70

Trong Hieu Luu, Quang Hieu Ngo, Nguyen Bao Vo, Duc Thinh Le

VELOCITY KINEMATIC CONTROLLER DESIGN FOR AN INDUSTRIAL
MANIPULATOR WITH A PALLETIZING CONFIGURATION

THIET KE BO PIEU KHIEN DONG HQC VAN TOC CHO ROBOT CONG NGHIEP BUQC
TAI CAU HINH THEO DANG PALLETIZING

Trong Hieu Luu, Quang Hieu Ngo*, Nguyen Bao Vo, Duc Thinh Le

College of Engineering, Can Tho University, Vietnam

*Corresponding author: nghieu@ctu.edu.vn
(Received: July 04, 2025; Revised: August 08, 2025; Accepted: August 29, 2025)
DOI: 10.31130/ud-jst.2025.23(9A).361

Abstract - This paper presents the design of a velocity kinematic
controller for a 6-degree-of-freedom Motoman industrial robotic arm
applied in palletizing tasks. To simplify the control system and
maintain stability during pick-and-place operations, the original
structure of the robotic arm is reconfigured into a 4-degree-of-
freedom system by fixing some joints. Additionally, the end-effector
is constrained to remain perpendicular to the working plane
throughout operation. A new kinematic model is developed based on
the adjusted hardware structure, in which the end-effector’s velocity
is computed using the Jacobian matrix. To evaluate the proposed
control method, three different trajectories are defined: linear,
circular, and clover-shaped paths. Both simulation and experimental
tests are conducted, focusing on analyzing the variation in end-
effector velocity. The results demonstrate that, the proposed system
can accurately guide the end-effector along the desired paths,
confirming the effectiveness and practical applicability of the
approach in industrial robotic control for palletizing tasks.

Key words - Robot palletizing; industrial manipulator; velocity
kinematic control; Jacobian matrix

1. Introduction

In the field of industrial automation, pick-and-place
operations are among the most common and highly
applicable tasks, particularly in production lines,
packaging, and product sorting. To meet the requirements
for speed, accuracy, and high repeatability, palletizing-type
industrial robotic systems have been widely deployed in
practice. These systems enable robots to automatically
perform the stacking of goods onto pallets according to
predefined rules or optimized criteria specific to
operational demands.

Globally, research on trajectory planning algorithms
for palletizing robots has been systematically reviewed in
[1]. Specifically, stacking strategies based on heuristics
have been investigated to optimize the pick-and-place
process for objects of varying sizes [2]. Additionally,
optimizing the motion path of the end-effector has garnered
significant attention to enhance operational efficiency [3],
while safety aspects concerning human-robot collaboration
have also been addressed in [4]. Notably, study [5] presents
techniques for optimizing motion time to improve speed
and efficiency in pick-and-place operations.

In Vietnam, research on industrial robots is also

attracting considerable interest from various research
groups. From this, the authors in [6] proposed a robust

Tém tit - Nghién ctru nay trinh bay thiét ké bo didu khién dong
hoc van tbc cho tay may cong nghiép Motoman 6 béc tu do trong
tmg dung xép hang 1én pallet. D& don gian hoa hé théng didu
khién va dam bao 6n dinh trong thao tic gip tha, cdu truc ban
déu cua tay may dwoc didu chinh thanh tay méy 4 bac tu do bing
cach ¢b dinh mot sb khop, ddng thoi giit cho khdp cudi luon
vudng goc v&i mit phing lam viéc. M6 hinh dong hoc duge xiy
dung lai twong mg, voi van tdc khdp cudi duoc tinh thong qua
ma trin Jacobian. Ba dang quy dao gém dudng thing, duong
tron va duong hinh c6 ba la dugc thiét 1dp nham kiém chimg
hiéu qua didu khién. Ca mo phong va thuc nghiém déu dugc
thuc hién, tap trung phan tich bién thién vén cua khop cudi. Két
qua cho thiy, hé théng dé xuit c6 kha nang didu khién khop
cubi di chuyén theo quy dao mét cach chinh xac, minh chimng
cho tinh hiéu qua va ung dung thuc tién trong diéu khién robot
cong nghiép.

Tir khéa - Robot palletizing; robot cong nghiép; diéu khién dong
hoc van toc; ma tran Jacobian

control solution by applying a sliding mode controller
combined with neural networks to enhance resistance
against external disturbances. Concurrently, studies such
as [7] have analyzed the dynamics and optimized the
structure of palletizing robots to design and manufacture
systems suitable for stacking goods onto pallets. However,
due to limitations in hardware investment costs, domestic
research often faces difficulties in experimental
implementation on modern industrial robot systems.
Therefore, leveraging and reconfiguring available
hardware platforms is a reasonable approach, both cost-
effective and efficient for research purposes.

In this study, we propose a control solution for
palletizing-type industrial robots by reconfiguring the
6-degree-of-freedom Motoman robot, in which several
joints are locked to reduce unnecessary degrees of freedom
for the palletizing task, thereby simplifying the control
model and enhancing operational stability.

2. Method
2.1. Kinematic model of the palletizing industrial robot
2.1.1. Forward kinematics

The robot utilized in this study is a palletizing-type
industrial robot with four degrees of freedom, modified
from the original 6-degree-of-freedom Motoman K3
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industrial robot (Figure 1a). For palletizing applications,
the robot requires the first three joints (joints 1, 2, and 3)
for positioning, while the final joint (joint 6) serves to
orient the end-effector such that it remains perpendicular
to the working plane. To achieve this, the research team
fixed two intermediate joints (joints 4 and 5) using a
flexible joint. The modification process involved removing
two unnecessary rotary joints and adding an auxiliary link
to enhance the robot’s lifting and grasping capabilities.

The Cartesian coordinate system of the robot in space
is established as shown in Figure la, and the simulation
coordinate system is similarly depicted. Figure 1b
illustrates the control cabinet system, which includes a
Siemens S7-1200 PLC and Servopack SGDA drivers,
responsible for generating control pulses for the AC servo
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motors via the TIA Portal software on a computer. Based
on this coordinate system, the Denavit-Hartenberg (DH)
parameter table for the robot is constructed as shown in
Table 1. According to Table 1, the fourth joint is a flexible
joint, whose movement is controlled through the adjacent
second and third joints.

Table 1. DH Parameters of the robot
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Figure 1. The Motoman industrial robot redesigned for Palletizing applications

Where:

e 0; is the rotation angle about the Z;_; axis from x;_;
to Xi,

o ¢, is the rotation angle about the Z;_; axis from z; to x;,

e g, is the distance between two Z;_; axes along x;,

e d; is the distance along Z;_; between two coordinate
frames.

Based on these definitions, the transformation matrix for
each link of the industrial manipulator is expressed as follows:

4 = [0 R} 0 D{’] (1
0 0 o0 1

A = Ag Ay . A, 2)
Where 0 <i<n
2.1.2. Inverse kinematics

In pick-and-place and palletizing applications, solving
the inverse kinematics problem is essential to determine the
joint angles corresponding to the desired position and
orientation of the end-effector. This enables the
manipulator to accurately compute control parameters to
move the end-effector to the required position within the
workspace. Solving this problem also provides the basis for
determining appropriate motion trajectories, ensuring
smooth end-effector movement between operation points,
while adhering to mechanical limits and avoiding
collisions during operation.

In this study, the robot’s inverse kinematics is

established using geometric methods with side and top
views (Figure 1b and Figure 1c), as illustrated below:

Based on the robot’s projection in space, the inverse
kinematics equations for each joint are described according
to [8] as follows:
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T
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2.2. Velocity kinematics of the Palletizing robot

In the analysis and control of industrial robots, velocity
kinematics serves as a bridge between the geometric
kinematic model and motion control problems. Unlike
forward kinematics, which describes the relationship
between joint angles and the position and orientation of the
end-effector, velocity kinematics focuses on the
relationship between joint velocities and the linear and
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angular velocities of the end-effector in the workspace.

To describe this relationship, the Jacobian matrix is
used as a mathematical tool linking joint space and task
space. The forward Jacobian allows calculation of the end-
effector’s velocity from joint velocities, supporting
trajectory control. Conversely, the inverse Jacobian helps
determine the required joint velocities to achieve the
desired end-effector velocity. In general, the Jacobian
matrix in this study is described as follows:

v=J(0).6 (13)
6,
16,
v=ﬁ93 (14)
14,
b5
71 [Pu Jiz s e s (6,
y J21 J2z J2z Jaa Jas 6,
Z _ Js1 Ja2 Jaz Jaa Jss Ao (15)
Wy Jun Jaz Jaz Jaa Jus 3
Wyl |Js1 Js2 Js3 Jsa Jss 6.4
Wzl s Jeo Jes Jea Jesd LOs

In this study, the robot consists entirely of rotary joints;
thus, the linear velocity components J,, and angular velocity
components J,, in the matrix are redefined as follows:

[/11] [0]
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/31
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/32
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Thus, the inverse Jacobian matrix is implemented as
follows:
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3. Results

To evaluate the feasibility of the proposed control
method and the newly integrated mechanical
configuration, the research team conducted experiments to
assess the accuracy, smoothness, flexibility, and

responsiveness of the hardware system. Specifically, the
robot was programmed to follow three motion trajectories
of increasing complexity, including linear, circular, and
clover-shaped paths. Each trajectory was repeated three
times to ensure the reliability of the results.
3.1. Experiment 1: Linear trajectory

Experiment 1 evaluates the end-effector’s control
capability when the trajectory is a straight line. The start
and end coordinates in the workspace are set as
A =1[5900599]7and B = [590 400 599]" (units: mm),
respectively.
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b. End-effector velocity variation chart (image adjusted)

¢. Actual linear motion of the end-effector
Figure 2. Linear trajectory of the end-effector

To ensure smooth end-effector movement, the
trajectory is divided into 100 segments, with each segment
executed in 1 second. The simulation results are presented
in Figure 2a, while Figure 2b shows the velocity-time
graph at the end point. Observations indicate that the end-
effector’s velocity gradually increases and reaches its
maximum at the endpoint, due to the final joint’s
movement away from the manipulator’s center.

Figure 2c illustrates the actual motion results of the robot.
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After three repetitions, the end-effector successfully followed
the desired trajectory. However, due to the division into 100
small segments with 1-second intervals, the overall motion
still exhibits limited smoothness. The straight-line trajectory
records an error of d = + 20 mm. The average velocity
during execution is approximately vy, = 4.12 mm/s.
3.2. Experiment 2: circular trajectory

Experiment 2 was conducted to assess the robot’s end-
effector control capability in circular trajectory tracking.
The center of the circle is set at I = [590 0 599]7 with a
radius R = 100 mm. To ensure continuous and accurate
motion, the trajectory is divided into 360 segments, with a
1-second interval between segments.
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b. End-effector velocity variation chart for circular trajectory
(image adjusted)

¢. Actual circular motion of the end-effector
Figure 3. Circular trajectory of the end-effector

Simulation results are shown in Figure 3a, while the end-
effector velocity chart during trajectory execution is
presented in Figure 3b. The results indicate that the velocity
tends to increase as the end-effector moves farther from the
manipulator’s center and decreases as it approaches the
origin, reflecting the dependence of end-effector velocity on
its geometric position in the workspace.

The actual robot motion during circular trajectory
execution is illustrated in Figure 3c. After three repetitions, the
control system ensures that the end-effector closely follows
the desired trajectory; however, similar to the previous
experiment, the motion smoothness remains limited due to
relatively long intervals between steps. The circular trajectory
records aradius error of R = % 15 mm. The average velocity
during execution is approximately vy, = 2.15 mm/s.

3.3. Experiment 3: clover-shaped trajectory

Experiment 3 aims to verify the robot’s end-effector
control capability along a more complex trajectory -
clover-shaped path. The trajectory center is set at
[ =[590 0 599]7 (units: mm). To ensure continuous and
precise motion, the trajectory is divided into 360 small
steps, with a 1-second interval between steps.
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trajectory (image adjusted)
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Figure 4. Clover-shaped trajectory of the end-effector

Simulation results of the control process are shown in
Figure 4a. The end-effector velocity chart throughout
trajectory execution is presented in Figure 4b. The results
indicate that with evenly spaced trajectory steps, the end-
effector velocity remains stable throughout the motion.
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Figure 4c illustrates the experimental results for the
robot executing the clover-shaped trajectory. After three
repetitions, the end-effector closely followed the
established  trajectory = with negligible deviation,
demonstrating the feasibility and effectiveness of the
proposed control method for nonlinear geometric paths.
The clover-shaped trajectory records a radius error of
R = + 10 mm. The average velocity during execution is
approximately v, = 2.32 mm/s.

3.4. Comparison with previous studies

Compared to previous studies, the authors in [9] applied
the Jacobian matrix to calculate velocity and identify
singular configurations of planar parallel robots. However,
this work was limited to simulation and algorithm
development. Similarly, the research group in [10]
proposed a trajectory planning method for SCARA robots
to eliminate singular points and optimize the motion path,
but only implemented on a simulation platform.
Additionally, study [11] developed a torque controller
based on the Jacobian matrix and optimized trajectories
using genetic algorithms, but the results were also confined
to simulating different trajectories.

Unlike these studies, this work proposes a velocity
control solution for the end-effector using the Jacobian
matrix and evaluates its effectiveness through both
simulation and experimental validation. As a result, the
research not only verifies the feasibility of the method but
also demonstrates its high application potential in practical
industrial manipulator control.

4. Conclusion

This study has presented a velocity kinematic control
solution for industrial manipulators in palletizing
applications. The system is built upon reconfiguring the 6-
degree-of-freedom  Motoman robot into a new
configuration with four degrees of freedom, in which the
end joint is fixed perpendicular to the ground to ensure
stability during pick-and-place operations. Simplifying this
structure not only reduces control complexity but also suits
research conditions utilizing available hardware. Based on
the new configuration, forward kinematics, inverse
kinematics, and especially velocity kinematics models
have been established using the Jacobian matrix. This
approach enables accurate calculation of end-effector
velocity based on joint velocities, thereby ensuring smooth
and efficient motion within the workspace.

To evaluate the effectiveness of the proposed method,
three experiments with different trajectory types - linear,
circular, and clover-shaped - were conducted. Results from
both simulation and experimental tests showed high
consistency; notably, under experimental conditions, the

manipulator’s end-effector could accurately follow the
entire predefined trajectory, confirming the feasibility and
reliability of the proposed control solution.

The simulation and experimental results demonstrate
high compatibility between the approaches, and confirm
the capability for smooth and precise control of the end-
effector along each trajectory. Thus, the study affirms the
feasibility and effectiveness of the Jacobian-based velocity
control solution for reconstructing controllers for industrial
robots. Future research directions may include adjusting
dynamic timing according to trajectory curvature,
integrating real-time sensors, and expanding to flexible
manufacturing environments.
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