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Abstract—This research addresses the challenge of developing
an effective motion system for a four-wheeled omnidirectional
robot configured with wheels at a 45-degree angle, allowing for
holonomic movement—motion in any direction without
changing orientation. In this system, inverse kinematics
calculates each wheel's angular velocity to optimize movement.
PID control is implemented to stabilize motor speeds, while
odometry guides and determines the robot’s position using
initial and target coordinates. The robot operates on a 12-volt
power supply and two STM32F103C microcontrollers, utilizing
an MPUB050 sensor to maintain orientation and optical rotary
encoders for accurate positional tracking. Experimental results
demonstrate that the robot achieves optimal motion on x and y
axes with PID settings of kP = 0.8, kl = 1.0, and kD = 0.08. This
configuration yields a rise time of 0.95 seconds, overshoot of
7.36%, and steady-state error of -0.5 RPM at a setpoint of 350
RPM. Using odometry, the robot successfully navigates various
movement patterns with average position errors of 1.2% on the
x-axis and 1.6% on the y-axis for rectangular patterns, 2.1% on
the x-axis and 2.2% on the y-axis for zig-zag patterns, and
1.75% on the x-axis and 1.15% on the y-axis for triangular
patterns. The MPUG6050 sensor maintains orientation with an
error of 0.65% in triangular patterns and 0.85% in rectangular
patterns. Through inverse kinematics, PID control, and sensor
integration, the robot reliably follows designated coordinate
points.

Keywords—Four-Wheeled Robot Motion System,
Omnidirectional Wheeled Robot, Inverse Kinematics, Odometry

l. INTRODUCTION

In the field of wheeled robots, there are several types of
robots with different kinds of wheels [1]-[3]. One of them is
the omnidirectional robot, this type of wheeled robot can
move in any direction without changing its orientation, and is
known as a holonomic robot [4]-[8]. One type of wheel that
is used in this wheeled robot is the omnidirectional poly roller
wheel, which allows the robot to perform complex
movements and reach the desired positions [9].

In order for an omnidirectional wheeled robot to move in
any direction or specific predetermined coordinates,
kinematic modeling based on the wheel placement

configuration is required [10], [11]. There are two types of
robot configurations using omnidirectional wheels: one with
three wheels and one with four wheels, each arranged at
specific angles relative to the frame axis of the robot [12].

One of the challenges faced when using omnidirectional
wheels is the robot's movement system [13]-[16]. In the
configuration of an omnidirectional wheeled robot, whether
with three wheels or four wheels, the speed of each drive
actuator is not uniform [17]. Furthermore, to maximize the
robot's movement, the robot's position must be known in
advance so that it can move to the next position [18]-[20]. To
accurately determine the movement and position of an
omnidirectional wheeled robot, a sensor is needed that can
estimate the change in the robot's position relative to its initial
position.

By understanding the kinematic model to be used, the
speed and direction of the wheel rotation can be easily
determined. Rotary encoders are commonly used to
determine the actual position of the robot and the speed
generated by each drive actuator [10], [21]. Similarly, the
MPUG6050 sensor is used to maximize and correct changes in
the robot's orientation, allowing the robot to maintain its
position and heading with minimal error [22], [23].

Therefore, in this research, a motion system for a
omnidirectional four-wheel robot will be developed using
inverse kinematic modeling. To determine the robot's actual
position, the odometry method is used with rotary encoders
and the MPUG6050 sensor, which functions to detect changes
in wheel rotation, allowing the actual position of the robot to
be known and maintaining the robot's position and heading.
Additionally, PID control is applied to each drive actuator so
that each actuator can maintain its speed [24], [25].

1. METHOD

A. Kinematics Modeling

Motion kinematics studies the movement of an object or
particle without considering the causes that make the object
move [26]. In robotics studies, kinematics plays an important
role in controlling the movement of robots, whether they are
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manipulator robots, humanoids, animals, or wheeled robots
[277-[30]. In robot kinematic modeling, there are two types
of kinematic models: inverse kinematics and forward
kinematics [31]-[35].

As shown in Fig. 1, in this research uses four
omnidirectional wheels arranged on the robot's base frame to
form an "X" pattern, or at an angle of 45° relative to the x and
y axes. W1, W2, W3, and W4 represent the omnidirectional
wheels arranged on the robot's base frame with inclination
angles al, a2, a3, and o4 relative to the x and y axes. To
determine the robot's linear velocity with respect to (X, y, 0),
inverse kinematics can be used to convert the input (x, y, 0)
into the speed and direction of rotation for each wheel. Based
on Fig. 1, we can formulate the Equation (1) and (2).

>V(x)
Fig. 1. Robot omnidirectional wheel placement
V; = —sin(a;)x + cos(a;)y + RO (1)
vy —sina;. Vy+cosa; .V, + R. 0
v,| _ |=sina;. Vy+cosa; .V, + R. 6 5
V3| |=sinas. Vy+cosas .V, + R. 6 @)
Uy —sina,. Vy +cosa, .V, + R. 0

The robot's linear velocity is expressed in the vectors Vi
and Vg, which are the velocities along the x and y axes in
the global reference frame. To determine the speed and
direction of rotation for each wheel, the inverse kinematic
model is used. This model utilizes the robot's position and
orientation inputs (x, y, 8) to calculate the linear velocities v;
and angular velocities w; required for each wheel so that the
robot can move according to the desired coordinates and
orientation.

B. Odometry System

Odometry is a technique that uses data from actuator
movements to estimate changes in coordinate positions over
time. Odometry is used to estimate the coordinates of the
position relative to the initial position [10], [36], [37].

A rotary encoder convert wheel rotations into distance
measurement, each full rotation of the rotary encoder
generates a number of pulses and can be converted into linear
distance using Equation (3) and (4).

C=mn.D (3)
_N.(n.D)
d= E— (4)

As in Equation (3) and (4) D is wheel circumference, ppr
is pulse per revolution of rotary encoder, we can calculate the
distance d from the number of pulses N. By utilizing rotary
encoder sensors, odometry can calculate the distance traveled
by each wheel and combine this information to determine the
robot's position and orientation at any given time.

The rotary encoder sensors provide crucial data for
continuously estimating the robot's changes in position (x, y)
and the orientation (8), allowing the control system to make
necessary corrections to keep the robot on its desired path,
based on Fig. 1, each wheel is have the rotary internal encoder
and we can use (3)-(5) to determine the robot actual position
in (x, y) and the orientation ().

x = @) (ry — 15) cos 45° + @) (r; — r3) sin 45° 5)

y= @) (ry — 1) (—sin 45°) + (%) (ry — 713) cos 45° (6)

0 = Robot orientation from MPU6050 sensor @)

The odometry system with omnidirectional wheels can be
used to determine the position and orientation of the robot in
the x and y coordinates. As in Equation (5) and (6) 1y, 7,13, 74
is the distance reading from rotary encoder sensors. The use
of a 45° angle simplifies the calculation of the wheel speed
projection on the x and y axes. As shown in Fig. 2, re;,re,
represent traveled distance readings from two external rotary
encoders placed at a 45° angle to the x and y axes. The
external rotary encoders convert the wheel rotations into
distance measurements in centimeters.

Fig. 2. External rotary encoder placement

The linear velocity components on the x and y axes can
be calculated using sine and cosine functions to ensure the
correct projection of wheel speed on each axis. This
relationship is expressed in the Equation (8) and (9).

For robot's orientation (8), is obtained from the output
value of the MPUG6050 sensor [22], [23], [38]. In this way,
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the odometry system can estimate the robot's relative position
to its initial position with higher accuracy, compensating for
potential errors due to wheel slippage.

x = (%) re, .cos45° + (%) re, .sin 45° (8)
y= (%) rey . (—sin 45°) + (%) re,.cos45° 9)
C. PID Control

PID control is a highly effective and easy-to-implement
control technique [39]-[41]. PID control consists of three
main parameters: P (Proportional), | (Integral), and D
(Derivative [42]-[45]). Each of these parameters has its own
advantages and disadvantages.

In designing a PID control system, the trial and error
method is often used due to the interdependence of the
parameters Kp, Ki, and Kd [46]-[48]. To achieve optimal
control action, a trial-and-error approach is required to
combine P, I, and D until suitable values for Kp, Ki, and Kd
are found [17], [49]. In this research, PID control is used to
maintain the revolutions per minute (RPM) of each wheel at
the predetermined set point. The formula for calculating the
PID output is in Equation (10) [50]-[53].

u(t) = Kpe(t) + K; f e(t)dt + Kd% (10)

Where u(t) is the output of the PID controller, applied as a
control signal to the wheel drive motor, and e(t) is the
difference between the set point RPM and the actual RPM
obtained from the rotational speed measured by the rotary
encoder that continuously calculated and used to generate
control signal. The parameter K,, controls the impact of the
current error, K; controls the impact of the accumulated error,
and K, controls the impact of the rate of change of the error
on the control output signal, by combining these three
parameters, the PID control system can reduce the overall
error and maintain the wheel's RPM at the desired value.

Il.  SYSTEM DESIGN

In this research, the movement system of the four-
wheeled omnidirectional robot uses inverse kinematics with
the odometry method to determine the robot's actual position.
The MPUG6050 sensor [54]-[56] is used as a reference for the
robot's orientation, and PID control is used to correct the error
generated by each wheel. This section will explain about the
control system of the robot.

A. System Block Diagram

The system block diagram as shown in Fig. 3, shows the
interaction between the main components in the control
system of the omnidirectional four-wheel robot. The
NRF24L01 module [57]-[59] is used for wireless
communication between the robot and the PC, with data
displayed via MATLAB. The STM32F103C8(1)
microcontroller [60], [61] processes data from the MPU6050
sensor for robot orientation and manages communication
with the NRF24L01 module. The STM32F103C8(2)

microcontroller controls the PG45 DC motors based on
signals from external and internal rotary encoders that
measure wheel rotation and position.

| Hatlss |

LED [2X] External
Indikator Rotary Encoder

v | Yy v

LM2596 3.3 dan 5V STM32F103C8[2] [

| 16VDc | [2X] Internal

- Rotary Encoder
MPU-6050 5TM32F103C8[1] l
= [4x] Dr'w'er'l—){ [4x] Motor FG—'5|
NRF24L01
A,
LED

LCD
Display

Indikator

Fig. 3. Block diagram omnidirectional four-wheel robot

The system uses two main power supplies: 12VDC and
16VDC, with an LM2596 converter module providing 3.3V
and 5V. The PG45 motors are controlled by drivers receiving
signals from the STM32F103C8 [2]. An LCD display and
LED indicators are used to show system information and
provide visual feedback on the system's status.

B. Control System Diagran

The movement system of the
omnidirectional robot can be seen in Fig. 4.

four-wheeled

Reference
Coordinate
(X, ¥, 8)

X

5TM32

Inverse
Kinematic

PID Controller

Driver Motor }—){ MOTOR |

—1 Y
- Rotary Encoder
Robot Position _ ¢ J ROBOT
Odometry Internal + External
(X, ¥, 8) [ MOVEMENT

Fig. 4. System control block diagram

The control system diagram in Fig. 4, explains the
workflow of controlling the four-wheeled omnidirectional
robot. The system starts with the reference coordinate input
(x, y, 8), which represents the desired position and orientation
of the robot. This input is sent to the STM32 microcontroller,
which then performs inverse kinematic calculations as in (1)
and (2) to convert the reference coordinates into the speed
and direction of each wheel, results of the inverse kinematic
calculations are passed to the PID controller as in (8), which
is responsible for correcting the error between the desired
speed and the actual wheel speed. The control signal from the
PID controller in the form of PWM is sent to the motor driver,
which then drives the motor.

Internal and external rotary encoders, as well as the
MPUG6050 sensor, measure the actual position and orientation
of the robot. This data is used by the odometry system to
calculate the robot's actual position in coordinates (x, y, 6) as
in (3)-(7). The actual position is then fed back to the STM32
microcontroller to form a feedback loop, ensuring that the
robot moves according to the desired reference coordinates.
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C. Control System Diagran

The four-wheeled omnidirectional robot and the actual
implementation of this design, the 3D design includes the
placement of components such as wheels, motors, and
sensors on the robot frame, and can be shown in Fig. 5.

MPU6050
PCB CONTROLLER

4x Omniwheel

2x Battery 2x STM32

4x Motor PG45

4x Driver Motor

SSS304 Robot Frame

Fig. 5. Render 3D design four-wheeled omnidirectional robot

This visualization helps in understanding the physical
layout of the implemented system and compares the planned
design with the actual outcome. While the implementation
from the 3D designs shows the actual assembly of each
components can be shown in Fig. 6.

Fig. 6. Visualization omnidirectional four-wheel robot result and
discussion

D. Sensor MPUG050 Test

After calibrating the MPUG6050 sensor, tests were
conducted by rotating the sensor on its axis to specific angle
positions. Table 1 shows the results of testing at five different
angle positions. The average error produced by the MPU6050
sensor is -0.972°. These results indicate that the MPUG050
sensor can be used to detect the orientation or heading of the
robot with sufficient accuracy.

E. PID Control Response
The PID control testing was conducted using the trial and

error method to find the parameters of K,,, K,,, and K, that

provide the best response in maintaining the motor speed at
the set point [17], [47]. After several experiments, the best

results were obtained with parameters K, = 0.65, K; = 1.85,
and K; = 0.3, as shown in Fig. 7.

Table 1. Sensor Result of MPU6050
MPU6050 Angle (°)
Number Reference Reading Result  Error
1 0 0.76 -0.76
2 45 45,80 -0.80
3 90 90.75 -0.75
4 135 136.25 -1.25
5 180 181.30 -1.30
Average Error -0.972
Result RPM - kP:0.65 kD:1.85 kD:0.3
400 . . . .
Set Point [1]
/ RPM-M1 [1]
350 b e RPM-M2 [1] [
RPM-M3 [1]
RPM-M4 [1]
300 Set Paint [2] | |
RPM-M1 [2]
RPM-M2 [2]
250 1 RPM-M3 2] | |
RPM-M4 [2]
] Set Paint [3]
) 200 1 RPM-M1 (3] | |
h RPM-M2 [3]
150 H |r._ AV P W VSNV S P G W RPM-M3 (3]
| | V7 RPM-M4 [3]
|
100 1 1

Time

Fig. 7. PID control graph K,, = 0.65, K; = 1.85,and K; = 0.3

The analysis results show that PID control with
parameters K, = 0.65, K; = 1.85, and K; = 0.3, provides a
good response at various target speeds. At the lower target
speed (50 RPM), the settling time is relatively longer with
moderate overshoot. However, at higher target speeds (150
RPM and 350 RPM), the system shows faster settling times
and higher overshoot at 150 RPM compared to 350 RPM. The
steady-state error is relatively small at all speeds, indicating
the system's ability to maintain the desired speed with good
accuracy.

e At the target speed of 50 RPM, the average rise time is
0.7 seconds, settling time is 25.2 seconds, peak time is
10.0 seconds, overshoot is 16.00%, and steady-state error
is 0.8 RPM.

e At the target speed of 150 RPM, the average rise time is
1.0 seconds, settling time is 2.6 seconds, peak time is 1.0
seconds, overshoot is 24.67%, and steady-state error is -
0.3 RPM.

e At the target speed of 350 RPM, the average rise time is
1.0 seconds, settling time is 1.6 seconds, peak time is 1.4
seconds, overshoot is 7.36%, and steady-state error is -0.5
RPM.

F. Omnidirectional Four-Wheel Robot Movement

The testing of the omnidirectional four-wheel robot's
movement system aims to ensure that the entire system
functions properly. The testing is conducted by providing
variations in the reference coordinate inputs (x,y) and
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creating specific patterns to determine whether the robot can
move to the predetermined coordinate points and to observe
the influence of the MPUG6050 sensor in maintaining the
robot's orientation.

1) Movement on x axis with coordinate (200, 0)

This test aims to evaluate the capability of the four-
wheeled omnidirectional robot to reach predetermined
coordinates at x axes. The plot result without and with the
MPUG050 sensor can be seen in Fig. 8.
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Fig. 8. Plot (a) without and (b) with MPUB050 sensor on x-axis (200, 0)

From Fig. 8 shows that the use of the MPU6050 sensor
significantly reduces positional and orientation errors. In tests
without the MPUG050, the positional error reached 1.8 cm on
the x-axis and 23.08° in orientation. In contrast, with the
MPUG6050, the positional error reduced to -0.1 cm on the x-
axis, -0.1 cm on the y-axis, and 0.78° in orientation. The plots
with the red dashed line also indicate that the robot with the
MPUG6050 follows a path closer to the planned trajectory
compared to without the MPU6050.

2) Diagonal Movement with coordinate (200, 200)

In the diagonal movement test, the robot was tested with
and without the MPUG6050 sensor. For the target coordinates
(150, 150), the positional error in the test without the
MPUG6050 was 3.3 cm on the x-axis, -1.0 cm on the y-axis,
and -0.55° in orientation. In contrast, with the MPU6050, the
positional error reduced to 1.2 cm on the x-axis, 1.9 cm on
the y-axis, and -1.17° in orientation. The plot with the red
dashed line results also show that the robot with the
MPUG050 follows a path closer to the planned trajectory
compared to without the MPU6050. The Diagonal movement
without and with the MPU6050 sensor shown in Fig. 9.
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Fig. 9. Plot diagonal movement (a) without and (b) with MPUG6050 sensor
(200, 200)

3) Movement on y axis with coordinate (0, 200)

In the y-axis movement test, the robot was tested with and
without the MPUG050 sensor. For the target coordinates (0,
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200), the positional error in the test without the MPU6050
was 2.8 cm on the x-axis, -1.2 cm on the y-axis, and 9.51° in
orientation. In contrast, with the MPUG6050, the positional
error reduced to -1.7 cm on the x-axis, 0.0 cm on the y-axis,
and 2.29° in orientation. The plot with red dashed line results
also show that the robot with the MPU6050 follows a path
closer to the planned trajectory compared to without the
MPUG6050. Fig. 10 a show result without using the MPU6050
sensor, ad Fig. 10 b show result with using the MPU6050.
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Fig. 10. Plot (a) without and (b) with MPU6050 sensor on y-axis (0, 200)
Movement test with square pattern

This test aims to evaluate the capability of the four-
wheeled omnidirectional robot to follow a predetermined
rectangular path and observe the influence of the MPU6050
sensor in maintaining the robot's orientation. The result can
be shown in Fig. 11. The test results show that the robot,
aided by the MPU6050 sensor, can follow the specified
rectangular path with a high degree of accuracy. From the

table and plot, we can observe the positional and orientation

errors as follows:

e At the initial position (0, 0), the positional error is -0.2 cm
on the x-axis, 0.0 cm on the y-axis, and 0.47° in
orientation.

e At data point 1 (200, 0), the positional error is 2.4 cm on
the x-axis, 0.1 cm on the y-axis, and -1.56° in orientation.

e At data point 2 (200, 140), the positional error is 0.1 cm
on the x-axis, 2.4 cm on the y-axis, and -0.33° in
orientation.

e At data point 3 (0, 140), the positional error is -1.6 cm on
the x-axis, 1.6 cm on the y-axis, and 0.95° in orientation.

e Atdata point 4 (0, 0), the positional error is 0.5 cm on the
x-axis, 1.6 cm on the y-axis, and -1.92° in orientation.
Overall, the average error from the expected positions is

approximately 1.2% for the x-axis, 1.6% for the y-axis, and

0.85% for orientation.

4) Movement test with triangle pattern

After this experiment to make a robot move in triangle
pattern, results show that the robot, aided by the MPU6050
sensor, can follow the specified triangular path with a high
degree of accuracy. From plot in Fig. 12, we can observe the
positional and orientation errors as follows:

o Atthe initial position (0, 0), the positional error is -0.1 cm
on the x-axis, -0.1 cm on the y-axis, and -0.42° in
orientation.

e At data point 1 (150, 150), the positional error is -0.1 cm
on the x-axis, 1.7 cm on the y-axis, and -0.24° in
orientation.

e At data point 2 (150, 0), the positional error is 2.3 cm on
the x-axis, 1.6 cm on the y-axis, and -0.79° in orientation.

e At data point 3 (0, 0), the positional error is 3.4 cm on the
x-axis, -1.2 cm on the y-axis, and -1.21° in orientation.
Overall, the average error from the expected positions is

approximately 1.75% for the x-axis, 1.15% for the y-axis, and

0.65% for orientation.

5) Movement test with triangle pattern

This test aims to evaluate the omnidirectional four-wheel
robot ability to follow a predetermined zig-zag path and to
observe robot ability to maintaining the robot's orientation.
The test results show that the robot, aided by the MPU6050
sensor, can follow the specified zig-zag path with a high
degree of accuracy. From the resulting plot shown in Fig. 13,
we can observe the positional and orientation errors as
follows:

e Atthe initial position (0, 0), the positional error is -0.1 cm
on the x-axis, -0.1 c¢cm on the y-axis, and -1.2° in
orientation.

e At data point 1 (50, 50), the positional error is 1.2 cm on
the x-axis, 2.0 cm on the y-axis, and -2.34° in orientation.

e At data point 2 (100, 0), the positional error is -1.3 cm on
the x-axis, 4.1 cm on the y-axis, and -1.1° in orientation.

e At data point 3 (150, 50), the positional error is -3.3 cm
on the x-axis, 2.9 c¢cm on the y-axis, and -1.2° in
orientation.

e At data point 4 (200, 0), the positional error is 1.8 cm on
the x-axis, -1.7 cm on the y-axis, and 1.32° in orientation.

e Atdata point 5 (0, 0), the positional error is 3.7 cm on the
x-axis, -0.2 cm on the y-axis, and 0.98° in orientation.
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Overall, the average error from the expected positions is
approximately 2.1% for the x-axis, 2.2% for the y-axis, and
1.5% for orientation.
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IV. CONCLUSION

After conducting several stages of testing in this study
titled "Movement System of a Four-Wheeled Robot Using
PID Controller Based on MPU and Rotary Encoder Sensors,"
it can be concluded that the robot is able to move using
inverse kinematic to control the rotation direction and speed
of each wheel on the x and y coordinates with an optimal PID
control at K, = 0.65, K; =1.85, and K; = 0.3, which
produces a rise time of 0.95 seconds, overshoot of 7.36%, and
a steady-state error of -0.5 RPM at a set point of 350 RPM;
the robot is capable of optimizing its movement towards
specific coordinate points using odometry from the rotary
encoder sensor and the MPU6050 sensor with an average
error of 1.2% on the x-axis and 1.6% on the y-axis for the
rectangular pattern, 2.1% on the x-axis and 2.2% on the y-axis
for the zig-zag pattern, and 1.75% on the x-axis and 1.15%
on the y-axis for the triangular pattern; the robot is able to
maintain its orientation using the MPU6050 sensor with an
average error in the triangular pattern of 0.65% and in the
rectangular pattern of 0.85%; and by using inverse kinematic
to determine the speed and direction of wheel rotation,
combined with PID control, rotary encoder sensor, and
MPUG050 sensor, the robot has successfully followed the
predetermined reference coordinate points.
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