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1. Introduction

A 6-DOF manipulator is a complex and strong nonlinear coupling system. In many different fields,
it is commonly employed. In addition to taking the place of people working continuously and repeatedly,
it also executes intelligent jobs much like a natural person. Robots have successfully achieved their
missions in exploration, operating in hazardous environments, saving lives in accidents, and the
diagnostic field of medicine because of their quick speeds and artificial intelligence. At the very least,
the robots need appropriate controllers to satisfy the demands for precision and response speed to
complete such a task. However, the critical challenges in developing high-precision controllers for
robotic systems are dynamics complexity, model flaws, uncertain parameters, and noise from various
real-world working environments. To overcome this problem, in simulation, some kinds of controllers
were created to control precisely the robotic system, such as adaptive control [1]-[3], back-stepping
control [1], [4]-[6], sliding mode control [2], [7]-[9], and neural control [10]-[13]. Although these
controllers have been successfully used in several situations, they have significant drawbacks.

PID algorithms acting independently at each joint are used to drive most industrial robots. Although
PID control has been proven effective in industrial practice for complex nonlinear systems like robots,
some researchers contend [14] that PID control cannot handle highly nonlinear systems since the control
law's construction is primarily based on local arguments created for the linearized system. Dealing with
nonlinear systems is challenging because existing mathematical techniques do not provide us with strong
enough tools to approach many issues we face analytically. Linearization is frequently utilized, reducing
complexity and making something more manageable. The PD-plus-Gravity controller is an applicable
controller in the computed torque control family based on linearization feedback compensation; this
control law was treated in [15]. When the arm is at rest, Gravity is the only nonzero term in the dynamic,
ignoring the disturbance in the system. [15] shown that the performance of the tracking task is improved
when using PD-plus-Gravity than conventional PD.

In Vietnam, research on industrial robotic arms is also of great interest. In [16], authors build quasi-
physical models and simulate them on MATLAB/Simscape. Applied the Computed Torque control for
it on simulation, and the performance of the suggested modeling approach is proven through dynamics
and control simulation on IRB 120. In [17], this paper presents focusing on solving the problem of
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inverse kinematics and the optimization algorithm in the parameter domain. Besides that, some
controllers are applied to the manipulators, which have a lower degree of freedom to consider efficiency.
In [18], the authors had been modeling and proposed a PD Folding set on a 4-degree-of-freedom robotic
arm. Build 2 layers of artificial neural network for PD setting. Compare PD and PD Folding sets on
simulation. However, the application of controllers to the 6-DOF manipulator is still limited.

This study applies a nonlinear controller with dynamic compensation to the 6-DOF manipulator to
enhance the system's efficiency and precision. The test bench includes Denso VS-6556 combined with
Data Acquisition (DAQ) systems NI PCI-6713, card QUADO4s, industrial computer 610H Advantech,
and MATLAB/ Simulink. Moreover, the system's stability and sustainability with the proposed
controller are also proven according to Lyapunov theory. Finally, some experiments on the controller
were performed on a 6-DOF robotic arm, and the practice results were compared with conventional PD
control to show that the suggested controller is more effective than the conventional PD control.

The rest of this study is as follows: In section 2, the test bench of the system in real life and the
kinematics are shown, dynamic, and the design procedures of the nonlinear controller with dynamic
compensation for the 6 DOF manipulator are presented in section 3, to demonstrate the stability of the
entire system, a Lyapunov technique is applied. Some experiments will be performed in section 4.
Finally, several conclusions and future works are discussed in section 5.

2. Materials and Methods
2.1. Experiment setup

The experiment setup is shown in Figure 1, which includes an industrial computer 610H Advantech,
PCI QUADO04s, a NI PCI-6713, a CPU Intel Core i5 6500, 17TB HDD, 12GB RAM, AC Servo motors,
and MR J3-A drivers. The NI PCI-6713 is used to output the voltage from the algorithm on the computer
to the drivers. The PClI QUADO04 measures the number of pulses from the encoder sensors to the
MATLAB/Simulink modules of the industrial computer for handling MATLAB/Simulink supplied
modules to interfaced PCls.

LCD Monitor
Advanctech
610H

Driver MR J3-A

a)
Industrial Servo AC Servo 6DOF
Computer }_ A et “ Amplifier Mitsubishi H Manipulator
PCI QUADO4
b)

Figure 1. a) Description of the test bench in practice. b) The general diagram.
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2.2. Kinematics of 6-DOF manipulator

Figure 1 and Figure 2, respectively, depict the link-frame assignments and the 6-DOF manipulator's
construction. The mathematical description of the kinematic chain of the 6-DOF manipulators has been
obtained using the Denavit-Hartenberg (DH) parameters notation, which indicates the degree of freedom
and number of the link beginning in the basement.

X3 d X4 X5 Xg d X7
VRO 2,22,
N U
N1
[ U, J ozt
a ZyZ, N 3
N1
J J'x z
0
] Xo
a) b)

Figure 2. a) The experiment model in practice. b) The coordinate system of the 6-DOF manipulator.
As depicted in Figure 2, the manipulator system has six joints and seven links, including the
basement. The frame {i} is attached rigidly to the link i, and the frame {E} is referred to as the end-

effector frame. The link parameters of DH conversion for the studied 6-DOF manipulator are shown in
Table 1. Where a,_, is the link length, ¢, , denotes the link twist, d, is the link offset and 4, is the angle

of i"the joint.
Table 1. The Denavit — Hartenberg table of the 6-DOF manipulator.

Link a., o, d 0, Range
1 0 0 d, 6, +170°
2 a —90° 0 6, —90° -100° +135°
3 a, 0 0 6, —119°+166°
4 a, —90° d, 6, +190°
5 0 90° 0 6, +120°
6 0 —90° 0 6, +360°
E 0 0 0 d,

The following is the transformation matrix from the base frame to the end-effector frame:

h, T, hy Py
r r r.
% T=| 2 '2 '= Py 1)
i G I P,
0 0 0 1]

The elements in (1) are presented in APPENDIX.S
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2.3. Dynamics of the 6-DOF manipulator
Consider a 6-DOF manipulator is depicted by joint space by:
M(0)6+C(0,0)0+g(0)=1 )
Where 0,0,0 < R®* display, in turn, the angular position, velocity, and acceleration vector in the
manipulator’'s joint space; M (0) e R presents the inertia matrix; c(e,é) e R*® expresses the Coriolis

and centrifugal term matrix; g(0)e ®R** calculates the gravity vector, and T € N> are torque terms.
Property 1 [19]. M(0)-2C(6,0) is a skew-symmetric matrix, so z [M(e)-zc(e,é)]ho,

where z e R**is a vector.

Assumption 1: The robot operates in the perfect environment with all dynamic and physical
characteristics known.

3. Control Design
Let definex, =@ and X, =8; then tracking errors is defined as:
=X, - X 3

An applicable controller in the computed-torque family is the PD-plus-gravity controller that results
when defined g(x,) as the gravity term of manipulator dynamics. To enhance the methods, after
modifying the mathematic model of the 6-DOF manipulator, including the inertia matrix M(x,), the

Coriolis and centrifugal term matrix C(x,,x,), and the gravity term, g(x,), then the proposed control
to cancel the nonlinear term in the system is established.
Then, selecting PD feedback for u(t) e ®* yields

u=K e+Ke+g(x)+M(x)%, +C(X.,X,)X,, (4)

, where K, K, e R*®are the positive diagonal matrix.

Proposed control

r~ Proportional derivative
K e+Ke

Reference

xlrﬂ1x2¢i‘

"E+ Manipulator 4"’

- Dynamics compensate

> M(x, )%, +C(x,x, )x,, +g(x,)

Figure 3. The diagram of the proposed control.

Theorem 1: Suppose that the proposed control (4) is used. Then the tracking error (3) is zero.
Proof of the theorem 1: Choose the Lyapunov function like below:

V:%éTM(xl)éH%eTer (5)
Taking the derivative of the Lyapunov function

V =¢"(-C(x,,x,)e-K e— Kdé)+%éTl\'/lé+éTer

e’ (—Kdé—er—C(xl,xz)é)+%éTl\'/l(xl)é+éTer (6)

_ %(eT (M(%)~2C(x,.%,))¢) €K &
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By applying Property 1, then the derivative of the Lyapunov function is calculated as:
V=-¢"K,e<0 @)
Based on the Lyapunov theorem, the system is stable. Then Theorem 1 is proved.
4. Results and Discussion
4.1. Experiment Description

To ensure the accuracy and appropriateness of the suggested control to the 6-DOF manipulator
model, as shown in Figure 1. The parameters in detail are shown in Table 2.

Table 2. The parameters of the system.

Variables Description Variables Description
a,=0.0075(m)  Distance between z,-axis and z,- axis m, =5.65(Kg) Weight of link 1
a, =0.27(m) Distance between z, -axis and z, - axis m, =4.6(Kg) Weight of link 2
a, =0.09(m) Distance between z, -axis and z, - axis m, =4.3(Kg) Weight of link 3
d,=0.335(m)  Distance between x,-axisand X, - axis m, =1.9151(Kg)  Weight of link 4
d,=0.295(m)  Distance between x,-axisand X,X;X;-axis ~ m, =0.4(Kg) Weight of link 5
d, =0.08(m) Distance between x, -axis and X, - axis m, =0.0714(Kg)  Weight of link 6

The robot manipulator's initial position was set to x,(0)=[0 0 0 0 0 0] (deg), and
X, (0) =[0 0 0 0 0 O] (deg .s‘l). The desired trajectory for each joint is set the same as:
x,, =30sin (27 ft)(deg) (8)
Where the amplitude of each joint is equal to 30 degrees with f as the frequency and t as the operating
time, the sampling time of 0.01 seconds, the simulation time of 30 seconds, and f = 0.1(Hz) )

Remark 1: The recommended control is contrasted with the standard PD control to verify the
productivity of the proposed control.

The PD control law:
Upp =K e+ K e 9)
The Proposed control law:
u=er+Kdé+|\/I(x1)5<ld +C(x1,x2)>'<1d +9(x,) (10)
Remark 2: The trial-error method chooses the PD control and proposed control coefficients. They
have the same value since they have the same components as the linear controller, and the difference

between them is the dynamic compensation term of the proposed control to cancel the nonlinear part of
the system. The coefficient is shown in Table 3.

Table 3. The coefficient of controllers.

Controllers Control Parameters

K, =diag([45 60 65 80 100 120])
[0.7 0.8 065 05 0.8 1.2])
[45 60 65 80 100 120])
[0.7 0.8 065 05 0.8 1.2])

PD .
K, =diag

K, =diag

Proposed Control

|

K, =diag
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4.2. Experimental results

Figure 4 shows the response at each joint to the input signal. The black line presents the reference.
The blue dot-line is a response when the proportional derivative control is used, and the red dot-line is
a proposed control. All the output signals track with the reference input signals.
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Figure 4. The output response of the manipulator with PD and Proposed control in a) joint 1, b) joint 2, c)
joint 3, d) joint 4, e) joint 5, and f) joint 6.

Amplitude (Deg)
Amplitude (Deg)

To declare the performance of each controller, Figure 5 presents the error efforts at each joint, in
turn, by blue lines of PD and red lines of the proposed control. Looking at the tracking errors at joints
2" and 3™, with the proposed control, the system's performance is enhanced than with the PD control.
When the robot arm is at rest or working, the nonlinear terms that affect the system are destroyed because
of the dynamic compensation in the control law.
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Figure 5. Control signals responses of the manipulator with PD and Proposed control in @) joint 1, b) joint
2, ¢) joint 3, d) joint 4, e) joint 5, and f) joint 6.

5. Conclusions

This paper presented a nonlinear controller with dynamic compensation applied to the 6-DOF
manipulator to enrich the performance and precision of the system in practice. The test bench is built,
including the Denso VS-6556 model combined with Data Acquisition (DAQ) systems NI PCI-6713,
PCI QUADO04s, industrial computer 610H Advantech, and interfaced via MATLAB/ Simulink. The
stability and robustness of the system with the proposed control were verified in theory using the
Lyapunov approach. Finally, the proposed control was applied to the 6-DOF manipulator test bench.
The results of the proposed controller were compared with the PD controller to demonstrate its
effectiveness.
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However, the parameters in most physical systems, such as robot manipulators, are unknown or time-

variant. Therefore, in the future, several adaptive or robustness controllers will be created and applied
to this manipulator in practice to deal with this problem.

APPENDIX

Ac

My =S5 (S1Cs —C1S,38, ) + C (14 +€5,4C4 ) Cs + €55 )
1 = Co (S1C, — €558, ) — S5 ((S1S4 +€1S,C4 ) Cs + a5 )
s = CiCpCs — (1S, +C,S5C, ) Ss
=-S5 (0104 + 515,38, ) —Cs ((0154 +5554C4 )Cs - 5102355)
I =S5 ((C154 —S5,5xC, ) Cs —51Cy35s ) —Cs (0104 +5,5938, )
Fs = (C.S, —$,554C4 ) S5 + 5:C54Cs 1)
Iy = —(S5555 — C55C4C5 ) Cs — €555,
= (52335 —C53C,C5 ) Se ~ C235,Cg
i = —S55Cs5 — Cp3C,ySs
D, =C, (8, +0,Cp + 8,5, +a,5, ) —d; ((S,5, +€,5,4C4 ) S5 — C,C:Cs )
Py, =5, (8, +0,Cpp + 855, +a,5, )+, (€S, —5,5,1C4 ) S5 +S,C5eCs )
P, = dl T30y — d4523 - d7 (523C5 +C53C4Ss ) +8,C,
Where s(.) U sin(.), ¢(.)0 cos(.), S, sin(6, +6,),c,0 cos(6, +6;).
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