, the
maximum deviations of joint position errors (Table 5)
further highlight the advantage of SMC. Across all joints,
the maximum excursions are either reduced or
maintained close to PID levels, with 4;, 4, and 4,
notably improved under SMC. This implies that SMC
enhances system stability and mitigates large error
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spikes, which are critical for safety and reliability in
practical implementations.

6. Conclusion

In this paper, a performance analysis of two control
methods, namely PID and SMC, is conducted on a
custom-designed and 3D-printed 3-DoF RRR robot
manipulator. By evaluating these controllers based on
joint position errors, trajectory tracking, and joint
torques, the paper provides remarkable results regarding
their performance for cubic trajectory implementation.
The analysis is performed using a real environment
validation framework, which validates the controller
performance in the ROS-based physical setup. This
approach provides a methodological advancement in
robotics that establishes real-world implementation. In
conclusion, the results demonstrate that while both
control strategies exhibit applicable performance for the
cubic trajectory implementation, the SMC approach
achieves superior trajectory tracking performance with
lower RMS values of joint position errors in each joint.
In addition, joint torque analysis shows that the SMC
requires lower actuator torque when achieving better
trajectory tracking performance compared to the PID
control. It should be noted that the experiments were
performed on a 3D-printed manipulator, which differs in
structural rigidity and material properties from industrial
systems. Therefore, while the comparative insights
between PID and SMC are valuable, further validation on
industrial manipulators is required to fully generalize the
findings. Although SMC offers robustness, accuracy, and
efficiency, it is challenging to adopt in industrial
applications due to issues such as complexity, vibration,
difficulty in tuning, and industrial conservatism.
Addressing these challenges through simplified design
methods, improved software tools, and industrial
demonstrations, as demonstrated in this study, could
accelerate its wider adoption. Future work may extend
this framework to higher degree-of-freedom industrial
manipulators, investigating hybrid control strategies that
combine the benefits of both approaches, and validating
the performances of the controllers under various
complex trajectory types to improve the practical
applicability in industrial robotic applications.
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