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ABSTRACT

This study presents a hybrid control system that combines Iterative Learning Control (ILC) and
Proportional-Integral-Derivative (PID) control to improve the joint control of the SCORBOT ER4u
robotic arm. The aim is to improve the accuracy, stability, and efficiency of repeated motion tasks in low-
cost instructional robots. PID offers fast response and inherent stability, and ILC progressively refines
control performance through repetition. By integrating PID and ILC, the system utilizes their
complementary strengths. The controller's performance was evaluated using multiple metrics, including
Root Mean Square Error (RMSE), Root Mean Square Percentage Error (RMSPE), Integral of Time-
Weighted Absolute Error (ITAE), and Integral of Time-Weighted Squared Error (ITSE), to capture both
transient and long-term error characteristics. The hybrid PID-ILC approach reduced steady-state errors
by 35% under no-load conditions and by 71% with a 1 kg payload. The system exhibited exceptional
stability, with no oscillations or divergence, demonstrating apparent convergence and a bounded response
across iterations. These results confirm that the proposed method significantly improves motion precision,
reliability, and robustness, making it well-suited for tasks requiring accurate and repetitive control in

educational and industrial contexts.
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I.  INTRODUCTION

Industrial automation, fundamental to Industry 4.0, enables
intelligent manufacturing through the integration of cyber-
physical systems, the Internet of Things, and robots [1].
Platforms such as IRoSim play a crucial role in this
advancement by integrating CAD-based simulation, planning,
and optimization for robotic systems [2]. The importance of
robots is highlighted by the fact that they are now a key
component of modern industry and perform a wide range of
tasks, from precise assembly to material management.
Autonomous image-guided robotic systems have been created
to perform vision-based tasks in practical applications,
enhancing the influence of industrial automation [3].

Industrial automation aims to improve production capacity
and speed, reduce output damage, and eliminate worker
dangers. To realize these goals, supporting robotic systems is
essential in Industry 4.0. Using robotic arms to optimize

production processes in manufacturing, food processing [4],
and the medical sectors [5] is becoming a feasible solution to
achieve these goals. However, the high cost of robotic arms
limits their use in many sectors and presents considerable
challenges to SMEs [6]. Educational institutions that teach
robotics specialists and operators have trouble getting robotic
arms due to cost constraints [7]. The high cost of robotic arms
limits industry-education cooperation. Thus, cost-effective
robotic arms are needed to allow industrial automation in
industrial and educational settings [8]. Several researchers have
aimed to develop affordable robotic arms [9]. In addition,
multiple research efforts have been conducted to create
affordable robotic arms that can enhance the teaching
experience in universities and vocational schools [10]. Other
researchers focused on designing educational robotic arms to
develop computational thinking skills in students. In [11], it
was observed that existing implementations of instructional
robotic arms have not yet addressed their influence on students'
computational thinking.
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Due to the primary limitation of cost-effectiveness, several
researchers used components that are widely accessible and
easily obtainable in the market [12]. This situation restricts the
functionalities that can be employed on the robotic arm. In
addition, this will exhibit worse performance in terms of
precision and accuracy of motions compared to industrial
robotic arms. For this purpose, several researchers have
developed control systems to improve the performance of robot
arms, such as a robot arm control system based on the
Proportional-Integral-Derivative (PID) algorithm [13]. This
study demonstrated that a PID-based control system can
improve accuracy and system stability, and minimize steady-
state errors. However, the system still has several weaknesses,
such as a slight overshoot and steady-state error when
controlling downward movement or in the direction of
gravitational force [14]. Additionally, manually tuning the PID
gain takes a relatively long time and does not necessarily yield
optimal performance. Moreover, PID-based control systems are
ineffective in handling external disturbances or sudden
changes.

To address these limitations, advanced control methods
such as adaptive Fixed-Time Sliding Mode Control (FIT-SMC)
and adaptive backstepping have been explored. In [15], an FIT-
SMC approach was implemented on an anthropomorphic
manipulator with friction and unmodeled dynamics. This study
further demonstrated that an adaptive backstepping-based
sensor and actuator fault-tolerant control method can maintain
manipulator performance under sensor and actuator faults,
outperforming conventional PID in terms of robustness and
adaptability. This study also presented the AUTAREP
platform—an open-source, low-cost robotic arm designed for
educational and research purposes—that functions as a realistic
example of the proposed control approach. AUTAREP
demonstrates the growing importance of low-cost robotic
systems in schools and Small and Medium-sized Enterprises
(SMEs).

Since PID-based control systems alone cannot handle non-
linear conditions, they are not suitable for use as robot
manipulator controllers. Several studies used additional
algorithms along with conventional PID to control robot
manipulators, such as in [16], which used a dual-design PID
controller to control the manipulator. This control system can
more effectively reduce overshooting and save electricity usage
than a conventional PID. Nevertheless, this control system is
still vulnerable, as it requires additional sample time to enhance
its learning and performance. This scenario results in increased
latency and hinders real-time system responsiveness. In [17],
the social spider algorithm was used in conjunction with fuzzy
techniques in a traditional PID controller to optimize the robot
arm manipulator. This algorithm can improve robot arm control
performance and produce zero steady-state errors. However,
this algorithm was only applied to a robot arm model in
MATLAB R2021a. In [18], three algorithms were combined
with traditional PID to control a SCARA two-limb robot arm in
the horizontal plane, namely Particle Swarm Optimization
(PSO), Attificial Bee Colony (ABC), and Chaos Game
Optimization (CGO), with the latter being the best in
optimizing the PID controller and controlling the robot arm
manipulator.

Several algorithms can be used to control repetitive
movements, such as those often performed by robotic arms.
The Iterative Learning Control (ILC) algorithm can correct
trajectory tracking errors in each iteration based on data
collected from the previous iteration [19]. In [20], a hybrid
PID-ILC was used to optimize the lower limb exoskeleton joint
controller. The results of this research are significant, with
steady-state errors being 50% smaller compared to using a
traditional PID controller alone. However, in this study, the
tested trajectory was only a 2D trajectory with a smaller non-
linear factor and used no additional load. Several upper limb
hand exoskeleton systems have also been developed to aid or
rehabilitate hand movements, in contrast to their lower limb
counterparts. The HEXOSYS I system is a multi-degree-of-
freedom robotic exoskeleton interface engineered for accurate
hand motion support and rehabilitation [21]. Its successor,
HEXOSYS II, enhances this concept with a lightweight design
prioritizing user comfort and functional performance,
signifying progress toward viable hand-wearable robotics [22].

In [23], ILC was applied to reduce vibrations only in the
robotic arm due to the elasticity of the robot joints.
Experimental results showed that the Variational Mode
Decomposition Hilbert-Huang Transform Iterative Learning
Control for Elastic Joint (VH-ILC-EJ) method can significantly
reduce vibrations, thereby increasing the performance of the
entire system. Recent studies have investigated fuzzy logic,
adaptive methods, and Fractional-Order PID (FOPID) to
enhance control in nonlinear systems. Fuzzy-PID methods
improve adaptability in uncertain environments [24], whereas
FOPID provides enhanced tuning flexibility and robustness
[25]. Adaptive FOPID facilitates real-time gain modification,
producing favorable outcomes in intricate dynamic
applications. These hybrid methods indicate avenues for
prospective improvements in robotic arm manipulation.

These developments indicate the need for more studies on
simple hybrid algorithms to enhance the deficiencies of the PID
algorithm in controlling a robotic arm, particularly in low-cost
educational robotic arms, aimed at improving the precision of
its movements within a short timeframe. This study used the
SCORBOT ER4u robot arm to lift an object on a 3D path. The
base and elbow motions create this 3D trajectory. The system's
non-linearity along this trajectory is affected by gravity. Since
this kind of system cannot handle external disturbances using
only a traditional PID controller, PID was combined with ILC.
This hybrid method allows the controller to adapt to changing
situations. The controller was used to ensure stability and
performance under uncertainties and disturbances. PID-ILC
controllers reduce steady-state errors and minimize overshoot
during numerous iterations. This study aimed to improve the
joint control algorithm of an articulated robotic arm,
SCORBOT ER4u, by implementing a hybrid PID-ILC strategy
to ensure precision and stability even when the elbow
experiences load variations (disturbances) and minimize any
overshoot and steady-state errors as the system attempts to
track a 3D reference trajectory accurately.
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II. METHODOLOGY

A. Experimental Design

The subject of investigation is the robotic arm SCORBOT
ER4u, with technical specifications shown in Table I, which is
used due to its mechanical benefits. These advantages arise
from the gearbox system that links the motor to the joint, which
functions as an arm drive or a link utilizing a timing belt, as
seen in Figure 1. This design enables the consolidation of all
motors as actuators in a single location, at the base. Other
variants of articulated robotic arms have motors at each joint,
resulting in increased strain on each link connected to the
motorized joint.

Joint 4

Fig. 1. SCORBOT ER4u robotic arm.

For this investigation, joint 1 and joint 3 are adjusted to
match a pre-determined trajectory. The path adheres to a
modified sinusoidal function described by:

(8000 X sin(x) + 100) + (1000 x cos(2x) + 100) (1)
where x is updated to vary the setpoint over time, creating a
modified sinusoidal trajectory.

x=x+ ((g X 1072) x 3.855) ?)

x involves several pulses, which are used to calculate the
setpoint on the trajectory. A sinusoidal setpoint is generated,
and the variable x is incremented. To convert the x value into
an angular value for each joint, refer to Table II.

TABLE L. SCORBOT ER4U TECHNICAL SPECIFICATIONS
Specification Value
Model SCORBOT ER4u
Degrees of Freedom (DoF) 5 (all are revolute joints)
Payload capacity 1Kg
Joint 1 Range motion +165°
Joint 2 Range motion +130°/-35°
Joint 3 Range motion + 130°
Joint 4 Range motion + 180°
Joint 5 Range motion +270°

Drive system
Control system
Feedback
Power supply

DC Motor with timing belt + gears
Arduino Mega + BTS7960 Driver
Rotary encoders on all joints
12V DC, 10A

Figure 2 displays the path that the robot arm's tip will
follow. The trajectory is the result of the combined motions of
joint 1 and joint 3. Figure 2 displays the trajectory for moving
joint 1 in the top view, while the front view image guides the
movement of joint 3.

*isometric

Fig. 2.

Robotic arm's 3D trajectory.

Figure 2 shows the combined movement from an isometric
perspective. The following actions were taken for the
experimental scenario:

1. Joints 1 and 3 follow the setpoint trajectory and are
controlled by the PID algorithm without external force.

2. Joints 1 and 3 follow the setpoint trajectory and are
controlled by the PID-ILC algorithm without external
force.

3. Joints 1 and 3 move with a 1 kg external force, following
the setpoint trajectory and controlled by the PID algorithm.

4. Joints 1 and 3 follow the setpoint trajectory and are
controlled by the PID-ILC algorithm with an external force
of 1 kg.

The data obtained from the motor's responses while
following the predetermined setpoint trajectory are collected
and then analyzed.

Several assumptions were established in the design and
execution of this investigation to ensure the feasibility and
consistency of the control evaluation. Robotic joints were
initially presumed to function autonomously, devoid of
mechanical backlash or substantial frictional influences,
facilitating streamlined modeling and controller development.
The mechanical design of SCORBOT ER4u, with base-
mounted actuators, naturally reduces coupling effects, although
dynamic coupling between joints was not explicitly modeled.
This makes it easier to establish control and reduces
interference between joints in the conditions tested.
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TABLE II. NUMBER OF PULSES PER DEGREE OF JOINTS
Joint #pulses per degree
1 125
2 115
3 115
4 65
5 65

The control experiments were performed in a steady, noise-
free laboratory setting with a controlled power source, ensuring
consistent voltage and reducing external interference. The
impact of motor thermal dynamics and actuator saturation was
considered insignificant during the brief duration of each trial.
External disturbances were mainly modeled by delivering a
constant load of 1 kg to the end effector, reflecting typical
gravitational forces seen in practical applications. Although
these assumptions are valid for a controlled experimental
framework, they may restrict direct scaling to more
complicated industrial settings, where unmodeled dynamics,
noise, and hardware limitations are more pronounced. A future
study will examine addressing these factors through adaptive or
observer-based control techniques.

B. Kinematics

Kinematics is the study of the motion of a body or a group
of bodies, disregarding their mass or the forces acting upon
them [26]. The controlled object is the SCORBOT ER4u
vertical articulated manipulator with five revolute joints. Figure
3 shows the links and joints of the robotic arm. A kinematic
diagram was created to simplify the mathematical
representation of the SCORBOT ER4u robot arm, as shown in
Figure 4. The kinematic diagram was utilized for determining
the Denavit-Hartenberg (D-H) parameters, shown in Table II1I.

Ly

el Upper Arm
\

\
'

Shoilder
Body

Gripper

Ly 65— WristRoll

Fig. 3. SCORBOT ER4u links and joints.
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Fig. 4. Kinematic diagram of SCORBOT ER4u.

TABLE IIL. DENAVIT-HARTENBERG PARAMETERS
Joint n 0, (deg) a, (deg) a, (cm) d,, (cm)
1 6, /2 a, =15 L, =35
2 g, 0 L, =22 0
3 0, 0 Ly =22 0
4 6, /2 0 0
5 Os 0 0 L, =14

The D-H parameters simplify the mathematical model of
robotic manipulators [27]. These characteristics can precisely
define the position and orientation of every joint and link,
improving the process of analyzing and controlling robot
motions. D-H parameters involve four variables: 6 (joint
angle), a (link twist), r (link length), and d (link offset). The
first pair of variables belongs to rotation, whereas the last pair
relates to displacement. Figure 4 shows the kinematic diagram
of SCORBOT ER4u, which is related to Table II, for 8,, being
the angle from X,_; to X, about Z,,_;. Angle a, can be
calculated from the rotation of Z,,_, to Z,, about X,,. Distance
a, is a measure from origin frame n — 1 to origin frame n
along the X,, direction. The last is the distance d,,, measured
from X,,_; to X, along the Z,_; direction. The forward

kinematics are obtained using a 4x4 homogeneous
transformation matrix [28]:
T _[Raxz Tz
n-1in —
0103 1
cosB, —sinf,.cosa, sinf,.sina, a,.cosf,
_ |sinb, cosay.cost, —cosO.sina, ay.sinb, 3)
0 sina, cosa, d,
0 0 0 1

In this context, R denotes the upper left 3x3 submatrix,
which shows how to rotate from frame n — 1 to frame n, while
T in the top right signifies the 3x1 submatrix, showing the
change in position (or translation) from frame n — 1 to frame n
[29]. The substitution of D-H parameters into (3) provides the
transformation matrix for each link.

[cosf; 0 sinf; a,cos6,]
sin8; 0 —cosfB; a,sinb
T,, = 1 1 1 1 4
o1 0 1 0 d, “®
0 0 0 1
[cosO, —sinf, 0 a,cos0,]
_ |sin6; cosB, 0 a,sind,
Tz 0 0 1 0 ©)
0 0 0 1
[cosO; —sinf; 0 azcos0;]
_ |sinB; cosB; 0 assinb;
T2s 0 0 1 0 ©
0 0 0 1
[cos6, 0 sin6, O
_|sin6, 0 —cosf, O
T 0 1 0 0 M
0 0 0 1
[cosf; —sinB; 0 O
sin@ cos6 0 0
Tys = 5 5 8
5 0 0 1 ds ®)
0 0 0 1
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Hence, the homogeneous transformation matrix used for SDIWoEpacs Top View (XY) Side View (XZ)
transforming the coordinates of position and orientation of ‘
every joint and link could be expressed by (9), (10), and (11) ) | ‘ "

(30]: _.80 ‘
g 60
S0 & 50|
Tos = Toq* Tip* Tz * T3a* Tys €)) N 20 4 i
_ Msy3  Psyq (10) 50 s A 50 0
013 1 X, 50 80 )
Cm) (@ 50 0 50 50 0 50
My M, M; Py X (cm) X (cm)
T, = |Me Ms M Py (1) (2) (b) ©)
' M; Mg My Py
0 0 0 1 Fig. 5. Workspace of the SCORBOT ER4u derived from the D-H model:
(a) 3D point cloud, (b) XY plane top view, (c) XZ plane side view.
where

M, = cos0,cos0scos(8, + 65 + 0,)
M, = cos05sin; — sinfscosf,cos,cos(6; + 6,)
M; = cos6;sin(6, + 65 + 6,)

M, = — cosB,sinfs + cosOscosb,sinb,cos(65 + 0,) —
sin@, sin@, sin(0; + 6,)

Mg = —cos0,cos05 — sinfBssinf,cosb,cos(6; + 0,) —
sin@,sin(65 + 6,)

Mg = sinb,sin(6; + 0,) [cosO, — sinb,]

M, = cos0Os (cos@zsin(93 + 0,) + sinf,cos(0; — 94))
Mg = — sinfgsin(0; + 6, + 05)

My = —cos(0, + 05 + 6,)

Py = cosO,(ascos(65 + 6,) + a,cosf, +
dscos0,sin(0; + 0,) — sinb, cos(0; + 0,) +1,)

=z
I

<ind (a3cos(02 + 03) + a,cos0, +)
'\ dgsin(8, + 65 +6,) +a,

P, = azsin(6, + 65) + d — dscosO,cos(0; + 0,) +
sinf,sin(65 + 8,) + a,sinb,

The accessible workspace of the SCORBOT ER4u was
calculated by applying the D-H parameters from Table III and
the joint Range of Motion (RoM) values from Table I,
sweeping joint angles ;-6 over their mechanical limits with a
resolution of 1°. Forward kinematics were assessed utilizing
the homogeneous transformation Ty 5 (9-11) to determine the
end-effector location for each configuration. The outcomes are
shown in Figure 5. The 3D graphic illustrates a roughly
spherical envelope defined by the collective extension of links
Li-L4 and the constraints of the joint limits. The side view
verifies a vertical range of around -15 cm to +90 cm in the Z
axis, while the superior view emphasizes the circular symmetry
in the horizontal plane, with slight discontinuities due to joint
motion limitations. For the visualization of the positional
workspace, 8, and 65 were fixed, as their movements mostly
influence orientation rather than position.

These graphs confirm that the kinematic model and ROM
data precisely define the operational reach of the SCORBOT
ER4u, offering a unique geometric framework for following
control and trajectory planning.

C. Motor Driving System and Microcontroller

In the experiments, the electronics of the robot consist of an
Arduino MEGA microcontroller, a BTS7960 H-Bridge DC
Motor Driver, a 12V-10A power supply, and a DC Motor
Pittman GM9213E922 with a rotary encoder. Figure 6 shows
the block diagram of the electronics. The components for the
system controller were chosen based on several criteria,
including component availability, programming simplicity, and
cost-effectiveness. The Arduino MEGA is used to generate the
trajectory and control algorithm, specifically the PID-ILC.
Every motor is used to manipulate each individual joint. The
motors are fitted with a rotary encoder to ascertain the precise
location of each motor as it traverses the current trajectory. The
precise positional reading will provide feedback for the robot
control system. The robot arm will be used as an instructional
instrument for students to develop their skills and expertise.

12V DC Power Supply

Base Joint Motor  Motor Driver hgtor Diver Elbow Joint

DC Motor
with encoder

DC Motor
with encoder

Arduino MEGA

Rotary Encoder Rotary Encoder

Fig. 6.

Block diagram of the electronic system.

D. PID-ILC Control

In robotic systems, PID control is utilized to minimize the
discrepancy between the reference and the measured estimate
[31]. The PID controller, illustrated in Figure 7, is designed to
regulate a process variable, denoted as y,,.(t), to a desired
setpoint  713,(t) by adjusting to compensate for any
changes e, (t) that may arise. The system creates control
signals U, (t) to govern the system and achieve the setpoint
value with speed and accuracy.
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There are three gain parameters in PID control, namely
Proportional (lz”p), Integral (¥;), and Derivative (¥y) .
Proportional control output matches the error value exactly.
The error e (t) is the difference between the measured process
variable Yy, (t) and the intended setpoint 13, (t). The higher
¥, values increase system responsiveness but may cause
overshooting and instability. The ¥; control component
examines globally the previous errors. Integrating the error
across time reduces or eliminates steady-state error. The
integral action raises the integral term if the error continues,
moving the process variable closer to the setpoint. The ¥,
control component forecasts the error direction based on the
rate of change. Damping lowers the system's deviation from the
target value. The ¥, action estimates future errors and adjusts
control output. The combination of the controlled output is the
overall sum of the proportional, integral, and derivative gains:

U.(t) =

¥, en(t) + ¥ [, e(tdt + ¥, de"(t) (12)

where U (t) is the output of the PID controller, ¥, is the
proportional gain, e (t) is the difference between the setpoint
and the process variable, ¥; is the integral gain, and ¥ is the
derivative gain.

© H-@—@}
i1 (B Wy ea(t) : i

e |
Ug_1(8) Memori [ PID ‘
| temr , B
, \ILCOutput|  PID - ILC oroess Variah
Setpoint  Error Output rocess ‘E:)m e
Tin(t) /\/\/Ek(t) Ug,(t) (RoboticArm) 7o
+ _z Y ‘ Joint Motor

PID Output

[Feedback Variable

Fig. 7.
arm.

Block diagram of the hybrid adaptive PID-ILC applied to a robotic

Several PID tuning approaches may improve control
system responsiveness. Standard tuning methods include
manual tuning, using expertise and trial-and-error to modify
parameters. The Ziegler-Nichols heuristic approach analyses
the system's response to specific tests to provide initial
parameter values. Software-based tuning optimizes settings
using algorithms and simulations. This PID tuning sets
proportional, integral, and derivative PID control parameters.
These factors impact system stability and resilience. Setpoint
achievement is a reference variable for system performance.
Several studies have used PID [32] or hybrid PID [33] as the
system controller.

Due to its several limitations, such as the inability to
regulate non-linear systems, PID control is not suitable for such
applications. To address this issue, it is necessary to use an
additional control method that may be integrated with PID
control to mitigate its limitations. One such algorithm is ILC,
which is an adaptive control approach that enables the system

to gain learning from its prior activities and consistently
improve the performance of repetitive tasks [34]. The ILC
controller output Uy (t), as illustrated in Figure 7, is used to
eradicate tracking inaccuracy by utilizing information from
previous data. If a control system consistently produces the
same tracking error when given the same command, the error
er—1(t) and the control input signals from the prior iteration
must be adjusted to provide a more appropriate control input
signal that reduces the tracking error in this execution. When
using the ILC, certain scenarios must fulfill the following
criteria:

e The trajectory should include a repeated job.

e The repeated trajectory should have identical starting and
ending points.

e Before the ILC is implemented, the system must be stable.

The control signal of ILC is derived from
Up () =

Up—1 (&) + Yp_1c-ex—1(t) + Ya_pc-ex—1(t) (13)

where U, (t) is the current ILC control signal, U,_; is the
previous control signal, e,_; (t) is the previous error, ¥),_;; ¢ is
the proportional ILC gain, ¥;_;; . is the derivative ILC gain,
and k is the iteration number.

The robotic arm joint motor will be controlled by the PID-
ILC control algorithm, which is a combination of the outputs of
the ILC and PID control algorithms. Figure 6 illustrates how
this process works. PID-ILC may be expressed as the
summation of (12) and (13):

Ucsr(t) = Uc(t) + Uy (6) (14)
Thus, the PID-ILC can be described as:
Ucsr(t) =

. deg(t
['Pp.ek(t) + ¥ [, e (Odt + ¥q. e;t( )] +

[Uk—l + Yp_rc-ex—1(t) + [Pd—ILC'ek—l(t)] (15)

In the initial condition, the value of the process variable is
zero because the value of the setpoint is also zero. When the
system is working, the output of the PID-ILC will be used to
control the robotic arm joint's motor, as shown in Figure 7. In
this case, the resulting process variable is expected to follow
the setpoint input to the system. In other words, this PID-ILC
ensures that the process variable y,,,;(t) has the same value as
the setpoint r;, (t) in each process.

To assess the tracking accuracy of control systems,
numerous studies have employed performance metrics
including Root Mean Square Error (RMSE) and Root Mean
Square Percentage Error (RMSPE). For example, in [35], it
was shown how to utilize RMSE to assess how well an ILC
performed on an articulated robotic arm. These errors are
represented by:

2
Z?=1(Yi,obs_yi,set)
n

RMSE = (16)
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Yi,obs

2
?:1<(Yi,obs_yi,set) )XIOO
RMSPE =

— (17)
where n is the number of data and Y., and Y;,ps are the
individual setpoint and observed values, respectively. RMSE is
a common way to measure model errors from quantitative data
predictions. RMSE is used to evaluate the size of the variations
of data points from the linear regression line or the distribution
of data surrounding the linear regression line. RMSE quantifies
the immediate effectiveness of a model by enabling a point-by-
point assessment of the actual difference between the desired
and observed values. Therefore, the control algorithm is more
effective when the RMSE and RMSPE values are modest.

This study also employs time-weighted performance
indices, Integral of Time-weighted Absolute Error ITAE) and
Integral of Time-weighted Squared Error (ITSE), to provide a
more comprehensive assessment of control performance,
considering both the magnitude and duration of errors over
time [36]. These metrics are calculated using

ITAE = [ tle(t)|dt (18)
ITSE = [ te*(t)dt (19)

where e(t) = Y, (t) — Y,ps(t) is the instantaneous tracking
error and T is the observation period. Unlike RMSE and
RMSPE, which assess the average error magnitude, ITAE and
ITSE impose greater penalties on errors that persist over
extended periods, thereby prioritizing the reduction of steady-
state deviations and enhancement of long-term accuracy. This
renders them especially pertinent for robotic arm control,
where both transient reaction and final position precision are
essential. Decreased ITAE and ITSE values signify expedited
settling times and reduced long-term error, which are necessary
for applications requiring accurate motion tracking under
fluctuating load conditions.

III. RESULTS AND DISCUSSION

A. PID and PID-ILC Tuning

This study started the robotic arm control system using PID
control, adjusting the gain parameters (¥,, ¥;, ¥) to enhance
the system's response to the setpoint. The Ziegler-Nichols
tuning method tunes PID controller settings, finding the ideal
gain value, followed by trial-and-error fine-tuning. The starting
values of ¥; and ¥ are zero. Additionally, ¥, is gradually
increased until the system achieves steady and continuous
oscillation, which is caused by the system's aggressive response
to a significant correction signal. The system reacts quickly to
reduce the error, but its robust response pushes it over the
preset threshold. The crucial ¥, (K¢) gain value is calculated at
this moment. The critical period (T¢) can be determined from
the oscillations that take place, as shown in Figure 8. The
close-up image details the oscillation from the 5® to the 6
second. K is 11, and the data collection sampling rate is 10
Hz, corresponding to 10 data points per second. Two waves are
observed within one second, resulting in a T of 500 ms.

Moreover, the gain value of each variable ( Y, ¥,
and ¥;) may be determined using the method shown in Table
IV. According to Table IV, the gain values for Y. Yo and ¥,
are 6.6, 26.4, and 0.4125, respectively. The gain values are
applied to the system, and the response of the system is shown
in Figure 9 by the green line. The fine-tuning step is significant
for enhancing the system's responsiveness, yielding gain values
Y, Vi, and ¥, of 6.6, 0.01, and 0.4125, respectively. A more
stable system response is achieved under this scenario, as seen
by the red line in Figure 8.

Once the PID control has achieved a steady response, the
ILC algorithm can be used as a hybrid control method on the
SCORBOT ER4u. The values for the parameters ¥p_j. ¢

and ¥;_;; ¢ are 2.5 and 0.1, respectively.

TABLE IV. ZIEGLER-NICHOLS TUNING FORMULA
Controller type Y, v, Y4
P 0.5 X K.
12x ¥,
PI 0.45 X K, —_—
T¢
2xY, Te X ¥,
PID 0.6 X K, L c_p
T¢ 8
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Fig. 8. (a) Response system at critical K, with continuous oscillation,

(b) Zoom out of the cropped view.

PID response before and after fine tuning
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Fig. 9. PID response before and after fine tuning.

The experiment was conducted using the microcontroller as
a means of controlling the device. The experimental procedures
and data gathering were conducted in accordance with the
scenario explained in the experimental design.
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B. Results of System Movements Controlled by PID Only and
PID-ILC

This study used a modified sine wave trajectory to analyze
the effectiveness of joint control. The used joints are joint 1 and
joint 3. Both joints were synchronized to move in unison along
a predetermined trajectory, creating a 3D trajectory. Figures 10
and 12 show the performance of joint 3 in various test settings.
Multiple stages were used to implement the control algorithm.
In the first case, the system was controlled using the PID
control algorithm without ILC. There was no load attached to
the end of the link driven by joint 3. Figure 10 illustrates the
system's performance using PID control when the motor-
controlled link at joint 3 was manipulated to track a trajectory
without any additional load at the end of the link. The
trajectory can be tracked correctly, although errors still occur,
especially when the system experiences rapid changes in the
direction of movement. Significant changes in the direction of
movement from bottom to top are due to the significant
moment of inertia in the system. The system could maintain
stability in the presence of steady-state errors ranging from 0 to
0.514°.

Response System without Load

800
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)
& 400
e
% 200
§ o0
Q
£
3200
—— Setpoint = - PID —— PID-ILC
o AR EE R
—-600
0 200 400 600 800 1000 1200 1400 1600
Time (second)
Fig. 10.  Response system without load using PID and PID-ILC.

Once the PID control provided a steady response, the
Iterative Learning Control (ILC) process was launched, and the
system's response is illustrated in Figure 9. The system remains
to use the same scenario, where the load at the end of the link is
not lifted, and the gain parameter in the PID control remains
unchanged. The use of the PID-ILC control algorithm shows a
substantial performance improvement. The current steady-state
error will gradually decrease and reach the setpoint value
because of the ILC algorithm's correction of the current error
based on the prior error. By the 15% iteration, the system will
have more stability, and the steady-state error may be reduced
to 0-0.319°. Figure 10 shows the performance comparison of
the two algorithms in controlling joint 3 with no-load
conditions. The system's response using PID-ILC is closer to
the given setpoint than when using the PID algorithm unaided
to control the system.

In the second case, a force is exerted on the end of the link,
which is moved by joint 3, as illustrated in Figure 11. The load
used is 1 kg, as specified by the maximum load capacity stated
in the SCORBOT ER 4U User Manual [37]. The objective of

using loads is to evaluate the system's response and
performance while lifting the load during work changes.
Similarly to the first case, the control technique used in the first
experiment is PID, with the same gain variable as in the first
experiment.

: ~

Fig. 11. SCORBOT ER 4U lifting a 1 kg load.

Figure 12 shows that the PID controller does not exhibit
satisfactory performance in the motion of joint 3 when used to
lift the load. This is shown by the occurrence of a somewhat
substantial steady-state error. The system exhibits stability;
however, it has steady-state errors that vary between O and
1.2°. This shows that the PID controller is not suitable for
nonlinear systems [38]. Although classical PID controllers can
maintain system stability, their ability to eliminate steady-state
errors in nonlinear systems is minimal. In [39], it was shown
that PID can guarantee finite—but not-zero—steady-state
tracking errors affected by disturbances and reference
dynamics, which is consistent with the observed error of 0—1.2°
at joint 3. Recent experiments on flexible robot manipulators
have shown that robust tracking control of flexible
manipulators using hybrid backstepping nonlinear reduced-
order active disturbance rejection can provide stability, but
does not eliminate tracking errors under nonlinear uncertainties
[40].

Response System with 1 Kg Load
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Fig. 12.  Response system with 1 kg load using PID and PID-ILC.

PID-ILC control was used in the final experiment to
improve the system performance. Although maintaining the
same gain and load controllers, the system reacts differently.
Figure 12 shows that after 20 iterations, the system responds
well. The performance of PID-ILC is indicated by the steady-
state error decreasing until it converges at 0 to 0.305°. In
contrast to the first experiment, which needed only 15 iterations
to obtain its optimum result, the second experiment took 20
iterations to reach its ideal results. The variation in the number
of repetitions is attributable to the differing circumstances,
namely the additional load applied in the second experiment.
This load initially results in more inaccuracies in the robotic
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arm's movement. The PID-ILC algorithm corrects the error and
achieves optimal performance after the 20" iteration. This
means that if this algorithm is utilized for low-cost robotic
arms, it will create only 20 defective products in mass
production, which is very small and suitable for mass
production. 0.305° can be considered an insignificant error
value. Figure 11 shows that the hybrid PID-ILC control
approach increases the system's capacity to manage external
disturbances and uncertainty. The results reveal that the actual
and planned trajectories are comparable. This supports the
basic notion that supplementary algorithms are necessary with
PID to regulate joints in robotic arms and manage external
disturbances and uncertainties that may occur during operation.

Figures 10 and 12 show how the PID and PID-ILC
controllers behave over time. To quantitatively assess
performance, essential transient and steady-state characteristics
were derived from the responses of the PID and PID-ILC
controllers, as detailed in Table V. The parameters are rising
time (the time taken to get from 10% to 90% of the setpoint),
peak time, percentage overshoot, settling time (the first time it
enters the +5% region of the steady-state value), and steady-
state error. The PID-ILC controller had a rise time of about
0.10 seconds, a peak time of 34.4 seconds, an overshoot of
166.187%, and a settling time of 25.1 seconds, with very little
steady-state error. The rising time stayed the same at 0.10 s
with a 1 kg load, while the peak time was 34.1 s, the overshoot
was 171.693%, and the settling time was 35.6 s. These results
show that the suggested hybrid PID-ILC controller keeps the
transient behavior stable even with the extra load, while also
effectively reducing steady-state error in both cases. The PID-
ILC method showed much faster convergence and a smaller
final error than the standard PID controller, demonstrating that
the PID-ILC strategy is better. It also shows that using iterative
learning can help reduce the effects of load disturbances and
improve tracking accuracy.

TABLE V. STEP RESPONSE METRICS
PID PID-ILC
Metric Without | With1kg Without | With 1 kg
load load load load
Rise time (s) 0.1 0.1 0.1 0.1
Peak time (s) 34.4 34.4 344 34.1
Overshoot (%) 166.605 171.633 166.187 171.693
Settling time (s) 32.7 34 25.1 35.6
Steady-state error | 4 5 73.03 74.52 60.05
(pulses)

Table VI presents a quantitative study that compares the
responses of PID and PID-ILC using RMSE and RMSPE. In
the no-load experiment, the comparison of steady-state errors
when using the PID control algorithm and the PID-ILC control
algorithm decreased by 35%. In the experiment using a load of
1 kg, the PID-ILC control algorithm decreased steady-state
error by 71% compared to when using only the PID control
algorithm. The disparity in RMSE values between PID and
PID-ILC under no-load situations is not substantial, indicating
that the PID control settings used are optimal, as seen by the
minimal disparity in RMSE values between the two controller
types. However, this circumstance alters when the robotic arm
is used to traverse a predetermined trajectory by hoisting a

load. The RMSE value almost doubles when the system alone
employs PID control. Meanwhile, PID-ILC control enhances
system performance by successfully reducing current steady-
state error. The experimental results are consistent with the
initial hypothesis that the PID-ILC algorithm, employed to
regulate the joints of low-cost articulated robotic arms, will
enhance steady-state errors in the presence of some
disturbances in the work process. To further measure control
performance, ITAE and ITSE were used, which show longer-
lasting errors and that the controller can reduce sustained
deviation. Table VI shows that the PID-ILC controller had
lower ITAE and ITSE values than the PID when there was no
load.

TABLE VI. ERROR COMPARISON OF PID AND PID-ILC
RESPONSES
Load Without load With 1 Kg load
Control Type PID PID-ILC PID PID-ILC
RMSE 66.06 43.39 128.74 64.85
RMSPE 5.10% 3.28% 12.48% 3.61%
ITAE 8674.64 4651.29 6112.23 13933.05
ITAE% 4.94% 4.96% 15.33% 5.57%
ITSE 707800.22 | 198006.12 887156.82 1244821.99
ITSE% 1.01% 0.28% 2.97% 0.66%

PID-ILC had a greater ITAE than PID when the load was 1
kg, showing that it improved steady-state accuracy but had a
bigger transient departure at first because of load dynamics.
The PID-ILC's ITSE percentage became better with each
iteration, which shows that it can adapt. The results suggest that
the hybrid controller works, although it could be better if it
could respond to heavier loads.

Previous works have noticed some limitations of
conventional PID controllers: they achieve stable motion but
undergo steady-state error in disturbances [14]. Hybrid PID-
ILC controllers perform better than classical PID, as indicated
in [20], which showed improvements in exoskeleton joints;
however, this study extends validation to a 3D robotic arm
trajectory with payload disturbances, where a 35% error
reduction was reported in the no-load case and 71% in the
loaded case. Moreover, although in [32] it was reported that
ILC can eliminate joint vibrations, these results indicate that
this hybrid PID-ILC framework can also alleviate payload-
tracking errors with convergence within 20 iterations. These
comparisons experimentally validate PID-ILC in real hardware
scenarios involving nonlinear conditions that are relevant
educationally and for SME:s.

Performance analysis demonstrated that the hybrid PID-
ILC controller significantly improves tracking accuracy and
reduces steady-state error under both unloaded and loaded
conditions. The proposed hybrid PID-ILC controller
maintained stable behavior across all test conditions, with
decreasing error over iterations. The system did not show
divergence or oscillation, indicating good convergence and a
bounded response. This confirms the controller's practical
stability, especially in repeated motion tasks with external
disturbances. Although the proposed control algorithm
performs well under controlled conditions with repeated
motion, it has some limitations. The system assumes consistent
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trajectories and steady environmental conditions, which may
not accurately represent real-world scenarios characterized by
random disturbances or non-periodic inputs. The controller also
does not compensate directly for joint coupling, actuator
saturation, or changes in system characteristics over time.
Future research will focus on integrating adaptive mechanisms
that can auto-tune control gains in response to real-time
feedback, alongside observer-based methods to estimate and
mitigate unmeasured disturbances and nonlinear dynamics.

IV. CONCLUSION

The proposed PID-ILC hybrid scheme was integrated into
the SCORBOT ER4u robotic arm to accurately and stably track
complex 3D trajectories. In this study, the PID control system
allowed the robot to move smoothly, with a steady-state error
of 0.514° for unloaded motion and 1.2° for a load of 1 kg. By
applying the proposed hybrid PID-ILC scheme and repeating
its operation several times, the system stabilized further, and
the steady-state error was reduced. Stability was reached under
no-load conditions after 15 iterations, with an error of 0.319°.
Under load, 20 iterations reduced the error to 0.305°. The
controller remained stable throughout all tests and conditions,
and errors continued to decrease with each new cycle. There
was no disturbance, and an oscillation was present, ensuring
that the response of the system was bounded. These findings
demonstrate that the proposed method is a practical way to
improve the precision, robustness, and reliability of
inexpensive robotic arms in educational institutions or SMEs.

In summary, an experimental analysis showed that PID-ILC
significantly improves the accuracy, stability, and robustness of
a low-cost articulated robotic arm (SCORBOT ER4u)
performing complex 3D trajectories. In the experiments, the
steady-state error was reduced by 35% under no-load
conditions, and by 71% with the 1 kg payload application,
signifying the superiority of the proposed method that works
well under nonlinear cases with disturbances. Therefore, this
study is the very first experimental validation that these
lightweight arms have improved tracking accuracy in the
presence of disturbances from the payload, a contribution
worthwhile for educational institutions and SMEs, where
affordability and reliability stand side by side. Compared to
previous work, the hybrid PID-ILC control has better steady-
state accuracy and performance in nonlinear conditions with
disturbances and loading variations. Whereas most previous
studies considered only 2D trajectories or free load conditions,
this approach was validated for 3D trajectories in the presence
of external disturbance, therefore showing applicability both to
educational and cost-effective industrial systems.

Although a simulated 3D trajectory and real hardware
under load were utilized to test the proposed control method, it
still needs to be validated in real cases, such as pick and place.
Therefore, future research will investigate the application of the
proposed control method to real activities to evaluate its
resilience and suitability for industrial and educational robotic
applications. To improve scalability in large or dynamic
industrial environments, real-time adaptive tuning and
disturbance compensation will also be investigated.
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