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ABSTRAK 
 
Penentuan posisi sudut suatu benda dalam ruang udara sangat penting untuk diperhatikan 

pada beragam jenis proses industri. Penelitian ini bertujuan merancang desain dan 

mengimplementasikan sistem kendali Fuzzy-PID dengan optimasi menggunakan Genetic 

Algorithm (GA) pada plant pengendali posisi sudut. Sistem kendali Fuzzy-PID merupakan 

konversi dari metode sistem kendali PSO-PID pada penelitian sebelumnya pada plant yang 

sama. Proses konversi dilakukan dengan perhitungan matematis dengan menghitung nilai 

range input error (𝑎𝑎𝑒𝑒), range output (𝑎𝑎𝑢𝑢), range input integral error (𝑎𝑎𝑖𝑖), dan range input 

derivative error (𝑎𝑎𝑑𝑑). Hasil perhitungan tersebut akan menjadi nilai Operating Range 

(OR) pada Fuzzy Logic Designer yang merupakan fitur software Matlab untuk membuat 

desain logika Fuzzy. Jumlah Membership Function (MF) input adalah 5 dan output adalah 

13 yang berada dalam nilai OR dan membetuk pola segitiga sama sisi. Non-Linear Factor 

(ɣ) merupakan faktor penentu bentuk MF. Nilai OR dan ɣ merupakan parameter tuning 

dari sistem kendali Fuzzy-PID. Tuning dilakukan dengan algoritma GA. Hasil optimasi 

sistem kendali Fuzzy-PID dengan GA menunjukkan response time sistem lebih baik 

daripada sistem kendali PSO-PID. Hasil simulasi pada Matlab menunjukkan sistem 

kendali Fuzzy-PID dengan optimasi GA dapat menghilangkan overshoot menjadi 0% dan 

settling time sistem 54,3% lebih cepat daripada sistem kendali PSO-PID. Hasil 

implementasi Sistem kendali Fuzzy-PID pada plant pengendali posisi sudut menunjukkan 

overshoot hanya sebesar 0.46%, settling time 3.02 detik, dan error steady state 0.04% lebih 

baik dibanding sistem kendali PSO-PID dengan overshoot 16.94%, settling time 4.71 detik 

dan error steady state 0.35%. Penelitian ini memberikan kontribusi terhadap 

perkembangan sistem kontrol pada plant dengan orde tinggi serta tingkat presisi sistem 

kendali pada beragam proses industri. 

 

Kata kunci: PSO-PID, Fuzzy-PID, Operating Range, Membership Function, Genetic 

Algorithm 
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ABSTRACT 

 

Determining the angular position of an object in airspace is crucial for various industrial 
processes. This study aims to design and implement a Fuzzy-PID control system with 
optimization using a Genetic Algorithm (GA) in an angular position control plant. The 
Fuzzy-PID control system is a conversion of the PSO-PID control system method used in 
previous research at the same plant. The conversion process is carried out mathematically 
by calculating the input error range (𝑎𝑎𝑒𝑒), output error range (𝑎𝑎𝑢𝑢), input integral error 
range (𝑎𝑎𝑖𝑖), and input derivative error range (𝑎𝑎𝑑𝑑). The results of these calculations will be 
converted into Operating Range (OR) values in Fuzzy Logic Designer, a Matlab software 
feature for creating fuzzy logic designs. The number of input Membership Functions (MFs) 
is 5 and the output is 13, which are within the OR value and form an equilateral triangle 
pattern. The Non-Linear Factor (ɣ) determines the shape of the MF. The OR and ɣ values 
are tuning parameters for the Fuzzy-PID control system. Tuning is performed using the 
GA algorithm. The results of the Fuzzy-PID control system optimization with GA showed 
a better system response time than the PSO-PID control system. Simulation results in 
Matlab showed that the Fuzzy-PID control system with GA optimization can eliminate 
overshoot to 0% and the system settling time is 54.3% faster than the PSO-PID control 
system. The implementation of the Fuzzy-PID control system in an angular position control 
plant showed an overshoot of only 0.46%, a settling time of 3.02 seconds, and a steady-
state error of 0.04%, better than the PSO-PID control system with an overshoot of 16.94%, 
a settling time of 4.71 seconds, and a steady-state error of 0.35%. This research 
contributes to the development of high-order plant control systems and the level of control 
system precision in various industrial processes. 

 

Keywords: PSO-PID, Fuzzy-PID, Operating Range, Membership Function, Genetic 
Algorithm 
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BAB I  

PENDAHULUAN 

 

I.1. Latar Belakang 

Penentuan posisi sudut suatu benda dalam ruang udara sangat penting dalam 

menjaga kesetimbangan. Dalam beberapa kasus menjaga posisi kesetimbangan 

merupakan hal yang kritis sangat penting untuk diperhatikan seperti pada industri 

pengangkutan dengan conveyor [1], industri dirgantara [2], dan industri perkapalan [3]. 

Tujuan kesetimbangan ini diperlukan untuk menjaga posisi benda sesuai dengan yang 

diharapkan. Pemahaman untuk pembelajaran sistem kendali posisi sudut dapat 

ditingkatkan dengan menggunakan alat pembelajaran sistem plant kendali posisi sudut. 

Alat pembelajaran sistem plant kendali posisi sudut dapat memperdalam pengetahuan 

dan pemahaman tentang desain sistem kontrol, program sistem embedded serta 

menganalisa data sensor. Alat tersebut berupa Plant pengendali posisi sudut dengan 

bentuk menyerupai jungkat-jungkit dengan satu motor brushless dan baling - baling pada 

salah satu sisinya [4]. 

Plant pengendali posisi sudut dapat digunakan sebagai alat peraga dalam 

menerapkan berbagai macam metode sistem kontrol seperti Proportional Integral 

Derivative (PID), Fuzzy, Particle Swarm Optimization (PSO), Genetic Algorithm (GA) 

dan berbagai macam metode sistem kontrol yang lain. Pada riset [5] Plant pengendali 

posisi sudut digunakan untuk menerapkan metode Particle Swarm Optimization (PSO-

PID). Metode sistem kontrol PSO-PID merupakan PID konvensional dengan tuning nilai 

konstanta KP, KI, dan KD menggunakan metode optimasi PSO. Hasil penelitian 

menunjukkan bahwa PSO dapat menyesuaikan parameter PID dengan baik, sehingga 

menghasilkan respon sistem yang lebih stabil dan cepat [6]. PSO-PID juga telah 

diterapkan pada Plant pengendali posisi sudut dengan dua buah motor Brushless [5]. 

Hasil penerapan PSO-PID pada Plant pengendali posisi sudut pada riset sebelumnya 

menunjukkan bahwa performa sistem kontrol PSO-PID memiliki respon yang cepat akan 

tetapi masih terdapat overshoot [5]. Performa sistem kontrol PSO-PID pada Plant 

pengendali posisi sudut masih memiliki beberapa kekurangan. Salah satu pengembangan 
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selanjutnya dari sistem kontrol PID untuk meningkatkan peforma dan mempermudah 

proses tuning adalah mengganti sistem kontrol PID dengan metode FLC yang ekuivalen 

dengan sistem kontrol PID tersebut [7]. PID konvensional yang sudah dilakukan tuning 

yang baik dapat diganti dengan Linear FLC yang ekuivalen, kemudian dapat 

meningkatkan performa diatas kontrol PID ekuivalen dengan melakukan modifikasi pada 

Fuzzy Rules [7]. Pada penelitian [8] dilakukan metode tuning Operating Range FLC 

ekuivalen dari sistem kontrol PID pada sistem orde tiga. FLC ekuivalen dari sistem 

kontrol PID ini disebut sistem kontrol Fuzzy-PID. Hasil penelitian menunjukkan 

keunggulan Fuzzy-PID terhadap PID pada peforma respon sistem kendali. Parameter 

settling time dan overshoot pada respon sistem kendali Fuzzy-PID berkurang menjadi 

lebih baik daripada PID konvensional [8]. 

Pada penelitian ini dibuat alat pembelajaran pengendali posisi sudut 

menggunakan satu buah motor. Alat pembelajaran sistem avionik ini telah dibuat saat 

mengerjakan Tugas Akhir D4 dengan menggunakan sistem kendali PSO-PID dengan 

hasil rise time 25.7 ms dan settling time 1960 ms serta overshoot 15% [9]. Berdasarkan 

hasil penelitian sebelumnya maka perlu dilakukan perbaikan response time dengan 

menggunakan desain kontrol Fuzzy-PID optimal dengan menggunakan GA. Pada riset 

sebelumnya alat pengendali posisi sudut dengan satu motor menggunakan kontrol Kp, 

Ki, dan Kd yang didapat dari hasil tuning menggunakan metode PSO. Desain kontrol 

Fuzzy-PID optimal akan dikembangkan ke arah model sistem kendali optimum mengacu 

ke penelitian [10]. Desain kontrol Fuzzy-PID mengacu ke model yang sudah 

dikembangkan pada penelitian [7]. Konsep sistem kendali Fuzzy-PID [7] menerapkan 

mapping sebuah error kontrol PID ke dalam Operating Range dari input dan output 

Fuzzy. Hasil penelitian [7] menunjukkan sebuah kepresisian hasil konversi antara gain 

parameter PID ke dalam bentuk Operating Range dari input dan output Fuzzy. Kontrol 

Fuzzy-PID yang dikembangkan oleh [7] merupakan sistem Fuzzy hasil konversi PID. 

Metode tuning yang digunakan pada sistem kendali ini berbasiskan kepada pengaturan 

Operating Range dan bentuk Membership Function. Pada pengembangan penelitian [10] 

menambahkan sebuah konsep desain kontrol optimum dengan menggunakan Genetic 

Algorithm (GA). Hasil penelitian [10] yang dikembangkannya menunjukkan performa 

dan keunggulan kontrol Fuzzy-PID dibandingkan dengan model kendali PID dan kendali 
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Fuzzy lainnya. 

Berdasarkan tinjauan referensi [4], [5], [7], [8], [10] diatas maka penelitian ini 

akan menerapkan desain kontrol Fuzzy-PID pada sistem model plant pengendali posisi 

sudut. Plant pengendali posisi sudut merupakan plant berorde empat. Hasil konversi 

Fuzzy-PID dari plant pengendali posisi sudut ini akan dikembangkan ke model desain 

kontrol optimal menggunakan GA. Tujuan penelitian ini adalah untuk mendapatkan 

performa response time yang lebih baik dari sistem plant pengendali posisi sudut hasil 

tuning PSO-PID. Pada pengujian plant ini akan diberikan berbagai gangguan dengan cara 

memvariasikan beban pada salah satu sisi lengan. Hasil penyesuaian posisi sudut akibat 

dari variasi beban akan dianalisa. Sementara untuk mengukur performa sistem didasarkan 

pada response time ketika sistem melakukan penyesuaian posisi sudut.  

 

I.2. Rumusan Masalah 

Rumusan masalah dalam penelitian ini sebagai berikut : 

1. Bagaimana membuat pemodelan matematika Plant pengendali posisi sudut ? 

2. Bagaimana melakukan tuning PSO-PID pada Plant pengendali posisi sudut ? 

3. Bagaimana memperbaiki response time dengan menggunakan Fuzzy PID hasil 

konversi kendali PSO-PID ? 

4. Bagaimana mendesain optimal Fuzzy-PID Controller menggunakan Genetic 

Algorithm pada Plant pengendali posisi sudut ? 

 

I.3. Tujuan Penelitian 

Tujuan penelitian ini adalah membuat desain optimal Fuzzy-PID Controller 

menggunakan GA untuk memperbaiki performa response time yang dihasilkan dari sistem 

Plant pengendali posisi sudut hasil tuning PSO-PID. 

 

I.4. Batasan Penelitian 

Batasan masalah dalam penelitian ini adalah: 

1. Kalkulasi tuning Fuzzy – PID dilakukan secara offline. 

2. Hasil perancangan metode tuning Fuzzy – PID dilakukan secara simulasi pada 

software Simulink Matlab. 



 

4 
 

3. Perancangan mekanik Plant pengendali posisi sudut menggunakan alat yang 

menyerupai jungkat – jungkit dengan satu motor brushless pada salah satu sisinya. 

 

I.5. Manfaat Penelitian 

Manfaat masalah dalam penelitian ini adalah : 

1. Alat peraga sistem kontrol avionik dalam penerapan beberapa model sistem 

kontrol. 

2. Menghasilkan desain optimal Fuzzy-PID Controller menggunakan Genetic 

Algorithm pada Plant pengendali posisi sudut. 
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BAB V 

SIMPULAN DAN SARAN 
 

V.I. Simpulan 

Pengembangan sistem kendali Fuzzy-PID dengan algoritma optimasi GA pada 

plant pengendali posisi sudut telah berhasil. Sistem kendali Fuzzy-PID dengan optimasi 

GA menunjukkan kinerja yang sangat baik dalam mengendalikan sistem orde tinggi pada 

plant pengendali sudut. Hasil simulasi pada Matlab menunjukkan sistem kendali Fuzzy-

PID dengan optimasi GA dapat menghilangkan overshoot menjadi 0% dan settling time 

sistem 54,3% lebih cepat daripada sistem kendali PSO-PID. Hasil implementasi sistem 

kendali Fuzzy-PID pada plant pengendali posisi sudut menunjukkan overshoot hanya 

sebesar 0.46%, settling time 3.02 detik, dan error steady state 0.04% lebih baik dibanding 

sistem kendali PSO-PID dengan overshoot 16.94%, settling time 4.71 detik dan error 

steady state 0.35%. Hasil pengujian implementasi sistem kendali Fuzzy-PID pada plant 

pengendali posisi sudut dengan gangguan beban 25gr, 50gr, dan 75gr menunjukkan waktu 

recovery output plant menuju nilai setpoint lebih cepat daripada sistem kendali PSO-PID. 

Waktu recovery sistem kendali Fuzzy-PID optimasi GA lebih cepat 24% pada gangguan 

beban 25gr, 18% pada gangguan 50gr, dan 27% pada gangguan 75gr. Hasil response time 

sistem kendali Fuzzy-PID dengan optimasi GA pada plant pengendali posisi sudut lebih 

unggul daripada metode PSO-PID pada penelitian sebelumnya. 

 

V.II. Saran 

 Berdasarkan hasil penelitian ini, terdapat beberapa saran untuk pengembangan dan 

penelitian lebih lanjut. Penelitian lebih lanjut dapat dilakukan untuk melakukan efisiensi 

terhadap optimasi dengan GA dan efisiensi pada proses konversi PID ke Fuzzy-PID agar 

peralatan komputasi bisa lebih ringan dan waktu proses komputasi lebih cepat. 
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Lampiran 1. 125 Fuzzy-PID Rules 

125 Rules pada Fuzzy-PID Hasil Konversi PSO-PID 

1. If (input1 is 1) and (input2 is 1) and (input3 is 1) then (output1 is 1) 
2. If (input1 is 1) and (input2 is 1) and (input3 is 2) then (output1 is 2)  
3. If (input1 is 1) and (input2 is 1) and (input3 is 3) then (output1 is 3)  
4. If (input1 is 1) and (input2 is 1) and (input3 is 4) then (output1 is 4)  
5. If (input1 is 1) and (input2 is 1) and (input3 is 5) then (output1 is 5) 
6. If (input1 is 2) and (input2 is 1) and (input3 is 1) then (output1 is 2)  
7. If (input1 is 2) and (input2 is 1) and (input3 is 2) then (output1 is 3)  
8. If (input1 is 2) and (input2 is 1) and (input3 is 3) then (output1 is 4)  
9. If (input1 is 2) and (input2 is 1) and (input3 is 4) then (output1 is 5)  
10. If (input1 is 2) and (input2 is 1) and (input3 is 5) then (output1 is 6)  
11. If (input1 is 3) and (input2 is 1) and (input3 is 1) then (output1 is 3)  
12. If (input1 is 3) and (input2 is 1) and (input3 is 2) then (output1 is 4)  
13. If (input1 is 3) and (input2 is 1) and (input3 is 3) then (output1 is 5)  
14. If (input1 is 3) and (input2 is 1) and (input3 is 4) then (output1 is 6)  
15. If (input1 is 3) and (input2 is 1) and (input3 is 5) then (output1 is 7)  
16. If (input1 is 4) and (input2 is 1) and (input3 is 1) then (output1 is 4)  
17. If (input1 is 4) and (input2 is 1) and (input3 is 2) then (output1 is 5)  
18. If (input1 is 4) and (input2 is 1) and (input3 is 3) then (output1 is 6)  
19. If (input1 is 4) and (input2 is 1) and (input3 is 4) then (output1 is 7)  
20. If (input1 is 4) and (input2 is 1) and (input3 is 5) then (output1 is 8)  
21. If (input1 is 5) and (input2 is 1) and (input3 is 1) then (output1 is 5)  
22. If (input1 is 5) and (input2 is 1) and (input3 is 2) then (output1 is 6)  
23. If (input1 is 5) and (input2 is 1) and (input3 is 3) then (output1 is 7)  
24. If (input1 is 5) and (input2 is 1) and (input3 is 4) then (output1 is 8)  
25. If (input1 is 5) and (input2 is 1) and (input3 is 5) then (output1 is 9) 
26. If (input1 is 1) and (input2 is 2) and (input3 is 1) then (output1 is 2)  
27. If (input1 is 1) and (input2 is 2) and (input3 is 2) then (output1 is 3)  
28. If (input1 is 1) and (input2 is 2) and (input3 is 3) then (output1 is 4)  
29. If (input1 is 1) and (input2 is 2) and (input3 is 4) then (output1 is 5)  
30. If (input1 is 1) and (input2 is 2) and (input3 is 5) then (output1 is 6)  
31. If (input1 is 2) and (input2 is 2) and (input3 is 1) then (output1 is 3)  
32. If (input1 is 2) and (input2 is 2) and (input3 is 2) then (output1 is 4)  
33. If (input1 is 2) and (input2 is 2) and (input3 is 3) then (output1 is 5)  
34. If (input1 is 2) and (input2 is 2) and (input3 is 4) then (output1 is 6)  
35. If (input1 is 2) and (input2 is 2) and (input3 is 5) then (output1 is 7)  
36. If (input1 is 3) and (input2 is 2) and (input3 is 1) then (output1 is 4)  
37. If (input1 is 3) and (input2 is 2) and (input3 is 2) then (output1 is 5)  
38. If (input1 is 3) and (input2 is 2) and (input3 is 3) then (output1 is 6)  
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39. If (input1 is 3) and (input2 is 2) and (input3 is 4) then (output1 is 7)  
40. If (input1 is 3) and (input2 is 2) and (input3 is 5) then (output1 is 8)  
41. If (input1 is 4) and (input2 is 2) and (input3 is 1) then (output1 is 5)  
42. If (input1 is 4) and (input2 is 2) and (input3 is 2) then (output1 is 6)  
43. If (input1 is 4) and (input2 is 2) and (input3 is 3) then (output1 is 7)  
44. If (input1 is 4) and (input2 is 2) and (input3 is 4) then (output1 is 8)  
45. If (input1 is 4) and (input2 is 2) and (input3 is 5) then (output1 is 9)  
46. If (input1 is 5) and (input2 is 2) and (input3 is 1) then (output1 is 6)  
47. If (input1 is 5) and (input2 is 2) and (input3 is 2) then (output1 is 7)  
48. If (input1 is 5) and (input2 is 2) and (input3 is 3) then (output1 is 8)  
49. If (input1 is 5) and (input2 is 2) and (input3 is 4) then (output1 is 9)  
50. If (input1 is 5) and (input2 is 2) and (input3 is 5) then (output1 is 10) 
51. If (input1 is 1) and (input2 is 3) and (input3 is 1) then (output1 is 3)  
52. If (input1 is 1) and (input2 is 3) and (input3 is 2) then (output1 is 4)  
53. If (input1 is 1) and (input2 is 3) and (input3 is 3) then (output1 is 5)  
54. If (input1 is 1) and (input2 is 3) and (input3 is 4) then (output1 is 6)  
55. If (input1 is 1) and (input2 is 3) and (input3 is 5) then (output1 is 7)  
56. If (input1 is 2) and (input2 is 3) and (input3 is 1) then (output1 is 4)  
57. If (input1 is 2) and (input2 is 3) and (input3 is 2) then (output1 is 5)  
58. If (input1 is 2) and (input2 is 3) and (input3 is 3) then (output1 is 6)  
59. If (input1 is 2) and (input2 is 3) and (input3 is 4) then (output1 is 7)  
60. If (input1 is 2) and (input2 is 3) and (input3 is 5) then (output1 is 8)  
61. If (input1 is 3) and (input2 is 3) and (input3 is 1) then (output1 is 5)  
62. If (input1 is 3) and (input2 is 3) and (input3 is 2) then (output1 is 6)  
63. If (input1 is 3) and (input2 is 3) and (input3 is 3) then (output1 is 7)  
64. If (input1 is 3) and (input2 is 3) and (input3 is 4) then (output1 is 8)  
65. If (input1 is 3) and (input2 is 3) and (input3 is 5) then (output1 is 9)  
66. If (input1 is 4) and (input2 is 3) and (input3 is 1) then (output1 is 6)  
67. If (input1 is 4) and (input2 is 3) and (input3 is 2) then (output1 is 7)  
68. If (input1 is 4) and (input2 is 3) and (input3 is 3) then (output1 is 8)  
69. If (input1 is 4) and (input2 is 3) and (input3 is 4) then (output1 is 9)  
70. If (input1 is 4) and (input2 is 3) and (input3 is 5) then (output1 is 10)  
71. If (input1 is 5) and (input2 is 3) and (input3 is 1) then (output1 is 7)  
72. If (input1 is 5) and (input2 is 3) and (input3 is 2) then (output1 is 8)  
73. If (input1 is 5) and (input2 is 3) and (input3 is 3) then (output1 is 9)  
74. If (input1 is 5) and (input2 is 3) and (input3 is 4) then (output1 is 10)  
75. If (input1 is 5) and (input2 is 3) and (input3 is 5) then (output1 is 11) 
76. If (input1 is 1) and (input2 is 4) and (input3 is 1) then (output1 is 4)  
77. If (input1 is 1) and (input2 is 4) and (input3 is 2) then (output1 is 5)  
78. If (input1 is 1) and (input2 is 4) and (input3 is 3) then (output1 is 6)  
79. If (input1 is 1) and (input2 is 4) and (input3 is 4) then (output1 is 7)  
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80. If (input1 is 1) and (input2 is 4) and (input3 is 5) then (output1 is 8)  
81. If (input1 is 2) and (input2 is 4) and (input3 is 1) then (output1 is 5)  
82. If (input1 is 2) and (input2 is 4) and (input3 is 2) then (output1 is 6)  
83. If (input1 is 2) and (input2 is 4) and (input3 is 3) then (output1 is 7)  
84. If (input1 is 2) and (input2 is 4) and (input3 is 4) then (output1 is 8)  
85. If (input1 is 2) and (input2 is 4) and (input3 is 5) then (output1 is 9)  
86. If (input1 is 3) and (input2 is 4) and (input3 is 1) then (output1 is 6)  
87. If (input1 is 3) and (input2 is 4) and (input3 is 2) then (output1 is 7)  
88. If (input1 is 3) and (input2 is 4) and (input3 is 3) then (output1 is 8)  
89. If (input1 is 3) and (input2 is 4) and (input3 is 4) then (output1 is 9)  
90. If (input1 is 3) and (input2 is 4) and (input3 is 5) then (output1 is 10)  
91. If (input1 is 4) and (input2 is 4) and (input3 is 1) then (output1 is 7)  
92. If (input1 is 4) and (input2 is 4) and (input3 is 2) then (output1 is 8)  
93. If (input1 is 4) and (input2 is 4) and (input3 is 3) then (output1 is 9)  
94. If (input1 is 4) and (input2 is 4) and (input3 is 4) then (output1 is 10)  
95. If (input1 is 4) and (input2 is 4) and (input3 is 5) then (output1 is 11)  
96. If (input1 is 5) and (input2 is 4) and (input3 is 1) then (output1 is 8)  
97. If (input1 is 5) and (input2 is 4) and (input3 is 2) then (Output1 is 9)  
98. If (input1 is 5) and (input2 is 4) and (input3 is 3) then (output1 is 10)  
99. If (input1 is 5) and (input2 is 4) and (input3 is 4) then (output1 is 11)  
100. If (input1 is 5) and (input2 is 4) and (input3 is 5) then (output1 is 12) 
101. If (input1 is 1) and (input2 is 5) and (input3 is 1) then (output1 is 5)  
102. If (input1 is 1) and (input2 is 5) and (input3 is 2) then (output1 is 6)  
103. If (input1 is 1) and (input2 is 5) and (input3 is 3) then (output1 is 7)  
104. If (input1 is 1) and (input2 is 5) and (input3 is 4) then (output1 is 8)  
105. If (input1 is 1) and (input2 is 5) and (input3 is 5) then (output1 is 9)  
106. If (input1 is 2) and (input2 is 5) and (input3 is 1) then (output1 is 6)  
107. If (input1 is 2) and (input2 is 5) and (input3 is 2) then (output1 is 7)  
108. If (input1 is 2) and (input2 is 5) and (input3 is 3) then (output1 is 8)  
109. If (input1 is 2) and (input2 is 5) and (input3 is 4) then (output1 is 9)  
110. If (input1 is 2) and (input2 is 5) and (input3 is 5) then (output1 is 10)  
111. If (input1 is 3) and (input2 is 5) and (input3 is 1) then (output1 is 7)  
112. If (input1 is 3) and (input2 is 5) and (input3 is 2) then (output1 is 8)  
113. If (input1 is 3) and (input2 is 5) and (input3 is 3) then (output1 is 9)  
114. If (input1 is 3) and (input2 is 5) and (input3 is 4) then (output1 is 10)  
115. If (input1 is 3) and (input2 is 5) and (input3 is 5) then (output1 is 11)  
116. If (input1 is 4) and (input2 is 5) and (input3 is 1) then (output1 is 8)  
117. If (input1 is 4) and (input2 is 5) and (input3 is 2) then (output1 is 9)  
118. If (input1 is 4) and (input2 is 5) and (input3 is 3) then (output1 is 10)  
119. If (input1 is 4) and (input2 is 5) and (input3 is 4) then (output1 is 11)  
120. If (input1 is 4) and (input2 is 5) and (input3 is 5) then (output1 is 12)  
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121. If (input1 is 5) and (input2 is 5) and (input3 is 1) then (output1 is 9)  
122. If (input1 is 5) and (input2 is 5) and (input3 is 2) then (output1 is 10)  
123. If (input1 is 5) and (input2 is 5) and (input3 is 3) then (output1 is 11)  
124. If (input1 is 5) and (input2 is 5) and (input3 is 4) then (output1 is 12)  
125. If (input1 is 5) and (input2 is 5) and (input3 is 5) then (output1 is 13) 
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Lampiran 2. Arduino Program 

Program Arduino 

//==================== LIBRARY ==================== 

#include <Wire.h> 

#include "MPU6050_6Axis_MotionApps20.h" 

#include <LiquidCrystal_I2C.h> 

#include <Servo.h> 

#include <Fuzzy.h> 

//==================== OBJEK ====================== 

MPU6050 mpu; 

LiquidCrystal_I2C lcd(0x27, 20, 4); 

Servo right_prop, left_prop; 

Fuzzy *fuzzy = new Fuzzy(); 

//==================== KONFIGURASI MPU ============= 

#define INTERRUPT_PIN 2 

volatile bool mpuInterrupt = false; 

uint16_t packetSize; 

uint8_t fifoBuffer[64]; 

//==================== VARIABEL MPU ================ 

Quaternion q; 

VectorFloat gravity; 

float ypr[3]; 

bool dmpReady = false; 

uint16_t fifoCount; 

uint8_t mpuIntStatus; 

//==================== VARIABEL KENDALI ============= 

float desired_angle = 90; 
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float sudut, sudutt; 

float error, previous_error = 0, Ii = 0, Dd = 0; 

float elapsedTime, ttime, timePrev; 

float basePWM = 1500; 

float pwmLeft, pwmRight; 

// Operating range hasil GA 

const float ae_OR = 27; 

const float ai_OR = 36.9; 

const float ad_OR = 49.2; 

const float au_OR = 214; 

// Nonlinear factor gamma hasil GA 

const float gamma_e = 1; 

const float gamma_i = 1; 

const float gamma_d = 1; 

const float gamma_u = 1; 

//==================== FUZZY SET ==================== 

FuzzySet *aeSets[5], *aiSets[5], *adSets[5], *auMF[13]; 

//==================== INTERRUPT ==================== 

void dmpDataReady() { 

  mpuInterrupt = true; 

} 

//==================== SETUP ======================== 

void setup() { 

  Serial.begin(115200); 

  Wire.begin(); 

  Wire.setClock(400000); 

  mpu.initialize(); 
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  pinMode(INTERRUPT_PIN, INPUT); 

  devStatusCheck(); 

  lcd.init(); 

  lcd.backlight(); 

  lcd.clear(); 

  lcd.setCursor(0, 0); lcd.print("Fuzzy-PID Controller"); 

  delay(2000); 

  lcd.clear(); 

  left_prop.attach(5); 

  right_prop.attach(3); 

  left_prop.writeMicroseconds(1000); 

  right_prop.writeMicroseconds(1000); 

  delay(3000); 

  setupFuzzy(); 

  setupRules(); 

  ttime = millis(); 

} 

//==================== DEV STATUS MPU ======================== 

void devStatusCheck() { 

  uint8_t devStatus = mpu.dmpInitialize(); 

  mpu.setXGyroOffset(94); 

  mpu.setYGyroOffset(-52); 

  mpu.setZGyroOffset(-58); 

  mpu.setXAccelOffset(271); 

  mpu.setYAccelOffset(280); 

  mpu.setZAccelOffset(1661); 

  if (devStatus == 0) { 
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    mpu.setDMPEnabled(true); 

    attachInterrupt(digitalPinToInterrupt(INTERRUPT_PIN), dmpDataReady, RISING); 

    packetSize = mpu.dmpGetFIFOPacketSize(); 

    dmpReady = true; 

  } else { 

    Serial.print("DMP Init failed: "); Serial.println(devStatus); 

    while (1); 

  } 

} 

//==================== LOOP ======================== 

void loop() { 

  timePrev = ttime; 

  ttime = millis(); 

  elapsedTime = (ttime - timePrev) / 1000.0; 

  if (!dmpReady) return; 

  if (!mpuInterrupt && fifoCount < packetSize) return; 

  mpuInterrupt = false; 

  mpuIntStatus = mpu.getIntStatus(); 

  fifoCount = mpu.getFIFOCount(); 

  if ((mpuIntStatus & 0x10) || fifoCount == 1024) { 

    mpu.resetFIFO(); 

    return; 

  } 

  if (mpuIntStatus & 0x02) { 

    while (fifoCount < packetSize) fifoCount = mpu.getFIFOCount(); 

    mpu.getFIFOBytes(fifoBuffer, packetSize); 

    fifoCount -= packetSize; 
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    mpu.dmpGetQuaternion(&q, fifoBuffer); 

    mpu.dmpGetGravity(&gravity, &q); 

    mpu.dmpGetYawPitchRoll(ypr, &q, &gravity); 

    sudut = ypr[2] * 180 / M_PI; 

    sudutt = sudut + 110; 

    fuzzyControl(); 

    displayLCD(); 

  } 

} 

//==================== FUZZY CONTROL ======================== 

void fuzzyControl() { 

  error = desired_angle - sudutt; 

  Ii += (error + previous_error) / 2 * elapsedTime; 

  Dd = (error - previous_error) / elapsedTime; 

  fuzzy->setInput(1, constrain(error / ae_OR, -1, 1)); 

  fuzzy->setInput(2, constrain(Ii / ai_OR, -1, 1)); 

  fuzzy->setInput(3, constrain(Dd / ad_OR, -1, 1)); 

  fuzzy->fuzzify(); 

  float auValue = fuzzy->defuzzify(1); 

  float mapped_au = (auValue / au_OR) * 500; // lebih presisi: au_OR → 500us range 

  mapped_au = constrain(mapped_au, -500, 500); 

  pwmLeft = constrain(basePWM - mapped_au, 1250, 1750); 

  pwmRight = constrain(basePWM + mapped_au, 1250, 1750); 

  left_prop.writeMicroseconds(pwmLeft); 

  right_prop.writeMicroseconds(pwmRight); 

  previous_error = error; 

} 
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//==================== LCD DISPLAY ========================== 

void displayLCD() { 

  lcd.setCursor(0, 0); lcd.print("Sudut:"); 

  lcd.setCursor(7, 0); lcd.print(sudutt, 1); 

  lcd.setCursor(0, 1); lcd.print("L:"); lcd.print(pwmLeft); 

  lcd.setCursor(10, 1); lcd.print("R:"); lcd.print(pwmRight); 

} 

//==================== FUZZY SETUP ========================== 

void setupFuzzy() { 

  FuzzyInput *ae = new FuzzyInput(1); 

  FuzzyInput *ai = new FuzzyInput(2); 

  FuzzyInput *ad = new FuzzyInput(3); 

  FuzzyOutput *au = new FuzzyOutput(1); 

  // Buat MF input dengan distribusi nonlinear γ 

  setupMF(ae, aeSets, gamma_e); 

  setupMF(ai, aiSets, gamma_i); 

  setupMF(ad, adSets, gamma_d); 

  // Output MF sebagai singleton 

  for (int i = 0; i < 13; i++) { 

    float center = (i - 6) * gamma_u * (au_OR / 6.0); 

    auMF[i] = new FuzzySet(center, center, center, center); 

    au->addFuzzySet(auMF[i]); 

  } 

  fuzzy->addFuzzyInput(ae); 

  fuzzy->addFuzzyInput(ai); 

  fuzzy->addFuzzyInput(ad); 

  fuzzy->addFuzzyOutput(au); 
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} 

//================ BUAT MF DENGAN GAMMA ===================== 

void setupMF(FuzzyInput *input, FuzzySet **sets, float gamma) { 

  float center[5]; 

  center[2] = 0; 

  float step = 1.0; 

  center[3] = center[2] + step; 

  center[4] = center[3] + (center[3] - center[2]) * gamma; 

  center[1] = center[2] - step; 

  center[0] = center[1] - (center[2] - center[1]) * gamma; 

  for (int i = 0; i < 5; i++) { 

    sets[i] = new FuzzySet(center[i] - 0.5, center[i] - 0.25, center[i] + 0.25, center[i] + 0.5); 

    input->addFuzzySet(sets[i]); 

  } 

} 

//=================== FUZZY RULES ======================== 

void setupRules() { 

  int ruleIndex = 1; 

  for (int i = 0; i < 5; i++) { 

    for (int j = 0; j < 5; j++) { 

      for (int k = 0; k < 5; k++) { 

        int outputIdx = constrain(i + j + k, 0, 12); 

        FuzzyRuleAntecedent *ant1 = new FuzzyRuleAntecedent(); 

        FuzzyRuleAntecedent *ant2 = new FuzzyRuleAntecedent(); 

        ant1->joinWithAND(aeSets[i], aiSets[j]); 

        ant2->joinWithAND(ant1, adSets[k]); 

        FuzzyRuleConsequent *cons = new FuzzyRuleConsequent(); 
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        cons->addOutput(auMF[outputIdx]); 

        fuzzy->addFuzzyRule(new FuzzyRule(ruleIndex++, ant2, cons)); 

      } 

    } 

  } 

} 


