PID Parameter Tuning of a Low-Cost DC Motor Speed Control for Mobile Robot Application
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Abstract

Precise control of DC motors is vital for robotics, industrial automation, and mechatronics. Traditional PID
(Proportional-Integral-Derivative) control methods, while widely used, often require offline parameter tuning, which
can be time-consuming and suboptimal for real-time applications. This paper proposes a GUI (Graphical User
Interface) based approach for PID tuning of a DC motor model. The proposed method utilizes a MATLAB-based
parameter estimation model with GUI to continuously monitor and update PID controller parameters based on real-

time data from the Arduino-controlled DC motor setup.
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1. Introduction

Despite  its  simplicity, Proportional-Integral-
Derivative (PID) control remains remarkably efficient,
offering a three-term solution to address both transient
and steady-state responses in numerous real-world
problems. Since its invention in 1910, largely attributed
to Elmer Sperry's ship autopilot, and the development of
straightforward tuning methods by Ziegler and Nichols in
1942 [1], [2]. PID control has witnessed widespread
adoption [3]. DC motors are widely employed as
actuators for wheeled mobile robots, robots controlled by
programmed microcontrollers, or computers that
navigate autonomously based on sensor information.
These robots typically have two, three, or four wheels,
each driven by a DC motor for smooth maneuverability
[4], [5], [6]. Two primary control applications for DC
motors are speed and position control. Speed controllers
regulate robot movement speed, while position
controllers ensure accurate movement to predetermined
positions. [7], [8]. Recent research on DC motor speed
control focuses on stabilization, with many works

combining PID controllers with other methods like fuzzy
logic control, genetic algorithms [1],

and particle swarm optimization. Similarly, PID-
based position controllers have been combined with
artificial intelligence techniques like fuzzy logic and
genetic algorithms to enhance accuracy [9], [10], [11].
While PID control exhibits remarkable effectiveness,
optimal tuning remains a challenge, particularly in
dynamic environments encountered by wheeled
mobile robots. However, these approaches often lack
user-friendliness and adaptivity.

This study utilizes one of the DC motors from a two-
wheeled mobile robot as the plant. The DC motor's
mathematical model is developed by acquiring input
and output signals from an open-loop experiment [10].
The applied working voltage serves as the input signal,
and the electronically measured speed is the output
signal. The resulting model's step response is
compared to the original motors to validate its
accuracy. A PID-based speed controller is proposed,
with initial parameters obtained from the relay
feedback experiment and MATLAB based PID
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tuning integrated with GUI. These parameters are
then manually fine-tuned based on practical PID
tuning knowledge to achieve optimal performance
without overshoot or steady-state error. The paper is
structured as follows: Section 1 presents the
background and related work, Section 2 outlines the
proposed approach and methodology, Section 3
details the implementation and results, and Section 4
concludes the study and highlights its potential
impact.

2. Methodology

2.1. Mathematical model of DC motor

Before we create a GUI interface, we need to start off
with a Simulink model of the DC motor system with Pl
controller. The DC motor has to be modeled first, in
Simulink and the mathematical equations behind the
functioning of the motor has to be understood before
advancing further

Fig.1 DC Motor model

In order to model a DC Motor in Simulink, we have to
define the mathematical equations on which it functions,
The DC Motor functioning diagram is given in Fig.1.

2.2. Electrical Characteristics

By using Kirchoff’s voltage law in the DC-motor model
according to Fig. 1 DC motor model following equation
is derived

Vin - VRa - VLa - Vemf =0 (1)

Where, Viy, Vra, Vig and Ve is the input-voltage,
voltage over the armature resistance, voltage drop over
the armature inductance and voltage induced by the coil
respectively. The equations for the voltage parts in the
DC-motor are,

Vra = ia " Rq 2
_ 3
VLa La E lg
. 4
Vemf =K, 0,

2.3. Mechanical Characteristics [2]

By torque balance (energy balance) in the system the
mechanical equations can be stated.

T, —Ty,—Tp—T, =0 (5)

a

Where T, is the electromagnetic torque, Tj_, is torque
generated from the rotational acceleration of rotor. Tj, is
the torque due to the friction and angular velocity in the
motor. T;, is the torque of mechanical load (external load),
equations for the first three parts are

T.=K, - iz (6)
Téa =Jm - an (7)
Ty = by, - éa (8)

Substituting equation (5) with (6), (7) and (8) yields

following differential equation,
d

Vi_ia'Ra_La'Eia_Ke'éa=0 ©)
d . 1 . ;
Zla=z'(la'Ra+Ke'ea_Vin)

(10)

Results and Discussion

The experiment's foundation lay in meticulous data
collection, enabling the analysis of the intricate interplay
between voltage and RPM. A 140 second data acquisition
process captured the voltage profile, characterized by a
20-second ramp-up to 24V followed by a 20-second
minimum, and this pattern mirrored the observed RPM
variations with relay feedback experiment was shown in
Fig. 2.
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Fig.2 Relay output

From the relay feedback experiment, the following
result was obtained.
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Fig.3 System without PID tuning

The open-loop experiment Fig. 3 revealed significant
overshoot and sustained oscillations in the DC motor
speed due to suboptimal PID settings. Manually
configuring the parameters or using the time-consuming
Ziegler-Nichols method might not be ideal for real-time
applications.

3.1 Parameter estimation and tuning

From the mathematical model of DC motor following
initial parameters are to be known such as moment of
inertia of the rotor Jn, damping ratio of the mechanical
system b, electric resistance Rm, electric inductance L,
armature constant K, before being tuned with a PID
controller. While manufacturers may provide values for
some of these DC motor parameters, they are only
approximate. Its necessary to estimate these parameters
as precisely as possible for our model to ascertain
whether it is an accurate representation of the actual DC
motor system.

Arpliude

Time (seconds}

Fig.4 Parameter estimation plot

Again, these values are of important for designing and
tuning a PID controller for the DC motor. The PID
controller will use these parameters to calculate the
motor's input voltage in order to achieve the desired
speed. Furthermore, without knowing the specific values
of the parameters, it is difficult to say much about the
specific performance of the DC motor. However, the fact
that these are estimated parameters (Fig. 5) suggests that
the motor has not been precisely modeled or

PID Parameter Tuning of

characterized [12], [13]. This could lead to difficulties in
tuning the PID controller effectively.
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Fig. 5 Iteration for finding motor parameters

As shown in Fig. 4 the measured data overlaid with the
simulated data. The simulated data comes from the model
with the estimated parameters listed in Table 1.
Comparing the response of the system before and after
the estimation process clearly shows that the estimation
successfully identified the model parameters and the
simulated response accurately matches the experimental
data.

Table 1. DC Motor parameters

Constants Value Unit
K, 0.0035401 [N -m/A]
R, 0.0065388 [Ohm]
L, 8.758e-05 [H]
b, 0.0001263 [-]
Jm 4.3114e-05 [kg - m?]

While from PID tuning result following initial PID
parameters are determined in Table 2.

Table 2. Parameters used in the numerical simulation.

Controll PID Parameters
ontroller
Kp K; K,
PID 0.01 0.061 0

After the fine-tuning process in MATLAB, it was found
that the final K, = 0.01, K; = 0.061 and Kq= 0. The initial
value of Kp = 0.9 gives big oscillation output. The fine
tuning is performed to adjust the Kp, such that the P
controller output results in only one overshoot and no
oscillation, although steady state error is still not zero.
This final value of Kp is 0.01.
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Fig.6 System with PID tuning

The Fig. 6 illustrates the response of a DC motor speed
control performance after it has been tuned with PID
controller. The blue line shows the reference input, the
red line shows the actual output speed of the motor, which
initially lags behind the reference input and then abruptly
rise to meet it. There are some oscillations in the motor
speed, which indicates that the system is damped due

external disturbances or externally given mechanical load.

The system is returned to stable state approximately after
1 second under the varying operating conditions.

3.2. GUI for motor control

In order to simplify the dc motor control process, a GUI
is developed that allows a user to quickly identify model,
tune controller coefficients and send reference data was
created. Two types of GUIs were created.

a) GUI for identification
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Fig.7 ldentification GUI MATLAB

This GUI (presented on Fig. 7) allows user to control
motor speed manually, send identification data, identify
model, tune PID, set object constants and deploy model
with new coefficients and constants to Arduino. After
uploading a model to Arduino, user can check the quality
of tuned controller by reconnecting to Arduino, setting
reference velocity manually and checking the response.
The quality of controlling depends on several factors.

First of all, getting a proper data is one of the most
important steps. Based on the collected data, picking the
correct model is directly affects the PID tuning response
and therefore directly affects the possibilities of tuning.
At last, figuring the optimal response through MATLAB
PID tuner directly affects the quality of controlling.

b) GuUI for standalone application

Once identification and tests are complete, user can shut
down MATLAB and use a standalone application as
shown in Fig. 8 to control the DC motor. Standalone
application requires less resources to run compared to
multistep manual identification.
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Fig.8 Speed controller performance at final stage
with standalone application

In Fig. 8 graph depicts the reference tracking response
of the DC motor after it has been tuned with the PID
controller. The blue line shows the reference input, which
is direction of motor changes with time. The red line
shows the actual output of a motor, which closely tracks
the reference input with minimal overshoot, and settling
time, and there is no steady-state error. Finally, an
analysis was performed to ensure that the controller was
well-tuned with GUI of standalone application.

4. Conclusion

This project developed an interactive GUI to optimize
PID controller parameters for a DC motor SIMULINK
model in real-time. This approach enables continuous
adaptation to varying operating conditions, achieving
significant improvements compared to traditional offline
or manual tuning methods. Experimental results
demonstrate enhanced control accuracy and system
stability, confirming the effectiveness of the proposed
method. The PID controller, adjusted through the GUI,
optimizes the motor's input voltage to minimize the error
between the desired and actual output. This is achieved
by utilizing a parameter estimation tool based on the DC
motor's mathematical model. Careful tuning of the PID
gains ensures a system that is both responsive and stable.
The developed GUI serves as a valuable tool for robot
designers and researchers, enabling real-time control
optimization and hands-on learning of control systems
concepts. It offers undergraduate students a practical
learning experience in the classroom, fostering their
understanding of PID control and its applications.
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