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Abstract—In this paper, we present an experimental
three-degree-of-freedom (3-DOF) articulated robot arm. A
hardware setup using Arduino — a popular and cheap
processor- is utilized to make an experimental model suitable
for a small laboratory. PID control is applied to position
control for our robot for set-point positions. The
experimental results prove that PID controller is suitable for
this real model. Besides, calibration of PID parameters also
proves that the experimental PID suits the PID theory.
Thence, this research is a reference for individuals who are
implementing a real model for a small laboratory.

Keywords—PID Control; 3-DOF Robot Arm; Manipulator;
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1. INTRODUCTION

Robot arms are popular models in both academic and
industry. Their popularity makes them a criterion for
standardizing them [1]. However, the flexibility in
designing and controlling them still stimulates research. In
[2][3], 2-DOF robot arms are presented. PID control [2]
and LQR control [3] are used successfully for these robot
arms. With 2-DOF, robot arms cannot work in 3D space.
Because of the requirement of developing a mechanical
structure, other links are added to create a 3-DOF robot
arm. A design is shown in [4]. Applications of the
implementation for PLC are suggested in [5] and [6].
However, using PLC, there is no algorithm in control and
PLC is so expensive for students to practice. The stability
of PLC is based on hardware technology. In our opinion,
with only simple hardware, the development of the
algorithm can be used to increase the quality control of the
system. In [7], kinetic inverse and forward calculation of
3-DOF robot arm are done, and a simulation of using PID
control for 3-DOF robot arm is proved, but no experiment
is described. The need to apply algorithms in hardware
still exists.

The development of Arduino opens a direction for
cheap and easy-to-make robot models for the laboratory
[8]. Thence, building a 3-DOF robot arm based on

Arduino is a suitable direction for widening cheap models
for kinds of people for training and research.

Besides many flexible methods for robots, such as
sliding control [9] or intelligent control [10], PID
controller, which is a single loop controller introduced in
1940 [11], is still the most popular due to its simple
structure. Its application is shown in [12] for chemical
process control calibration and in [13] for temperature
control. In the laboratory, this control method is popularly
used to a DC motor [14]. Using DC motors to apply for
other kinds of systems, such as a submarine model [15].
However, this is only a simple single input-multi output
(SISO) system. Thence, the challenge in control is limited.
A more complicated multi-input-multi-output (MIMO)
system, such as a 3-DOF robot arm, gives a better solution
for increasing the challenge in training control theory for
students in the laboratory.

In this research, we develop an experiment for a 3-
DOF articulated robot arm based on our real model in
HCMUTE. Hardware platform is described and proved
through PID control for set-point position. Calibration is
tested to confirm its suitability to theory. Thence, our
research is a reference for the idea of building a simple
and effective model for a control robot arm for
laboratories.

II.  MODEL

Mathematical structure of 3-DOF robot arm is shown
in Fig. 1.This robot imitates a human arm, designed to
perform basic actions through the integration of DC motor
(Fig. 2) and Matlab/Simulink for control in section IIL.B.
The First motor is used for right and left motion. Second
and third motors are used for the elevation of the arm [2].
Forward kinematics analysis is used to compute the
location and orientation of each joint in the robotic arm.
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Fig. 1. Kinematic Frame of 3-DOF robot arm

Fig. 2. DC motor

In this platform, 12V DC sources are used to supply all
DC motors and the Arduino. In an experimental model,
these three DC motors get six wires. Red and black colors
are the two wires of the motor power. Green color is GND
of encoder. Blue color is VCC of encoder (3.5 20V).
Yellow and white colors are the output of A and B of the
encoder. Motor is controlled by PWM signals [2].

Structure of PID control is shown in Fig. 3. PID
controller in governor designs appeared in the 1890s [16].
It was later developed in automatic ship steering systems.
PID is a classical method of automation and control
theory. It is popular due to its easy calibration of trial
control mode [1].
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Fig. 3. Block diagram of a PID controller [6]

Three main components of PID control are P, I, D. P
determines reaction to current error, I determines reaction
to the sum of recently appeared errors, D determines
reaction according to the rate of error changing. Sum of
these three parts contributes to the control mechanism,
such as speed control of a motor, in which P value
depends upon current error, [ also depend on the
accumulation of previous error, and D predicts future error

based on the current rate of change [6]. Theory of
calibration of PID parameters is shown in Table 1.

Table 1. Manual P, I, and D parameters tuning

Gain Rising Over- Settling Error
time shoot time Steady-State

Increasin i

K & Decrease Increase . Tiny Decrease

» increase

Increasing Tiny Increase Increase Large

K; decrease decrease
I i Ti
nereasing 1y Decrease Decrease No change

K, decrease

PID formula blocks are described by formula (1) to
formula (4)

Up(®) = K, - e(6) (1)
0
d
¢ d
U(t) = K, - e(t) + K,f e(t)dt + KDEe(t) @)
0

III. EXPERIMENT

A. Hardware

The robot’s movements are intended to mimic those of
a human arm. The section describes 3D modeling,
hardware using SolidWorks 2022 (Fig. 4). Fig. 5 and Fig.
6 illustrate the overall structure of the three-dimensional
real experimental model. All of the robotic arm's links are
individually designed using software, allowing for precise
customization and modularity. This approach enables the
arm to attach various screwdriver bits to the end effector,
making it versatile for tasks like removing multiple screws
in different configurations. Once the individual
components are designed, they are assembled into a
cohesive system, enhancing the understanding of the arm's
mechanics and functionality. This modular design not only
improves operational efficiency but also simplifies
maintenance and upgrades.

Fig. 4. Designed 3D model Architecture of 3-DOF robotic arm
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In this project, the robot was designed using
SolidWorks 2022 software. Thence, an experimental
model is shown in Fig. 5 and Fig. 6. This model is then
used to perform simulations according to the block
diagram in Fig. 7. And, the total structure of connection is
shown in Fig. 8.
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Fig. 7. General block diagram of hardware of robot arm

Fig. 6. The other side of a realistic full robot
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Fig. 8. System structure of hardware

- Power Supply Block: Provides DC power to the - Encoder Block: Reads signals from sensors and sends
components that require it. them to the microcontroller for processing.

- PC/Laptop Block: Sends control signals and receives
feedback signals from the microcontroller.

- Microcontroller Block: Executes algorithms to Fig. 9 represents the simulation of the control
control the robot and processes sensor signals. algorithms using MATLAB/Simulink software 2023B.

- Driver Block: Controls the motors.

B. Programm
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Fig. 9. MATLAB program to control each link of the robot arm

Encoder block (Fig. 10) outputs tick count from a
quadrature encoder on a rotating motor connected to an
Arduino board. Every increment in tick count of the
encoder indicates that the motor is rotating clockwise.
Every decrement in tick count of encoder indicates that the
motor is rotating counterclockwise. Total tick count
represents the incremental position of the rotating motor
[17]. PWM block (Fig. 11) generates square pulses of
varying duty cycle depending on input value sent to block
on the Arduino hardware pin. This block enables a digital
output to provide a range of different power levels, similar
to that of an analog output [17].

ARDUINO

LF

Juur
Pin A: 20, Pin B: 21

Fig. 10. Encoder block

ARDUINO

y UL L

Freq: Default
Pin: 8

Fig. 11. PWM block

C. Experiment Result

Based on the experimental model, the embedded
program is based on Simulink using MATLAB 2023b
software. The program, as shown in Fig. 15, includes
blocks for reading output values, the main program, and
the PID. The PID control parameters are shown in Table 2,
with sampling time of 0.001s.

Table 2. The parameters of the PID controller

DC motor K, K, K,

1 108 0.01 4.5
2 108 0.01 4.5
3 108 0.01 4.5

Fig. 12 show the response graphs of rotational joints 1,
2, and 3, respectively. The set angles are represented by
the black dashed line, while the response angles are shown
by the red line.

From control parameters in Table 3, response of the
system is shown in Fig. 13. It is observed that if K, is low,
the output response does not reach the set angle value.
Conversely, if K, is too high, it causes overshoot. The set
angles are represented by the black dashed line, while the
red, blue, and purple lines show the response graphs of the
first rotational joint when K, is 10, 40, and 500,
respectively. It can be seen that when K, = 10 and 40, the
steady-state errors are approximately 7 and 2, respectively.
On the other hand, when K, = 500, there is a small
overshoot, and steady-state error is zero.

Dinh-Hieu Vo, Position Control of an Experimental Three-Degree-of-Freedom Actuated Articulated Robot Arm utilizing PID Controller



Journal of Fuzzy Systems and Control, Vol. 3, No 1, 2025 77

First gear motor
100§ f

—Set Signal
— Response
)
=
o
=
=
2
4
=]
-9
0 0.5 i 1.5 2 25 3 35 4 45 5
Time (seconds)
(a)
Second gear motor
50 I f
40
~—Set Signal
[~ Response |
30
o
=0
2
s
=20
o
=]
a
10
0
] 0.5 1 1.5 2 25 3 35 4 4.5 5
Time (seconds)
(b)
Final gear motor
) /
500
— 5S¢t Segnal
— Respomnse
Rl
o
= -
= 30
2
E 20
10
il
L 05 1 1.5 F L5 3 15 + 4.5 5
Time {secomds)y
()

Fig. 12. The output responses of the robotic arm are shown for (a) joint 1, (b) joint 2, and (c) joint 3
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Fig. 13. The output responses of the robotic arm under K,,=10, K,=40, and K,=500.

Table 3. The parameters of the PID controller

Case K, K, K,
1 10 0.01 45
2 40 0.01 45
3 500 0.01 4.5

From control parameters in Table 4, response of the
system is shown in Fig. 14. It is observed that as K,
increases, both overshoot and settling time decrease. The
set angles are represented by black dashed line, while the
red, blue, and purple lines show the response graphs of the

First gear motor
T T T

first rotational joint when K; is increased from 0.5 to 2
and 8. It can be observed that when K; = 0.5 and 2, the
overshoot is greater than zero and gradually decreases as
K, increases.

Table 4. The parameters of the PID controller

Case K, K, K,
1 108 0.01 0.5
2 108 0.01 2
3 108 0.01 8

100 . T . T T T
80 1
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TZ: 40+ 4
201 1
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Fig. 14. The output responses of the robotic arm are shown K ;=0.5, K ;=2, and K ;=8

From control parameters in Table 5, response of the
system is shown in Fig. 15. It is observed that as K;
increases, the output value exceeds the set value. The set
angles are represented by the black dashed line, while the
red, green, and purple lines show the response graphs of
the first rotational joint when K; is increased from 1 to 3
and 6. It can be seen that when K; exceeds the value of 1,
the steady-state error becomes negative.

Table 5. The parameters of the PID controller

Case K, K, K,
1 108 1 4.8
2 108 2 48
3 108 3 48
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Fig. 15. The output responses of the robotic arm are shown K;=0.5, K;=2, and K;=6

IV. CONCLUSION

In this paper, we focus on position control for a 3-
DOF articulated robot arm at set-point positions. This
research implements for the case that inverse and reverse
kinetic calculations were provided. We present a
hardware platform for this model. In our research, a
MATLAB-embedded program for Arduino is shown.
Through this experimental system, PID control for MIMO
system is utilized and proved to control well each link at
set-point positions. Also, PID parameters adjustments are
operated to test the PID calibration rule. Thence, through
adjustment, K, is confirmed to decrease settling error and
shorten the settling time and increase overshoot; K; in
this case is confirmed to increase overshoot; K; in this
case is confirmed to make the system more vibrate. The
K,, calibration suits the theory of PID method. In
experimental, increasing K; gives more overshoot. It suits
the theory. However, the mechanical part of DC motor
makes the system delayed. Thence, it takes more time for
the system to be stabilized at set-point. The characteristics
suit the theory, but the simulation time should be longer
for a better view. Bigger value of K; makes overshoot
smaller. And, this main characteristic suits the PID theory.
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