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ABSTRAK 

 

Pesatnya peningkatan penggunaan kendaraan listrik electric vehicles (EV) di 

seluruh dunia memberikan dampak positif terhadap upaya dekarbonisasi global 

dalam mengurangi pemanasan global. Namun, hingga saat ini, teknologi pengisian 

daya medium, fast, dan ultra-fast charging masih bersifat kritis, sehingga diperlukan 

inovasi berkelanjutan dari para peneliti untuk memperoleh karakteristik sistem yang 

lebih andal. 

Penelitian ini mengusulkan suatu kerangka kerja hybrid yang berbasis 

Adaptive Neuro-Fuzzy Inference System (ANFIS) dan Adaptive Kalman Filter 

(AKF), dikombinasikan dengan strategi pulse charging sebagai solusi inovatif 

untuk meningkatkan karakteristik estimasi State of Charge (SOC) baterai lithium-

ion. Metode yang diusulkan dirancang untuk menghasilkan tingkat akurasi yang 

tinggi, konvergensi yang cepat, ketahanan yang kuat terhadap gangguan, serta 

kestabilan pada kondisi operasi yang dinamis, sehingga sesuai untuk implementasi 

real-time pada sistem Battery Management System (BMS). 

Dalam penelitian ini, sistem secara adaptif melakukan penyesuaian dan 

penyetelan parameter secara daring atau online tuning untuk menghadapi 

ketidakpastian akibat sifat nonlinier baterai dan gangguan noise eksternal selama 

proses pengisian daya. 

Hasil eksperimen menunjukkan bahwa pendekatan berbasis Equivalent 

Circuit Model (ECM) orde empat yang diusulkan mampu mencapai akurasi 

estimasi SOC yang tinggi. Model ini menunjukkan Root Mean Square Error 

(RMSE) ≈  0,0025% - 0,975%, dengan kesalahan yang sedikit lebih tinggi terlihat 

pada awal pengisian 0–30% karena perilaku baterai yang non-linear sehingga  

RMSE ≈ 0,975%,  dan secara keseluruhan mengungguli beberapa metode mutakhir 

yang telah dilaporkan sebelumnya. 

 

Kata kunci: State-of-Charge (SoC), Baterai Lithium-Ion, Digital Twin, 

Adaptive Neuro-Fuzzy Inference System (ANFIS), Adaptive Kalman Filtering 

(AKF). 
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ABSTRACT 

 

The rapid adoption of electric vehicles (EVs) worldwide has made a significant 

contribution to global decarbonization efforts aimed at mitigating climate change. 

However, medium, fast, and ultra-fast charging technologies remain critical areas 

of development, highlighting the need for continuous innovation to achieve more 

reliable and robust charging-system characteristics. 

This study proposes a hybrid framework based on an Adaptive Neuro-Fuzzy 

Inference System (ANFIS) and an Adaptive Kalman Filter (AKF), integrated with a 

pulse charging strategy, as an innovative approach to enhancing the accuracy and 

reliability of State of Charge (SoC) estimation for lithium-ion batteries. The 

proposed methodology is designed to achieve high estimation accuracy, rapid 

convergence, strong robustness against disturbances, and stable performance 

under dynamic operating conditions, thereby supporting real-time implementation 

in Battery Management Systems (BMS). 

The proposed system adaptively adjusts and tunes its parameters through an online 

tuning mechanism to address uncertainties arising from the nonlinear 

characteristics of batteries and external noise disturbances during the charging 

process. 

Experimental results demonstrate that the proposed fourth-order Equivalent 

Circuit Model (ECM) achieves high SoC estimation accuracy. The model yields a 

Root Mean Square Error (RMSE) ranging from approximately 0.0025% to 0.975%, 

with slightly higher estimation errors observed during the initial 0–30% charging 

range. This increase, reaching an RMSE of approximately 0.975%, is attributed to 

the nonlinear behavior of the battery during the early stage of charging. Overall, 

the proposed approach demonstrates superior performance compared with several 

state-of-the-art methods previously reported in the literature. 

 

Keywords: State of Charge (SoC), Lithium-Ion Battery, Digital Twin, Adaptive 

Neuro-Fuzzy Inference System (ANFIS), Adaptive Kalman Filtering (AKF). 
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