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Abstract

At Mobarakeh Steel Company, the writing on steel slabs is currently performed by manual labor,
which has several negative consequences. To address this issue, a project has been initiated to
implement robots instead. A robotic arm with five degrees of freedom (three related to the arm and
two related to the wrist) has been developed to write letters and numbers on the steel slabs. This
article details the design, dynamics, and control of the robotic arm. The dynamics were solved using
the Newton-Euler method, while the robot's control was calculated using the computed torque
method. Additionally, the robustness of the designed controller against noise and disturbances was
evaluated. The effectiveness of the controller's performance was demonstrated through simulations.
Furthermore, the robot's path was examined to ensure it did not cross any singular points. The results
indicated that the robot's passage through its singular point was monitored, and it was confirmed that
the robot did not cross the singular point.
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1. Introduction

In the steel industry of advanced countries, to write on steel slabs, they use marker robots to take
advantage of its advantages such as high speed and accuracy and the elimination of human labor [1-
6]. In 1979, Hollerbach was able to write by a humanoid robot. He and his group were able to design
the first route for a writer's robot. What Hollerbach did at that time was very significant because his
simple research later became the foundation of more serious industrial projects.

The humanoid robotic arm that he used for writing was a three-degree-of-freedom arm [7]. In 1991,
Suh and his colleagues presented an efficient and optimal method for designing the path of paint-
spraying robots. Optimizing the path of paint-spraying robots was a vital subject in the industry at
that time because by optimizing the trajectory of paint-spraying robots, a significant amount of paint
was saved, resulting in a significant saving in time and cost [8]. In 1994, Antonio conducted research
on the design of the movement trajectory of a robot that covered different parts by spraying and
obtained results. The research conducted by Antonio was the foundation of the next industrial projects
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[9]. In 1997, Asakawa developed a new method of designing the trajectory of car body paint spraying
robots. His method, which was implemented under the title of Teachingless robots, was successful
and saved time and money for the Hyundai company [10]. In 1996, Hertling researched the design of
complex and curved paths of the paint spraying robot. Of course, Hertling's work remained a research
project, but his research was precious for subsequent research [11]. Many control parameters are
related to the physical and mechanical properties of the robot. Therefore, applying precise
manufacturing methods such as machining and forming processes, helps to obtain these parameters
accurately [12-19]. There are several other surveys have been conducted on this issue some of which
are introduced in the papers [20-25].

Currently, in the steel industries of our country, writing on the steel slabs is done by human power,
which has its problems. Therefore, a project based on the design and manufacturing of such a robot
was defined, and part of its results (design of the dynamics and control) are presented in this article.
The marker robot draws letters and numbers on the steel slabs with an automatic spray gun (pistol).
Due to the use of an automatic gun and the automatic ON and OFF of the paint spraying, there is no
need to separate the gun from the slab. However, the path of the robot to write letters is defined
continuously. Figure 1 shows a marker robot and automatic spray gun used in steel-making factories.
In this article, the kinematic solution (direct and inverse) of the problem and how to design the
trajectory are not presented, and only the results of graphic simulations are given. The purpose of this
article is to design a suitable controller for the robot. For this purpose, after solving the kinematics of
the problem, the dynamics of the robot should be checked. For the dynamic solution of the robot,
parameters such as the mass of the members, the center of mass of the members, and so forth are
needed. Therefore, the two issues of solving the dynamics and designing the robot should be
performed simultaneously, the parameters needed to solve the dynamics of the robot should be
obtained, and wherever it is necessary, the necessary changes should be made in the design parameters
(however, how to design the robot and its details are not given in this article). Then, the dynamics of
the robot are solved by the Euler-Newton method, and after solving the dynamics of the robot, the
controller is designed. The robot is controlled by the computed torque method which is the usual
method of controlling industrial robots. Finally, the robustness of the designed controller to
disturbance and noise has been checked and its results have been presented. As mentioned, in the
steel industries of our country, writing on the steel slabs is done by human force, which has its
problems. This paper presents an innovative solution to apply a writer's robotic arm instead of the
human force.
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Figure 1. Marker robot and automatic spray gun
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2. Research Method

2.1 Trajectory Planning of the Robot

To check the dynamics of the robot, the trajectory planning process must be determined first. It means
that the motion equations of the path can be written in terms of space-time equations. For this, first,
all the letters and numbers must be divided into their components, which are line segments or arcs.
Therefore, a letter or number consists of a series of line segments or arcs. The final operator of the
robot, by following these routes, can finally write the desired letter or number on the board. Figure 2
shows the designed marker robot for the present project. According to Figure 3, the letter F consists
of six line segments, and the letter D consists of two line segments and one arc.
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Figure 2. Designed marker robot
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Figure 3. The path of the end-effector to write letters D and F
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Now the equations of each component of a letter or number should be obtained in terms of time. It is
assumed that the end-effector of the robot must travel a path that includes a line segment or a curve.
For this, the final end-effector must start from zero speed with constant acceleration, continue with
constant speed, and finally reach zero speed with negative acceleration. In this case, the speed-time
diagram of the final robot operator for traversing lines and curves is shown in Figure 4.

velocity

max = 0.1 m/s

td L time
Figure 4. Velocity-time diagram of the robot’s end-effector

td is the acceleration time (positive or negative) of the robot, and by applying td, the path of a line
segment or curve is divided into three parts: two parts that the robot travels with acceleration (positive
or negative) and one part that the robot travels with constant speed. For example, the equations of a
line segment are according to relations 1:

{11 = 2960t {12 = 96t — 4.8 {13 = — 2960t + 988.8t — 419.925 M

0<t<o01 01=t=<093 093 <t <1.03

The end-effector starts moving from zero speed with increasing acceleration at the origin and after
traveling the segment Ly, it travels the segment L at a constant speed and finally travels the segment
Ls with decreasing acceleration to reach the destination point. At the destination point, the speed of
the final conductor is zero.

2.2 Robot dynamics

As mentioned, after obtaining the equations of the path in terms of time, the dynamic equations of
the robot can be obtained from the Newton-Euler method. The equations of motion in the Newton-
Euler method are based on the force balance between the robot members. The complete algorithm for
calculating joint torques using joint movement consists of two parts. In the first part, the velocities
and accelerations of members are calculated from member 1 to member n using repeated relations,
and Newton-Euler equations are written for each member. In the second part, the forces and moments
between the members and the driving moments of the joints are calculated sequentially from member
n to member 1 [26]. According to the Newton-Euler relations, the diagram of torques of joints 2 and
3 of the robot to draw a line segment is calculated in MATLAB and Simulink software and is given
in Figures 5 and 6 (torques are in Newton-meters).
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Figure 5. Diagram of the moment entering into joint 2
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Figure 6. Diagram of torque entering into joint 3

2.3. Robot Control

In this article, the robot is controlled using the Computed Torque Method, CTM, by using PID in the
outer loop. CTM method or control through computed torque is one of the common methods of robot
control. Many industrial robots use PD or PID, so this type of controller has been applied in this
project. In PID control or proportional-derivative-integrator control, 2 relations prevail [27]:
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Where, Kp, Ky, and K;j are the gain matrices of proportional, derivative, and integral control. In
addition, ¢, e, and ¢ are the error functions of displacement, velocity, and acceleration. Moreover, g,
¢, and g are the position, rotational speed, and angular acceleration of the end-effector. M is the
inertia tensor and t is the torque.
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According to Routh's test law and the decoupling of gain matrices, to maintain the stability of the
system, there must be a relationship of 3.

Ki; < Ky Kp, ©)

For example, with the help of the PID method, the path of the letter D has been controlled, which will
be explained in the following. The letter D consists of a line segment and a curve. Figure 7 shows the
PID controller Block Diagram operated in Simulink software.
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Figure 7. PID controller Block Diagram

In the block diagram, the robot arm is the controlled unit that consists of components such as motors,
joints, parts, and sensors.

3. Results and Discussion

3.1 Robustness to Disturbance and Noise

Usually, the disturbance is modeled as an accumulative signal with the input torque signal to the
robot. The amount of disturbance depends on environmental factors. External forces such as friction
and the load of external objects imposed on the robot can cause non-structural uncertainty in the
system, which is usually considered an input disturbance. The disturbance function may have various
forms, but usually, to test the system, it is considered a step or sinusoidal function. The step function
is used when a singular perturbation (in a very short time) affects the system and then disappears such
as an impact by an external force. On the other hand, the sinusoidal function follows the system for a
long period. For example, the heavy vibration of other industrial machines in the factory. In this
article, both types of these functions are included in the disturbance and the results related to the
sinusoidal function are shown. The perturbation ranges of the sine function for joints 1 to 5 are
considered equal to 5, 60, 20, 0.5, and 0.1, respectively.

Often, noise is introduced in the form of measured noise added to the output in feedback (sensors).
In most cases, the noise function is entered as a random or sinusoidal function. Of course, the
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frequency of the noise function is considered much higher than the frequency of the disturbance
function. The amplitude of the noise input to the feedback is considered to be about 0.001. The
diagram of the path traveled by the end-effector before and after introducing disturbance and noise to
the system is shown in Figure 8.
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Figure 8. Diagram of the path traveled by the end-effector (a) before and (b) after introducing disturbance and noise to
the system

As shown in Figure 8 (b), there is a little shake can be observed on the path due to noise and
disturbance, however, the final form of the letter D is acceptable and legible.

The error diagram of the trajectory (e) and the error diagram of velocity (¢) for five joints of the robot,
before and after imposing the noise and disturbance, are shown in Figure 9 and Figure 10 respectively.
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Figure 9. Error diagram of the trajectory (e) for five robot joints (a) before and (b) after introducing disturbance and
noise to the system
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Figure 10. Velocity error diagram (e) for five robot joints (a) before and (b) after introducing disturbance and noise to
the system

According to the error graphs, it can be said that the controller is not resistant to noise. The reason
for that is the large gain value. The diagram of position and angular velocity (q and g¢) for five joints
of the robot despite disturbance and noise is shown in Figure 11 (a and b).
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Figure 11. (a) Position diagram (q) for five robot joints with disturbance and noise (b) Angular velocity diagram (q¢) for
five robot joints with presence of disturbance and noise

From the comparison of Figures 11 (a and b), it can be seen that noise and disturbance are more
visible in the angular velocity diagram.

3.2 Investigating the performance of the robot in terms of crossing singular points

Singular points refer to points where Jacobian joints are not reversible. There are two ways to
determine the Jacobi and, as a result, the singular points: 1- Using the method of Velocity Propagation
between the links according to relations 4, it is possible to calculate the Jacobi [26]:
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Where o is rotational speed, V is linear velocity, R is the position vector, J is the Jacobian, t is the
transfer matrix and P is the position vector from the center of the mass of the link.

2- Jacobi can be calculated with the help of Screw Analysis. To use this method, equation 5 should
be applied [4].

ter = "FJq
t — [ e e .. én ] . (5)
EE riXeq ryXey .. ThXen q

Where J is Jacobian, g is the velocity of the end-effector, and vector r is the position vector of the
end-effector from the base of the robot.

In this article, both methods are used to calculate the Jacobi matrix and its determinants, and the
singular points of the robot's path are determined (the results obtained from both methods are
completely similar to each other). Figure 12 shows the determinant diagram of the Jacobi matrix
along the path of the robot. As it is clear from Figure 12, along the path, the determinant of the Jacobi
matrix does not become zero, or in other words, the robot does not pass its singular point.

(K Yada NN A

0.02 B

D 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 gec

Figure 12- Diagram of the determinant of the Jacobi matrix along the path of the robot
4. Conclusions

In this article, the goal was to design a suitable controller for the marker robot to write on steel slabs.
The conclusions are as follows:
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- To design the controller, the dynamic equations of the robot must be obtained first. To obtain the
dynamic equations of the robot, the end-effector path of the robot must first be designed. Therefore,
the design of the path for writing letters and numbers was done and the dynamic equations of the
robot were obtained by the Newton-Euler method.

- The control of the robot was done by the torque method calculated by using PID in the outer loop.
The designed controller is resistant to disturbances, although it is less resistant to noise. The final
performer of the robot travels the designed path suitably so that the words written by the final
performer of the robot are readable despite the disturbance and noise.

- The passing of the robot from its singular point was checked and it was determined that the robot
did not pass the singular point.
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