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ABSTRAK

Energi surya merupakan salah satu sumber energi terbarukan yang paling potensial di
Indonesia dengan potensi kapasitas terpasang mencapai 207 GW, namun baru
termanfaatkan sekitar 0,3%. Sistem Pembangkit Listrik Tenaga Surya (PLTS)
konvensional masih menghadapi dua permasalahan utama: rendahnya -efisiensi
penyerapan energi akibat sudut datang matahari yang tidak optimal sepanjang hari, serta
pengelolaan daya yang tidak adaptif sehingga berpotensi menyebabkan over-discharge
baterai. Penelitian ini merancang dan mengimplementasikan prototipe PLTS off-grid 100
Wp dengan solar tracking panel dual-axis dan sistem kontrol daya adaptif berbasis
mikrokontroler ESP32.

Sistem tracking menggunakan algoritma hybrid tiga lapisan: kalkulasi posisi astronomi
berbasis RTC DS3231 sebagai referensi utama, koreksi real-time menggunakan empat
sensor LDR, dan fine-tuning MPPT Perturb & Observe setiap 10 detik. Aktuasi dua
sumbu menggunakan motor stepper NEMA23 (azimuth, resolusi 18 steps/®) dan linear
actuator 12V DC 900N (elevasi). Sistem kontrol daya adaptif menerapkan empat mode
operasi: Surplus (>12,8V), Normal (12,2-12,8V), Hemat (11,5-12,2V), dan Kiritis
(<11,5V) dengan hysteresis +£0,1V sebagai mekanisme anti-relay chattering. Data sistem
dipantau real-time melalui platform Blynk IoT dan dicatat otomatis ke Google Sheets
melalui koneksi Wi-Fi ESP32.

Pengujian lapangan dilaksanakan pada tanggal 21-22 Juni 2026 di Laboratorium STr.
Teknik Listrik Industri, Sekolah Vokasi Undip, Tembalang, Semarang. Kalibrasi sensor
INA226 menghasilkan error tegangan 0,079% dan error arus 1,066%. Sistem dual-axis
tracker mencapai akurasi posisi £1,15° azimuth dan +1,23° elevasi. Produksi energi
harian yang dihasilkan oleh sistem dual-axis ini mencapai rata-rata 492,97 Wh/hari,
dengan konsumsi daya aktuator sebesar 15,8 Wh/hari. Sistem kontrol daya adaptif
mempertahankan response time rata-rata 56,2 ms dengan mekanisme hysteresis terbukti
efektif pada seluruh enam kondisi transisi yang diuji tanpa relay chattering. Hasil ini
membuktikan bahwa integrasi dual-axis tracking dan kontrol daya adaptif secara
signifikan meningkatkan efisiensi dan keandalan sistem PLTS off-grid untuk aplikasi
daerah terpencil dan fasilitas umum berdaya rendah.

Kata Kunci: PLTS Off-Grid, Solar Tracking Dual-Axis, ESP32, Kontrol Daya Adaptif,
LiFePOs, IoT Blynk, MPPT.
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ABSTRACT

Solar energy is one of the most potential renewable energy sources in Indonesia, with an
installed capacity potential reaching 207 GW, yet only about 0.3% has been utilized.
Conventional solar power plant systems still face two main challenges: low energy
absorption efficiency due to suboptimal solar incidence angles throughout the day, and
non-adaptive power management that potentially causes battery over-discharge. This
study designs and implements a 100 Wp off-grid solar power plant prototype equipped
with a dual-axis solar tracking panel and an ESP32 microcontroller-based adaptive
power control system.

The tracking system utilizes a three-layer hybrid algorithm: astronomical position
calculation based on the DS3231 RTC as the primary reference, real-time correction
using four LDR sensors, and Perturb & Observe MPPT fine-tuning every 10 seconds.
Two-axis actuation is driven by a NEMAZ23 stepper motor (azimuth, with a resolution of
18 steps/°) and a 12V DC 900N linear actuator (elevation). The adaptive power control
system implements four operating modes: Surplus (=12.8V), Normal (12.2-12.8V), Eco
(11.5-12.2V), and Critical (<11.5V) with a £0.1V hysteresis as an anti-relay chattering
mechanism. System data is monitored in real-time via the Blynk IloT platform and
automatically logged into Google Sheets through the ESP32 Wi-Fi connection.

Field testing was conducted on June 21-22, 2026, at the Industrial Electrical
Engineering STr. Laboratory, Vocational School of Diponegoro University, Tembalang,
Semarang. Calibration of the INA226 sensor yielded a voltage error of 0.079% and a
current error of 1.066%. The dual-axis tracker system achieved a positioning accuracy of
+1.15° for azimuth and +£1.23° for elevation. The daily energy production generated by
this dual-axis system reached an average of 492.97 Wh/day, with an actuator power
consumption of 15.8 Wh/day. The adaptive power control system maintained an average
response time of 56.2 ms, with the hysteresis mechanism proven effective across all six
tested transition conditions without relay chattering. These results demonstrate that the
integration of dual-axis tracking and adaptive power control significantly enhances the
efficiency and reliability of off-grid solar power systems for remote areas and low-power
public facility applications.

Keywords: Off-Grid PV System, Dual-Axis Solar Tracking, ESP32, Adaptive Power
Control, LiFePO4, Blynk IoT, MPPT.
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