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Abstract: This paper discusses the development of closed-loop
position control for the joint motor of a 4-DOF robot arm. In
developing a practical robot, types of input and control algorithm
are important elements in the control system. The objectives of
this paper are to select an input type that could produce smooth
arm’s motion and to apply PID control for the joints. Step and
parabolic inputs have been tested as reference trajectory where the
former used step signal as the constant value of motor angle while
the latter requires calculation using spline interpolation method
based on initial and end points of each joint motion given by user.
From the latter, a parabolic curve input which consists of
point-to-point values calculated for each 1ms sampling time was
produced. Meanwhile, the PID position control tuned by trial and
error and Ziegler Nichols (Z-N) methods were carried out and
measured for comparison in terms of steady state error, overshoot
and response time in real-time experiments. It could be observed
that step input has caused abrupt movements and vibration to the
arm body compared to the parabolic input that moved the arm
smoothly to imitate motion like human. Meanwhile, the intuitive
values of trial and error method were found to produce not much
different with the Z-N tuned gains but comparatively produced
small error against the parabolic input reference during the
transient state. The result from this study is useful in the future to
ensure position accuracy of robot joints when attending object for
manipulation.
Keywords : Heuristic PID tuning, trial and error tuning
method, Ziegler-Nichols, robot arm control.

I. INTRODUCTION
The development of robots has been applied widely in
various applications such as industry, health care and
services. Robots are moving into embracing human-like
motion and control that fits the capability for work. This
attracted interest in researchers to explore robot technology
which includes areas such as hardware design and
instrumentation, control, interface and sensors.
PID is the typical type of controller that is still widely used
to control the performance of robots due to several aspects. It
has the capability to reduce noise, disturbances and friction
that occur in a plant or process [1]–[3] based on simple
algorithm. Reference [3] has made an in depth overview on
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mathematical equation of PID in terms of control and PID
technology packages that were used by the industries.
Existing PID tuning methods such as analytical, optimization,
heuristic, frequency response and adaptive methods have
been explained briefly.
Shahroki and Zomorrodi compared several PID tuning
methods which include closed loop and open loop
Ziegler-Nichols (Z-N), Tyreus-Luyben, damped oscillation
and Cohen-Coon methods through simulation test of a known
system’s dynamics with dead time [4]. The authors concluded
that the closed loop Z-N has comparatively outperformed
other methods in the measurement of integral absolute error
index in two cases i.e. set point tracking and load rejection
tests. Similar comparison study in [5] has compared between
Z–N method, Chien–Hrones–Reswick method and
Cohen–Coon method for PID precision positioning control of
a single axis of an XY stage 3D surface profiler. The study has
observed Cohen-Coon as the best method for minimizing the
positioning error.
Reference [6] has tested several tuning methods from
optimization techniques which consists of among others Bat
Algorithm, Genetic Algorithm (GA) and Bee Swarm, to the
conventional methods such as Cohen-Coon, Hallman and
internal model control (IMC). The simulation results for a
system modelled by system identification method were
compared with the result from experiment where the
optimization technique was observed to perform better than
the conventional method. On the other hand, modern control
methods are also gaining attention where model equation of
plant or process is embedded within complicated control
algorithms. This includes study by [7] where comparison for
the performance of a brushless motor position control in
simulation tests using model reference adaptive control
(MRAC) and Fuzzy PID has shown that the former has
performed better. Another study [8] has used Particle Swarm
Optimization (PSO) technique and Bacterial Foraging (BF)
technique to obtain the optimal gains of PID to control the
speed of a brushless motor. From the simulation results, PSO
is found to outperform BF in obtaining the PID gains for the
control.
In robotic related studies, modern type controllers have
been explored and developed where some combines with or
modifies the classical PID controller to achieve robot’s
accuracy and practicality for work. Kazemian has compared
the control performance of his proposed self-organizing
Fuzzy-PID (SOF-PID) controller [9] with a self-organizing
fuzzy (SOFC) [10] and PID controllers. The integral and
derivative gains of SOF-PID were tuned by Z-N and capable
of being calculated during
system operation.
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SOF-PID has been proven to outperform the other two for
the position control of a MIMO nonlinear robot arm joints in
tracking an assigned set of point references.
Meanwhile, study in [11] has applied a Fuzzy PID
controller for angle tracking control of a rehabilitation robotic
hand which consists of a pneumatic actuation and pulley
mechanism. Their work concluded that their Fuzzy PID
controller proved to give better performance than using fixed
gains of conventional PID controller. In other work, Linear
Matrix Inequalities (LMI) was applied to solve the vibration
and control of a flexible robot arm namely Service-Arm Type
CS-113 robot [12]. The state-feedback fuzzy controller was
designed based on neuro-fuzzy state-space model of the arm
which was found to outperform the previous PI and strain
controller in experiment. Meanwhile, Fuzzy PID controller
with gains tuned by GA method was introduced by [13] to
solve difficult coupling and nonlinearity problem of their
robot arm. Salleh et al. established a Fuzzy PID control tuned
by experience from several experimental results for their
three-fingered robot hand and proved that the proposed
method outperformed a conventional PID controller towards
compensating disturbance in a range of different payloads of
the hand [14].
This paper discusses the development of PID controller for
a four degree of freedom (4-DOF) robotic arm. Two tuning
methods were applied to obtain the PID gains and compared
in terms of steady state error, percentage overshoot and the
response time. A PC is used as the host computer for the
control system with encoders to measure the motor position.
The closed loop position control of the four motor joints was
programmed in MATLAB Simulink which allows offline and
real-time online tests to be observed by user for analysis.
II. 4-DOF ROBOT ARM SYSTEM
A. Arm Design and System
In the previous work, the structure, hardware and control
interface of the prototype robot arm were constructed with the
objective of developing an arm for a robotic hand to
implement task in 3D workspace. The hand developed in
previous studies have three fingers for object grasping [15]
and applied position and force control in its execution
[16,17]. Meanwhile, the arm consists of four revolute joints
actuated by DC motors and encoders as sensors [18]. The
control is programmed on MATLAB Simulink Real-time
Workshop with fixed angle positions as reference to move all
joints in real time. Table- I and Fig. 1 show the design and
robot’s specifications, respectively.

(a) Arm attached to base platform

Motor 2
Link 1

Link 2
Motor 1
Motor 3
Link 3
Motor 4
Link 4

(b) Arm design

(c) Fabricated arm

Fig. 1. Prototype 4-DOF robot arm

B. PID Control and Applied Tuning Methods
The basic closed-loop feedback control is constructed based
on the block diagram in Fig. 2. PID controller requires a set of
predetermined values of its P, I and D gains as shown in the
Simulink block programming in Fig. 3 where they are the
proportional, integral and derivative of the input error signal
of the motor position. Therefore, heuristic tuning techniques
such as trial and error and Ziegler-Nichols methods were used
since both do not require the model equation of the system.
Tuning of the PID control gain was implemented to obtain
the desired performance of the control to achieve zero
percentage overshoot and steady state error, and the shortest
possible response time.

Table- I: Robot Specifications
Parameter
Control
DOF
Sensor
Interface
Sampling Time
Pulse Motor
Types of Motor

Specification
PID control on MATLAB Simulink
4 Links
Magnetic Encoder
Arduino Mega 2560
(4 PWM and 16 Digital Input Output)
1ms
Motor 1 and 2: 520 pulse/rotation
Motor 3 and 4: 700 pulse/rotation
IG42E - 104K and IG32E - 100K

Fig. 2. Closed-loop control system block diagram
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were directed from 0° to the 90° while motor 3 and 4 were
directed from 0° to 180°. Meanwhile, for Z-N, motor 1 and
motor 2 were directed from 0° to 270° and 90°, respectively,
while motor 3 and 4 were directed from 0° to 45°. Graphs of
the reference position compared to the actual motor position
measured by encoders were used to observe the control
parameters performance.
III. RESULTS AND DISCUSSION

Fig. 3. Basic components of PID Controller
In trial and error tuning method, the steps start by setting
the derivative Kd and integral Ki gains to zero while
increasing the proportional gain Kp gradually until the
response of the system produces consistent oscillation at the
desired position. Once done, the tuning proceeds to the
integral and derivative terms.
Similarly, with Ziegler-Nichols method II [4], [19], Kd and
Ki are also first set to zero while Kp is increased with the same
manner. From the result, the critical value Pcrit is identified as
the time taken between two peaks of the oscillation as
illustrated in Fig. 4. Pcrit is then used to calculate the integral
and derivative gains using the formula written in the third row
of Table- II for PID controller. The Ziegler-Nichols tuning
method took less time to obtain the gains since it requires the
tuning for only the proportional gain to obtain the constant
oscillation.

Graphs in this section are presented with horizontal axis
that represents the time (in ms) and vertical axis as the
position of the motor (in degree). The blue lines in Fig. 5
shows the generated parabolic curve signal using
mathematical spline interpolation method as the input
reference. The red lines are not giving any reading because
the encoders were not connected to the interface in this offline
test. Fig. 5(c) shows the trajectory generated by this signal for
all joint motors.
Fig. 6 shows the results of the output response using the
tuned PID gains by trial and error method while Fig. 7 shows
the results using Z-N method. The blue and the red lines in
Fig. 6 and 7 represent the desired position and actual position
(or named as actual/current positon in graph), respectively.
Gains applied for motor 1, 2, 3 and 4 are shown in the
respective graphs.
Fig. 6 consists of the output response of motor 1 to motor 4
arranged from top to bottom. It can be observed that the actual
response clearly followed the reference value very well to
achieve zero overshoot, zero steady state error and no jitters
on the signal at the steady state. However, for motor 1 and 2 as
shown in Fig. 6(a) and (b), small error occurred at the
beginning of the control at time around 50ms before it
successfully tracked back the desired reference and return to
initial 0° position. Meanwhile, as shown in Fig. 7, Z-N
method has also achieved zero overshoot, zero steady state
error and no jitters on the signal.
These results show that both tuning methods can practically
work for the position control despite of nonlinearities from
gear/bearing/shaft frictions and the unknown model of the
system. However, Z-N proved to be better in producing
consistent output response to follow the desired trajectory at
all time.

Fig. 4. Sustain oscillation of critical gain
Table- II: Ziegler-Nichols Method 2 tuning chart
Gains/
Controller

Kp

Ki

Kd

P

0.5Kcrit

∞

0

PI

0.45Kcrit

(1/1.2) * Pcrit

0

PID

0.6Kcrit

0.5 * Pcrit

0.125 * Pcrit

(a) Motor 1
A. Real-Time Experiment
The PID control of the arm was tested in real time by
introducing reference inputs to each motor. Motor 1 and 2
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(b) Motor 2

(b) Motor 4

(c) Motor 3

(d) Motor 4
(c) All joint motors (J1~4 represent motor 1~4)
Fig. 6. Position control by trial and error tuning
method

Fig. 5: Simulation of parabolic reference

(a) Motor 1
(a) Motor 1
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(b) Motor 2

(c) Motor 3

(d) Motor 4
Fig. 7. Position control using by Z-N tuning method

IV. CONCLUSION
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reference input to the 4-DOF arm robot control system
programmed on MATLAB Simulink. PID control tuned by
trial and error and Ziegler Nichols (Z-N) methods were
carried out and measured for comparison in real-time
experiments. The control performance by trial and error
method was found to be not much different with the Z-N but
comparatively produced small error against reference during
the transient state. The output response of Z-N method proved
to be more consistent in tracking the desired trajectory at all
time. It can be concluded that both tuning methods can
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this study is useful in the future to acquire position accuracy
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