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Abstract. The stability of balance is needed on tools or workpieces, especially in the field of robotics. In
this study, it tries to apply balance stability settings to a robot, namely a two-wheeled balancing robot. This
two-wheeled robot balancing is an extension of the inverted pendulum model that is placed on a wheeled
carriage. This study applies a control strategy to keep the robot in an upright position and has a fast response
to return to a specified point. Robot balancing in this study discusses balancing a robot with two wheels as
a balance driver which is located on the right and left of the robot. The concept of balance applied in this
research is that the robot will try to balance itself, so that the robot is in an upright position which will
continue to be repeated until it finds the desired set point. In order to add a robot that requires controlling a
DC motor that has received input from the IMU sensor that can read the angle of the robot. The angular
change in the robot is then calculated by the PID to produce a fast and precise response. This process is
repeated until the robot is perpendicular to the plane. The test results of the balancing robot with the large
PID method, the accuracy of the tool in the trial is believed to be 99.87%, so it can be said that the balancing

robot can work well.

1 Introduction

The rapid development of robotics technology has
significantly enhanced productivity across various
industries, healthcare, and agriculture. These
advancements are driven by constant innovation in
robotics systems, which are increasingly integrated into
everyday human activities. Notably, advancements in
robotics are often a product of intense scientific
competition to develop cutting-edge technologies that
fulfill societal needs [1-6].

One of the most essential technologies in modern
robotics is the ability of a robot to balance on two
wheels. This ability, which allows a robot to remain
upright and stable, is pivotal for its application in
transportation, offering an innovative solution to
mobility challenges. Achieving this balance requires
synchronization between the robot's sensors and the
control system used [7,8].

The development of such self-balancing systems has
drawn attention due to the challenges of maintaining
stability using only two wheels. These challenges are
closely related to principles in physics, such as torque,
angular momentum, and the center of mass. A two-
wheeled robot must continuously adjust its position by
using dynamic feedback to stay upright, which involves
both mechanical and control systems innovations [9—
12]. This research focuses on developing a self-
balancing robot that utilizes artificial intelligence for
improved performance. The robot, resembling an
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inverted pendulum, employs sensors such as an IMU
(Inertial Measurement Unit) to detect angular
displacement, which is then processed by a
microcontroller (Arduino Nano) to adjust its position.
The robot aims to balance itself by moving forward or
backward to find the optimal center of gravity and
remain perpendicular to the ground [19-24] . The
control method employed is the Proportional-Integral-
Derivative (PID) controller, which is specifically chosen
for its ability to minimize error and ensure fast,
responsive balancing [25-30].

Despite the progress in balancing robots, there
remain challenges regarding optimal component layout,
system design, and control strategies that hinder the
robot's ability to maintain a stable position in dynamic
environments[13—18]. Therefore, it is necessary to
develop a balancing robot from the mechanical side and
the control side.

This balancing robot has two wheels as a balance
driver which is located on the right and left of the robot.
The way this research works is that the robot detects
changes in angle by utilizing the IMU sensor or tilt angle
sensor. Then it will be processed by the Arduino Nano
microcontroller which is none other than the controller,
so that robot 2 will try to balance itself which continues
to be done repeatedly until it finds the desired set point
[19-24]. The change in the angle of the robot is then
calculated and evaluated using the Proportional Integral
Derivative (PID) method. The use of the PID control
method aims to reduce errors in a balancing robot,
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because this robot requires a fast response and requires
a small error in order to keep the robot's position
perpendicular to a flat plane [25-30].

The research contribution of this study is to design
and implement a balancing robot with an advanced
control system using PID. This research not only
provides an effective solution to improve the robot's
balancing ability but also presents a practical application
of control theory in modern robotics. By focusing on the
PID control method, this study aims to optimize the
robot's stability, achieving a high precision in balancing,
even under varying load conditions. This research
bridges the gap between theoretical control methods and
practical robotics applications, addressing real-world
challenges in balancing systems.

2 Methods

Stabilization of the balancing robot response using the
PID controller method. In this balancing robot, it has
two wheels as balance drivers which are located on the
left and right of the robot[31-35]. The robot will try to
balance itself, so that the robot is in an upright position
or until it finds the desired set point, which was
previously known by the IMU sensor readings. The
IMU sensor functions as a tilt angle reader and the DC
motor functions as an actuator that will move back and
forth to get the balance point according to the input from
the Arduino Nano microcontroller by utilizing PID
control as a control system that is able to balance the
robot body with a fast and precise response, and can
minimize error rate.[36—42]

2.1 Block diagram

The following is a block diagram on a balancing robot

using a PID controller which can be seen in Fig. 1. The

meaning of the symbols used in the block diagram

shown in Fig. 1 are as follows:

a. Set point speed (Vs) and set point angle (8s)

b. Angle sensor to read the tilt of the robot body (0A)

c.  Motor speed (V)

d. The difference between the set point and sensor
readings (0'and V')

Plant output after controlled (0) and encoder sensor

reading (V1).

0'=05 0,

6s Vs + . (]
V'=Vs -1 v
m PID m— Motor De —

6A, vl MPU-
6050

Fig. 1. Block diagram of a balancing robot using a PID
controller.

Block diagram on balancing robot using PID
controller. This system uses a close loop control system,
because there is a feedback process to minimize errors
and make the system approach the specified output [43—
47]. The first process is input in the form of the expected

set point angle (0s) and the set point of velocity (Vs).
Then there are IMU sensors and encoder sensors where
the readings will be stored as A. Furthermore, the sensor
readings are stored in (V1). After that the readings of A
will be compared with s and also the results of the
encoder sensor readings will be compared with the
motor speed (Vs). Then after the calculation is complete,
it will be processed by the PID. The results of the PID
control system are motor speed (V) and will be sent to a
DC motor or balancing robot.

2.2 Flowchart system

The following is a system flowchart of a balancing robot
using a PID controller shown in Fig. 2.

Read
6A,V1

PID

Robot in
balanced Position

(0a-0%)

Fig. 2. Flowchart of a balancing robot system using a PID
controller.

In Fig. 2 is a flowchart of a balancing robot system
using a PID controller, in which in this case there is an
initialization or introduction in the form of parameters s,
A, ‘, V, V1. Where s is the set point angle and A is the
IMU sensor angle, ' the difference between the set point
angle and the encoder sensor reading angle, V DC motor
speed, V1 encoder sensor reading, then plant output
after being controlled. After the initialization process,
there will be a reading of the IMU sensor and encoder
sensor which will then be processed by the PID
controller [48—52]. After the PID process is complete,
the speed will move according to the input. Then if the
robot is not in a straight line, it will be read back by the
IMU sensor and encoder. If it is perpendicular or the
robot is in balance, then the process is complete.

2.3 Flowchart PID controller

The PID controller flowchart of the balancing robot is
shown in Fig. 3. In the PID controller flowchart shown
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in Fig. 3, it begins with the introduction of Kp, Ki, Kd,
s, TimeSampling, LastError, and V. Then proceed to the
values of Kp, Ki , Kd, s, A, then a condition will be
carried out which if the input value is less than 0. If yes,
then the error value calculation process is carried out,
namely the error value (0') is equal to the set point value
minus the sensor input value as in equation 1.

9’(@7’7"07) Forward = 8@ — 65 (€)]

If not or the input value is more than O then, the error
value (0') is equal to the sensor input value minus the set
point angle as in equation 2.

0 }(ErrﬂﬁBackward = ls— ba [®)]

Kp, Ki. Kd, 0
Timesampling, 6',
LastError, V, V1

Score Kp, Ki,
Kd, 6s,0A

Backward Forward
¥ ¥
6=06s.6A 0'=0A-6s
¥ ¥
VForward = (Kp * ") + V' =(Kp* 0"+
(Ki* (0" +Le) * Ts)) + (Ki* ((8' +Le) * Ts)) +
((Kd/Ts) * (6" - Le) ((Kd/Ts) * (8" - Le))
¥ Y

V =V1 -V Backward V=V1-VForward

Ifl

LastError = 6"

Fig. 3. Flowchart PID controller.

After the error value is obtained, of course it will be
formulated in the PID controller formula by finding the
speed value in each forward and backward condition as
in equation 3 and equation 4.

V Forwara = (Kp *@') + (Ki * ((8' + Last Error) * Ts))
+ ((Kd/Ts) = (0' — Last Error)) @

V Backwara = (Kp *0') + (Ki * ((0' + Last Error) *
Ts)) + (( Kd/Ts) * (0’ — Last Error)) @

Then after obtaining the control results for the value of
V from the PID in each forward and backward
condition, the V calculation process will be carried out,
namely the difference between V1 and V both forward
and backward positions as in equation 5 and equation 6.

V="VI -V Forward (5)

V =VI -V Backward (©)

After that, it is continued with the last error process
equal to . The last step is to obtain the results of the DC
motor speed (V) in each forward and reverse position.

3 Result and discussion

3.1 Tuning PID test

PID tuning test is done to get the most appropriate
formula or value of Kp, Ki, and Kd. The right values of
Kp, Ki, and Kd can provide a good response to the
balancing robot system. Where the motor output in the
form of motor rotation speed will be stable, so that the
balancing robot can move and respond well to achieve
balanced or balanced conditions. When affected by a
disturbance, the PID will process the disturbance with
an output in the form of a motor speed value, so that the
robot will respond quickly to reach a stable position
again. The results of the test looking for the PID value
are shown in Table 1. From the experiments that have
been carried out, it can be analyzed that the experiment
was carried out 10 times by giving different Kp, Ki, Kd
values and the same set point value of the robot position.
The values of Kp, Ki, and Kd are given randomly to find
a value that responds well to motor movement, so that
the robot returns to a stable position. The first
experiment by giving a value of Kp = 0, Ki =0, and Kd
= 0 with the robot position parallel to 180°, the result is
that the robot cannot move because the values of Kp, Ki,
Kd are both 0 or empty.

Table 1. Tuning PID test.

Robot Position
No. Values Kp, Ki, Response
Kd
1. 180 OI% d;OOKl B Robot can't move
180° Kp = 69.6 Ki The robot does pot stand
2. —0Kd=0 balanced and still moves
back and forth wildly
3 180° Kp = 69.6 Ki Robot can stand and still
) =250Kd=0 move uncontrollably
4 180° Kp =69.6 Ki Robot can stand and still
) =0Kd=62.5 move uncontrollably
5 180°Kp=0Ki= Robot moves, but can't
) 250 Kd =62.5 stand up yet
6. igggnggiSSZ(I)% Robot can stand balanced
7 180°Kp=0Ki= Robot moves wildly and is
) 23 Kd =56 not balanced
3 180° Kp=69.4 Ki | Robot can stand but still not
) =34 Kd=67 balanced
9 180° Kp = 69.7 Ki Robot can stand and still
’ =25Kd=45 move uncontrollably
10 180° Kp =75.5Ki | Robot can stand but still not
) =0Kd=63 balanced

The second experiment by giving a value of Kp =
69.6, Ki =0, and Kd = 0 with the robot position parallel
to 180°, the result is that the robot cannot stand in
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balance and still moves back and forth wildly. This is Table 2. Robot balance angle testing.
because the values of Ki and Kd are both 0 or empty. Set Res

. . .. . . pon
The third experiment by giving a value of Kp = 69.6, Ki No | point Kp | Ki | Kd (second)
= 250, and Kd = 0 with the robot position parallel to 1 180° 159 | 098 | 36 734
180°, 43 the results are that the robot can stand but the 2 175° 159 | 098 | 36 6,63
robot is still moving uncontrollably. This is because the 3 170° 159 | 098 | 36 7,48
Kd value is 0 or empty, where the response after the 4 165° 159 | 0.98 | 36 6,20
error is not updated. The fourth experiment by giving a 5 160° 159 | 098 | 36 6,55
value of Kp = 69.6, Ki =0, and Kd = 62.5 with the robot 6 0° 159 | 098 | 36 7,46
position parallel to 180°, the result is that the robot can 7 5° 159 | 098 | 36 6,67
stand but the robot is still moving uncontrollably. This 8 10° 159 | 098 | 36 7,54
is because the value of Ki is 0 or empty. The fifth 9 15° 159 | 0.98 | 36 5,91
experiment by giving a value of Kp = 0, Ki = 250, and 10 20° 159 | 098 | 36 6,48

Kd = 62.5 with the robot position parallel to 180°, the
result is that the robot can move but the robot cannot ROBOT EXPERIMENT RESULTS WITH DIFFERENT SET
stand. This is because the value of Kp is 0 or empty. The FOISERARES

sixth experiment by giving a value of Kp = 15.9, Ki =
0.98, Kd =36.00 with the robot position parallel to 180°,
the result is that the robot can stand in a balanced and
stable manner. The seventh experiment by giving a
value of Kp =0, Ki =23, Kd = 56 with the robot position
parallel to 180°, the result is that the robot moves
uncontrollably so that it has not reached a balanced
position. This is because the value of Kp 0 where the
motor response is not controlled. The eighth experiment
by giving a value of Kp = 69.4, Ki = 34, Kd = 67 with

7,46 - 7,54

62 6,55 6,67

8
7
3
-
55
o
S 4
-3
o
E3
E
2
1
0

the robot position parallel to 180°, the result is that the Fig. 4. Robot experiment results with different set point
robot can stand but the motor response is still not values.

controlled so that the robot cannot reach a balanced

position. Of the 10 experiments that have been carried 3.3 Robot load testing

out, the correct PID tuning value was obtained in the

sixth experiment with the value of Kp = 15.9, Ki = 0.98, Load testing on the balancing robot is carried out by
Kd =36.00. In the sixth experiment, the motor can move providing additional load on the robot body. This test
well to respond to the robot's body in an effort to achieve was conducted to observe how long the robot response
a balanced condition. to reach a stable condition and to test the robot's

resistance when given additional load. The balancing
robot is given additional loads with varying weights.

3.2 Robot balance angel test The following table shows the experimental results of

Testing the balance of the robot by providing different testing 'TObOt loads with varying weights which are

set point robot angles. The test was carried out 10 times shown in Table 3.

with different set points and the same KP, Ki, Kd values. Table 3. Additional load testing.

This test is carried out to observe the robot's response

with the values of KP, Ki, Kd from the PID tuning No | Load Start Time End Time Result
. . . (Second)

results that have been obtained in the previous test, yy;

whether the robot can achieve a balanced condition. The 1 gram 15:18:43.188 15:18:44.798 1,61

following are the results of testing the balance of the 20

robot with different set point values which are shown in 2 gram 15:23:15.002 | 15:23:16.680 1,67

Table 2. From Table 2, it is obtained data on how long 45

the robot can reach a stable condition again. The test is 3 gram 15:27:36.001 | 15:27:37.168 1,167

dqne by giving a different se.:t.pomt Value? then the robot 4 33 1530:17.278 | 15:30-18.438 1,16

will try to reach a stable position perpendicular to (180°) gram

again. Observe how long it takes the robot to work. The 5 90 15:46:44.020 | 15:46:45.821 1.81

following is an explanation of the first test to the 10th. gram

In the first experiment, a set point value of 180° was 6 36 15:33:44.282 | 15:33:45.624 1,342

given with a value of Kp = 15.9, Ki = 0.98, Kd = 36.00. gram

The test is carried out by observing how long the robot 7 20 15:36:30.057 | 15:36:31.498 1,441

reaches a stable condition perpendicular to the position grgalm

of the set point (180°). The robot's response when turned 8 oram 15:40:47.160 | 15:40:48.545 1,385

on can reach a balanced position within 7.34 seconds. 34

The following is a picture of the first experiment with a 9 gram 15:42:00.182 | 15:42:01.354 1172

set point value of 180° which is shown in Fig. 4. 10 grla?m 15:57:29.146 | 15:57:30.657 1,511
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From the tests that have been carried out, it can be
analyzed that the balancing robot can still work even
though it is given an additional load on the robot body.
In the 5th test, the largest additional load was in the form
of a li-po battery with a weight of 90 grams. The
experiment, which has been conducted 10 times, has the
set point set at 180°, which means that the robot is in a
straight or balanced state. The balancing robot takes
1.81 seconds to reach a stable state again after being
given an additional load. From the test with the heaviest
load, it takes the longest time than testing with other
loads.

In this test, it provides the largest additional load in
the form of a li-po battery with a weight of 90 grams. In
this test, the balancing robot takes the longest time,
which is 1.81 seconds to reach a stable state again after
being given an additional load.

Fig. 5 is the result of testing the balance of the
balancing robot by providing an additional load. The
test was carried out 10 times with different loads. The
test is carried out by placing a load on the robot and
observing the robot's position from being perpendicular
(180°) to returning to an upright position (180°). In
other words, how long does it take for the robot to reach
a stable position again when given an additional load.
51 The longest time for the balancing robot to reach a
stable condition is 1.81 seconds with a load of 90 grams.

In this test, it provides the largest additional load in
the form of a li-po battery with a weight of 90 grams. In
this test, the balancing robot takes the longest time,
which is 1.81 seconds to reach a stable state again after
being given an additional load.

TEST DATA WITH ADDITIONAL LOAD

1,81

1,61 = 187 / \
. 1,441 -
\ e 1385

1,167 = 1,16 1,172

Ti

46 20 45 33 90 e 20 81 34 10
Load (gram)

Fig. 5. Test graph with additional load.

Fig. 5 above is the result of testing the balance of
the balancing robot by providing an additional load. The
test was carried out 10 times with different loads. The
test is carried out by placing a load on the robot and
observing the robot's position from being perpendicular
(180°) to returning to an upright position (180°). In other
words, how long does it take for the robot to reach a
stable position again when given an additional load. The
longest time for balancing the robot to reach a stable
condition is 1.81 seconds with a load of 90 grams.

4 Conclusion

After doing some testing and analyzing the data
obtained from this thesis, it can be concluded that:

a. The balancing robot takes a maximum of 7.54
seconds to reach a state of balance. The set point
value of 10° takes the longest to reach a balanced
position.

b. The use of the MPU-6050 sensor is very appropriate
for robot balancing systems, as evidenced by the
success rate of 99.87%.

c. The PID controller method produces a fairly good
response. It is proven from the test results that the
PID controller has the longest time to reach a stable
condition, only 7.54 seconds.

d. PID tuning is done 10 times with different tunings,
so that it can produce the right tuning.
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