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Abstract

The industrial world has been increasingly using robots for production purposes. One type of robot used is a line follower robot
for the purposes of transportation of production materials. Various research and competitions of line follower robots were held to
improve its performance. This study proposed a fuzzy logic algorithm using Sugeno method for a line follower mobile robot. This
algorithm received input from the readings of 8 sensors mounted on the bottom of the robot and generated the speed of each left
and right motor. This speed was used to keep the robot on track. The performance of this algorithm was compared with the fuzzy
logic algorithm of the Mamdani method. The proposed fuzzy logic algorithm was superior in terms of speed. The results of this
study can be used as material to study the application of fuzzy logic algorithm in real time.
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Introduction

Nowadays, robots have an important role in various fields. In the industrial sector, robots can increase production
efficiency, for examples, robots in goods production, component of transportation systems, and warchouse
management robots. Robots also have a role in the field of security, for example a bomb squad robot. In addition to
these two fields, in the education sector they are starting to use robots for learning, especially learning about
programming [1].

In general, robots are divided into 2 types, autonomous robots and human controlled robots. In an automated robot,
control is carried out by a controller. One example of an autonomous robot is a line-follower robot. Many studies
related to line follower robots have been carried out. Controling the robot can be done in various ways, including the
on-off method [2][3][4][5][6], Proportional Integral Derivative (PID) [7][8], and intelligent systems. The on-off
method tends to be fast but the robot's movement is intermittent. PID control produces movements that tend to be
smoother than on-off control. Meanwhile, control with an intelligent system produces better performance, for
example, backpropagation and fuzzy logic [9][10]. The backpropagation method produces smoother movements but
requires a long processing time, while the fuzzy logic method is faster than the backpropagation method and produces
smooth movements [9].

Sugeno fuzzy logic has been widely used in various fields with quite good performance, including for determining
the optimal path [11], determining rewards in educational games [12], predicting the selling price of used motorcycles
[13][14], predicting the value of tuna exports [15], predicting of bread sales [16], determining the amount of bread
production [17], and predicting nutritional status of body mass index [18]. Fuzzy logic with the Mamdani method has
been used in line follower robots with quite good performance [10], but failures still occured at certain speeds. On the
other hand, the Sugeno fuzzy logic method has better performance, efficiency and resource requirements than
Mamdani. For this reason, this study proposed the Sugeno fuzzy logic method for controlling line follower robots.

Method

The research was divided into 2 parts, namely hardware development that is line follower robots and development
of fuzzy logic controllers using the Sugeno method.
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A. Hardware of Line Follower Robot

The design of the line follower robot hardware used in this study is as shown in Figure 1. This hardware consists
of receptors, actuators, and control units.
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Figure 1. Design of line follower mobile robot

e Receptors consisted of 8 sensor circuits which were divided into 2 groups, namely the left sensor group and the
right sensor group, each consisting of 4 sensors. The sensor circuit used a TCRT5000 line sensor, 470 Q resistor,
10K Q resistor, and 1 F capacitor. Resistors were used to adjust the current strength to match and not damage
the components, while the capacitor would continue the current if it was fully charged. The charging duration
of the capacitor towards the threshold value depending on the resistance level of the TCRT5000 line sensor. If
the sensor detected black then the resistance would be low and the duration of charging the threshold value
would be fulfilled so that the value was read as 1. Vice versa if the sensor detected white, the sensor reading
value was then processed based on the sensor group by multiplying the value with the sensor value. The circuit
diagram of this receptor is as shown in Figure 2.
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Figure 2. Reseptor of circuit diagram

e Control Units consisted of a Raspberry pi 2 Mini PC model B, as shown in Figure 3. This section was connected
via the GPIO pin with the receptor section to receive sensor input then executed calculations with the fuzzy logic
controller and the results were forwarded to the PWM control to send electrical waves to the actuator used to
drive the motor according to the speed value generated by the fuzzy controller.
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Figure 3. Mini PC Raspberry Pi

Actuators on the robot consist of an L293D driver, a 12V battery, 2 12V DC motors. This actuator receives an
electric wave according to the speed value resulting from fuzzy logic calculations. The design of the actuator

circuit to the control unit was as shown in Figure 4.

Figure 4. Circuit diagram of actuator

B. Fuzzy logic controller of Sugeno method
The control of the fuzzy logic robot used in this study was the Sugeno method. The process flow for applying this

method to robots is as shown in Figure 5.
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Figure 5. The process flow of the Fuzzy logic algorithm implementation of the Sugeno method on the line
follower mobile robot
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The input variable of this system was the speed_difference variable between the right and left sensors and had a
domain of -50 to 50. The velocity difference variable was divided into 4 fuzzy sets, namely LARGENEGATIVE,
SMALLNEGATIVE, LARGEPOSITIVE, and SMALLPOSITIVE, a description of each input fuzzy set can be seen in

Table 1.

Table 1. Description of the input variable fuzzy set

No Fuzzy Set Description
1. LARGENEGATIVE The difference between the left and right sensors has a large negative value
2. SMALLNEGATIVE The difference between the left and right sensors has a small negative value
3. LARGEPOSITIVE The difference between the left and right sensors has a large positive value
4. SMALLPOSITIVE The difference between the left and right sensors has a small positive value

The speed difference variable is represented as shown in Figure 6, while the membership function uses Equation 1,
2, 3, and 4 respectively.
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Figure 6. Membership function of the speed difference input variable

The output of this fuzzy controller was the speed variable for the right motor and left motor. Speed variables for the
Mamdani and Sugeno methods used the same set, namely SLOW and FAST with descriptions as in Table 2. Mamdani
fuzzy logic used the fuzzy set speed variables represented in Figure 7 with membership functions in Equation 5 and 6,
while Sugeno's fuzzy logic used a fuzzy set velocity variable represented as a singleton as shown in Figure 8. The fuzzy
rules used can be seen in Table 3. Mamdani's defuzzification process used the centroid method with a discrete approach
while for sugeno it used a weighted average method.

Table 2. Speed variables classification

No Fuzzy Set Description
. FAST Fast motor speed
2. SLOW Slow motor speed
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Figure 7. Output of fuzzy Mamdani speed and variables
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Figure 8. Variable fuction output of Sugeno’s fuzzy speed

Tabel 3. Fuzzy Rules
Rules Description
1 IF different_speed is SMALLPOSITIVE THEN right motor IS FAST

IF different_speed is LARGEPOSITIVE THEN right motor IS SLOW
IF different speed is SMALLNEGATIVE THEN left motor IS FAST
IF different_speed is LARGENEGATIVE THEN left motor IS SLOW

B |W|N

Results and Discussion

Tests in this study were conducted to determine the performance of Sugeno's fuzzy logic in tracking black and white
lines. The proposed fuzzy logic method was then to compare with Mamdani's fuzzy logic [9]. The test was carried out
by running the robot on a track with a length of 100 cm and the shape of the track as shown in Figure 9.

Figure 9. Line Follower Track
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The test was carried out 15 times and the average travel time was taken. In addition, the number of failures in
tracking the line was calculated. The test variables used were the maximum speed of the robot 15 cm/s, the minimum
speed of the robot 0 cmy/s, and the sensor reading time of 0.09 seconds.

The results of this test are as shown in Table 4. The table shows that Sugeno's fuzzy logic has a higher success rate
and a faster average travel time than Mamdani's fuzzy logic. From 15 times of testing, Sugeno's fuzzy logic method
was able to run successfully 13 times or 87%, while the Mamdani method ran successfully 12 times or 80%. The average
time to pass using Sugeno method was 6.88 seconds and the Mamdani method was 7.22.

Failure occurred in both Sugeno's and Mamdani's fuzzy logic in tracking the track line caused by the inconsistent
initial push of the robot's motor and inconsistent sensor readings, so the robot immediately walked off the track. It can
be concluded that Sugeno's fuzzy logic has better performance.

Table 4. Testing result of Line Tracking

No Sugeno (second) Mamdani (second)
1 5,79294800758 fail
2 fail 5,67535805702
3 6,53157687187 6,69035291672
4 9,74394893646 6,75756311417
5 6,95014500618 8,40565800670
6 7,57528090477 fail
7 fail fail
8 7,77228403091 7,92545986176
9 5,48949193954 9,19890904427
10 6,41903495789 6,44360685349
11 6,58121490479 7,55209708214
12 6,77628183365 6,53507781029
13 6,51199579239 6,53962612152
14 5,64343905449 9,30467295647
15 7,69357204437 5,64160799980
x 6,88317033 7,222499152

Conclusion

Based on the results of research on controlling the Sugeno method's fuzzy logic algorithm on line follower mobile
robots, it can be concluded that Sugeno's fuzzy logic had a higher success rate and faster average travel time than
Mamdani's fuzzy logic. This was due to the shorter duration of Sugeno's fuzzy logic calculations so that the entire
process can take place before the robot leaves the track. However, there were still failures in traversing the track caused
by inconsistent initial thrust of the robot's motor and inconsistent sensor readings.
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