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Abstract

This paper presents the ILC control system in the form of P-type, D-type, and PD-type applications and compare
the decrease in RMSE of each type of ILC by focusing on the simulation results of the robot system in a defined motion
pattern for the dive a real robot in the future. In the experimental design, the movement patterns of the robot were defined
by motors A, B, and C. The results of the robot movement are taken to the transfer function for use in the simulation. An
example of this research has shown the use of the techniques of P-type, D-type, and PD-type ILC. It was found that the
system simulation results of P-type and PD-type ILC had similar reductions in RMSE values. However, PD-type ILC is
adapted to reduce RMSE within the system, which is faster than P-type and achieves the lowest RMSE by just a little
when compared to this simulation.
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1. Introduction

Today, industrial robots are important in the world. They can be applied to working in industries,
hospitals, clinics, and many other places. Developing a robot that can move with minimal error is a problem
that can be solved by implementing various theoretical approaches. The robot is assigned a movement to be
directed by tracking a trajectory. The system always has the same error range when operated such as moving
a batch of workpieces from one point to another in the batch process. When checking the root mean square
error (RMSE) value, it is always apparent that there will be errors close to the original value.

Robotic control systems can be developed inside or outside the feedback control. For the
development of the system inside the feedback control, the system can be flexible when a variety of profiles
are modified, and it is an easy way to develop a controller.

To design a controller to control the joint or rotation of the motor, the research included proportional
integral derivative (PID) (Pan et al., 2018), fuzzy logic (Cupertino et al., 2006; Liu et al., 2008), neural
networks (Dexu et al., 2019), LQR (Sun et al., 2010; Van et al., 2011; Mason et al., 2014), sliding mode
(Ferrara et al., 2019) and etc., to develop the movement of the motor resulting in a fast response, flexibility,
and more robustness of the system. Considering the issue of RMSE arising from the movement could not
solve all problems. The inside feedback control is interesting to be developed first when the system designer
is the developer of the robot.

Developing the desired path by the outside feedback control is another option because the user
cannot change the internal control structure. The control system that can be developed uses iterative learning
contral (ILC), repetitive control (RC), and run-to-run control. Iterative learning control is an interesting
control system used in batch processes since it can fix the problem by decreasing the error in the next iteration
(Bristow et al., 2006; Ahn et al., 2007). They are categorized into controls that can effectively handle tracking
errors. By the basic concept, it can improve the ability of an inside feedback control by reducing the tracking
errors inan iteration. There are two types of modulated control input signals: 1) controlled input signal outside
the feedback control system in ILC serial architecture, and 2) controlled input signal inside the feedback
control system in ILC parallel architecture. There are many types of ILC control systems, such as P-Type
ILC, D-Type ILC (Wang, 2000; Song, et al., 2005), PD-Type ILC (Chen & Moore, 2002), and PID-Type ILC
(Madady, 2008). With these different controller styles, developers often design learning matrix to suit the
applications in the designed P, I, and D terms. There may be an approach for determining the error value as

[545]

Proceedings of RSU International Research Conference (2022)
Published online: Copyright © 2016-2022 Rangsit University



RSU International Research Conference 2022

https://rsucon.rsu.ac.th/proceedings 29 APRIL 2022

an option which can be designed and used to develop a system to work in the same way as developing a
learning matrix. In addition, the selection of different types of ILC in the system has variations that are not
the same as the responses within the system. In the design of the control system, there is no comparison
among the performances of P-Type ILC, D-Type ILC, and PD-Type ILC in applications with robotic arms,
in addition to the theoretical comparison of some controls only.

In this research, the difference of error to input in D-type ILC was designed by comparing the error
values between iterations from the normal design D-type ILC by using it in different time steps as a whole
before the improvement in PD-type. Then, P-Type ILC, D-Type ILC, and PD-Type ILC were compared in
the aspect of their reduction of the RMSE value within the system. In terms of the scope of the study, one
profile of motion was defined in 3 joints, and the design of the simulation system in the initial study showed
the results of the following studies.

2. Objectives
1) To study the use of the ILC controller in P-type, D-type, and PD-type
2) To compare the reduction of the error value of the ILC controller in the movement of the robot

3. Materials and Methods
3.1 Prototype robotic arm

According to Figure 1(a), the prototype robotic arm was used in this research. The robotic arm
consisted of three axes of movement: Joint A, Joint B, and Joint C. Joint A was the pivot point of the robotic
arm. Joint B was the lift up - lift down of the robotic arm, and Joint C was the sweep angle of the robot. The
control processing system which was processed by the MATLAB/Simulink program and Arduino board
received feedback by a variable resistor to check the angle of motion in each joint as shown in Figure 1(b).

4+ "
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| e | ©

Driver mator Motor Encoder

Microcontrodler

A

(a) Prototype robotic arm (b) The system control process of the robotic
Figure 1 Prototype system robotic arm

3.2 Program design by MATLAB/Simulink

In the design of the control system, the researcher used P control because of the technique of Chien-
Hrones—Reswick (CHR) tuning to select a Kp gain. The program in Simulink was employed to design the
system into three parts for controlling Joint A, Joint B, and Joint C. By providing a method of control as a
trajectory control as shown in Figure 2.
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By setup, trajectory control can be defined through the variables in_m1, in_m2, and in_m3 after that
program will run the process to control the robotics arm. For controller is responsible for processing in
discrete PID control system and setting the limit of movement of each robotic arm as shown in the saturation
box. the output of the robotics arm can get by the workspace box.
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Figure 2 The control algorithm of the robotic arm using Simulink block
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3.3 System equations of a prototype robotic arm
The system equations can find in the motion of robots, the experiment robot was moved by feedback

control considering the desired path and actual path from the system run profile of movement in the time
domain as shown in Figure 3.
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Figure 3 Smooth the function profile to control the robotic arms in motor A, motor B, and motor C.

Form Figure 3 can estimate the transfer function of the robotics arm. By analyzing input and
output from Figure 4 and using system identification from MATLAB Toolbox. The desired movement
versus the actual movement of all joints from 49.94 sec from Figure 3(a) in joint of motor A, Figure 3(b) in
joint of motor B, and Figure 3(c) in joint of motor C. Simulink program set up the time delay in the step
input to 0.055 sec/step, and the batch process in trajectory control uses 909 steps in the path. The results of
estimating the transfer function of a discrete-time system are defined as the ratio of the z transform of each
joint according to joint of motor A is equations (1) in @A (2), joint of motor B is equations (2) in CB (2),
and joint of motor C is equations (3) in G (2).

A 0.072767z
Ga(2) = 22-1.3507532+0.423020 M)
~ 0.065985z
Gp(2) = 22-1.350992240.416566 @
~ 0.059974z
Ge(2) = 22-1.3604732+0.420346 ®)

3.4 lterative learning control

Iterative learning control is a control system based on a repeating pattern of movement motion. To
update the control input, ILC uses the error value after iteration of the system to learn and update the data to
estimate as a new control input for the next iteration.

Thus, the error value is reduced as the duty cycle increases. However, for this type of control the
initial position of the system must always be set before feeding it as a control input to the system again in the
next run in which the working principle of relearning control. As shown in Figure 6, the model of using this
iterative learning control system is usually used in 2 forms: P-Type ILC and D-Type ILC.
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Figure 4 ILC serial architecture

The feedback control can be rewritten in the state space representation as

where A, B, C,and D are the Markov parameters of the system, defining that D = 0 for simplicity.
The subscript j denotes the iteration number j. K is time step input. u; is the input sequence, and the output
sequence is y ;.

In these results, y; = Pu; where the matrix P represents the feedback control system.

[yj(l) Fy (V) ] o =0y ] p[y@ f v =]+, o

where p;=CA'™*B and q;=CA’, for i € [1,N]. N and x;(0) denote the initial stz '
simplicity.

From Figure 4 (a), a simple iterative learning control equation can be written in the form of control
P-Type ILC as shown in equation (5);

uf (k) = uf_y (k) + Lpe(k + 1)

where u]’-’ is control input of P-Type ILC and Lp is the learning control matrix of it 5)
the subscript k denotes the time step k.

In Figure 4 (b), there is also a D-Type ILC control with the equation shown in equation (6)

up (k) = ul, (k) + Lp(ej(k + 1) — ;4 (k + 1))

where u}-’ is control input of D-Type ILC and Lp is the learning control matrix of it ©
By the asymptotic convergence value can be found by using equation (7) and (8)
lp(I — PL)| < 1
max o(I — PL) <1 (7)
where (7) is an eigenvalue condition by p is spectral radius (maximum absolt
eigenvalues of (I-PL) and (8) is the singular value condition by ¢ is maximum and minimut ®

of matrix (I-PL). I is the identify matrix and L is the learning control matrix of iterative lear:iy.

For this research, to test PD-Type ILC shown in Figure 5 and design a new D-Type ILC, the original
errors of the difference in time steps in é = e;(k + 1) — e;(k) were changed to approximate the errors of
iteration differences in é = e;(k + 1) — e;_;(k + 1). The functional integration between P-Type ILC in
basic usage and D-Type ILC is shown as equation (9). )

wi (k) = ya(k)+(uf (k) +uP (k)
where u; is control input, y, is the desired path.
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Figure 5 PD-Type ILC.

4. Results and Discussion

The system simulation test was conducted using equations (1), (2), and (3). The system consisted of
three tests in the simulation of the joints A, B, and C of the motor.

The simulation had three events to design the controllers, 1) P-Type ILC, 2) D-Type ILC, and 3)
PD-Type ILC. In three events, to configure the learning control matrix of the system as shown in Table 1, the
number of learning control matrices obtained from the condition of the asymptotic convergence in equation
(7) is the eigenvalue condition, and (8) is the singular value condition to show as the Table 2. did not exceed
13.7425, 15.1551, and 16.6739 in motors A, B, and C, respectively, considering the condition of the L matrix
in the condition of asymptotic convergence, in which the gain was not more than 5%. The results of the
system testing can be discussed as follows.

Table 1 Learning gain values used in the ILC system

Format of ILC Lp Lp note
P-Type ILC 0.50 0.00
D-Type ILC 0.00 0.10

PD-Type ILC 0.50 0.10

Table 2 The convergence condition of the control signal is asymptotically stable

Format of ILC Motor A Motor B Motor C
eigenvalue 0.9636 0.9670 0.9700
singular value 0.9966 0.9969 0.9978
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The results of the system test by considering the RMSE are shown in Table 3 and Figure 8. It was
found that P-Type ILC, D-Type ILC, and PD-Type ILC had a tendency to work similarly on all 3 joints.

By testing the system, it was noticeable that the PD-Type ILC was designed. The controller had the
fastest reduction in RMS error, while the P-Type ILC had similar reductions compared to the PD-Type ILC.

In iterations at 30, the P-type ILC system was able to reduce the RMSE by 98.53% while PD-type
ILC could reduce the RMSE by 98.98% from the original, by an average of between 0.44-0.64%, and the
RMSE value was approaching zero. The RMSE of the PD-type ILC was a continuous decrease of
approximately 7.61%.

In iterations at 400, the P-type ILC system was able to reduce the RMSE by 99.99% while PD-type
ILC could reduce the RMSE by 100.00% from the original, and the RMSE value was approaching zero. In
the RMSE of D-Type ILC, there was a continuous decrease of approximately 39.57%.

In iterations at 1,000, the P-type ILC system was able to reduce the RMSE by 100.00% while PD-
type ILC can reduce the RMSE by 100.00% from the original, and the RMSE value is approaching zero. In
the RMSE of D-Type ILC, there was a continuous decrease of approximately 50.09%.

To compare the reduction of the RMSE, a sample RMSE of 8 data from 1,000 data was presented.
Table 3 shows the result of the reduction of this RMSE. It was found that this PD-Type ILC control scheme
achieved the lowest value throughout the 1,000 iterations and the fastest. This decrease in RMSE was related
to Table 2 for the asymptotic convergence. It can be summarized that if the eigenvalue in equation (7) is less
than 1, the system can be controlled in P-Type ILC. However, the singular value in equation (8) was less than
1, this system could be confirmed to use P-Type ILC since it could control the stability of the system
throughout the next iteration.

This trend showed that gaining more control within the system could help to reduce the RMSE. The
trend of ILC control system design results, hence, can be applied in real systems.

Table 3 RMS error values of prototype robotic arm systems in each joint motor
A-Joint motor B-Joint motor

C-Joint motor

Iterati
eration P-Type D-Type PD-Type P-Type D-Type PD-Type P-Type D-Type PD-Type
1 2.8588 2.8588 2.8588 5.7335 5.7335 5.7335 4.4462 4.4462 4.4462
3 1.1460 2.8419 1.1260 2.3990 5.7007 2.3601 1.9297 4.4217 1.9004
5 0.5941 2.8252 0.5678 1.3039 5.6686 1.2515 1.0881 4.3975 1.0478
10 0.2253 2.7850 0.2003 0.5321 5.5906 0.4792 0.4711 4.3389 0.4283
100 0.0054 2.2922 0.0021 0.0147 4.6129 0.0059 0.0165 3.5894 0.0070
400 0.0004 1.7275 0.0001 0.0009 3.4588 0.0001 0.0014 2.6753 0.0002
700 9.20E-05 1.5174 1.45E-05 0.0002 3.0215 2.09E-05 0.0003 2.2502 2.43E-05
1000 2.67E-05 1.4035 2.06E-06 5.81E-05 2.7524 3.32E-06  0.0001 1.8544  4.59E-06
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Figure 6 RMSE in joint of motor A, B, and C
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From Figures 7, 8, and 9, the system test results showed the tracking performance in each of the ILC
iterations in which the researcher has shown the actual path through three samples. The actual path consisted
of the first iteration, third iteration, and one hundred iterations. It was performed by the P-Type ILC in Figure
7 and the PD-Type ILC in Figure 9, which was the same, while the PD-Type ILC was slightly better than P-
Type ILC. According to the D-Type ILC controller in Figure 8, the actual path was so similar that the first
iteration and third iteration changed slightly. The output of the system was not satisfactory in one hundred
iterations since it did not perform well in a steady state. The RMSEs could not be reduced to the lowest value.
According to the output of the system overview of P-Type ILC and D-Type ILC, it was found that the P-Type
ILC was able to adjust the error values quickly, which was similar to P control in the PID system, while D-
Type ILC slowed the adjustment, which allowed a positive adjustment of small error values and a reduction
in the occurrence of overshoot. It could be reduced in the ILC and was similar to D control in the PID system.
Therefore, the PD-Type ILC combined the two systems to optimize the efficiency of reducing the RMSE. It
was found that the system had a slight improvement in performance by using the D-Type ILC.
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Figure 7 System response results in P-Type ILC.
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Figure 8 System response results in D-Type ILC.
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Figure 9 System response results in PD-Type ILC

5. Conclusion

In this research, the researcher was interested in studying the fundamental behavior of different ILC
types. The simulation control of a robotic arm showed the basic operating characteristics of the ILC control
system in different types. Two factors, 1) The value of the learning control matrix and 2) Overshoot or
magnitude of error in the system, were considered to affect the decrease in RMSE occurring within the
system. This research considered the second factor of different error values in P-type ILC and D-type ILC.
The difference in the error value in each iteration resulted in the reduction the RMSE within the system. PD-
type ILC, which had better performance than P-type ILC, was due to the learning control matrix of the system
and error variables resulting in a more suitable control input estimation in this system. In the future, the
development of this ILC control system may use a time-varying design or a high-order ILC technique to
improve the reduction of RMSE values instead of using a fixed gain ILC.
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