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Abstract - Mobile batteries, primarily composed of

lithium-ion or lithium-polymer cells, power modern
smartphones’' advanced functionalities. Designed to be
lightweight and resilient to multiple charge cycles, these
batteries are essential for portable devices. However, factors
like charge cycle frequency, temperature fluctuations, user
behaviour, and environmental conditions affect battery
health. Over time, wear on battery components reduces
charge retention and performance. Accurately predicting a
mobile battery's Remaining Useful Life (RUL) is critical to
meeting user expectations and enabling proactive
maintenance. Traditional estimation methods, such as
charge cycle counts and rule-based projections, are often
static and imprecise, limited into

offering insights

degradation processes. In contrast, machine learning
provides a more adaptive solution, integrating real-time data
to account for unique usage patterns and environmental

factors.

This paper presents a machine-learning approach to predict
mobile battery RUL using Long Short-Term Memory (LSTM)
networks and Random Forest algorithms. These models
analyse key metrics like charge cycles, temperature, and
usage patterns to deliver personalized, accurate predictions.
Comparative analysis with traditional methods shows
and
life

enables timely

improvements in prediction accuracy,

efficiency,

responsiveness.  Machine-learning-based  battery
prediction enhances device reliability,

maintenance interventions, and improves user satisfaction.
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1. INTRODUCTION

Mobile battery performance is crucial to device reliability,
influencing user satisfaction, functionality, and lifespan.
With daily use, batteries gradually degrade due to factors
like charge cycles, temperature fluctuations, and individual
usage patterns. This degradation reduces the battery's
capacity to hold a charge, ultimately leading to performance
issues or failure. Both manufacturers and users face the
challenge of maintaining long-lasting battery performance
and minimizing maintenance interruptions. Consequently,
there is an increasing demand for predictive maintenance
systems that can continuously monitor battery health and
forecast potential failures, especially as mobile devices
become essential in daily life.

1.1 Predictive Maintenance and Machine Learning
Techniques

Predictive maintenance uses advanced data-driven
methods to anticipate failures before they occur. In the
context of mobile batteries, such systems allow early
detection of degradation, enabling timely interventions to
prevent unexpected shutdowns or costly replacements.
Machine learning techniques like Long Short-Term Memory
(LSTM) networks and Random Forest algorithms are
particularly effective for this task. LSTM networks handle
sequential data, making them ideal for analyzing time-series
data related to battery health. They capture long-term
dependencies by learning from charge cycles, temperature
changes, and usage patterns. Random Forest algorithms
complement this by identifying which factors most
influence battery degradation, providing interpretable
insights into complex, nonlinear relationships.
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1.2 Proposed Machine Learning-Based System

This paper presents a machine-learning system for
predicting mobile battery life using real-time data from
embedded sensors. Key metrics, such as charge cycles,
temperature, and usage patterns, are used to train LSTM
and Random Forest models. Our analysis shows that this
approach improves prediction accuracy, computational
efficiency, and responsiveness compared to traditional
methods. By offering timely insights into battery health, the
system enables proactive maintenance, reduces downtime,
and enhances user satisfaction. This method can also be
adapted to other battery-dependent applications, such as
electric vehicles and portable electronics, where reliable
battery life prediction is critical.

2. METHODOLOGY

Our approach to mobile battery life prediction leverages a
combination of advanced machine learning models—
specifically, Long Short-Term Memory (LSTM) networks
and Random Forest algorithms—to accurately forecast the
Remaining Useful Life (RUL) of mobile batteries using real-
time data. This carefully structured framework allows for
precise and timely predictions, enabling proactive
maintenance and extending battery lifespan.

2.1 Machine Learning Models for Predictive
Maintenance

The predictive maintenance approach in this project is
anchored in two powerful machine learning techniques:
Long Short-Term Memory (LSTM) networks for analyzing
time-series data and Random Forests for feature-driven
predictions. LSTM networks are particularly effective for
tracking temporal patterns in battery performance, as they
can recognize both short-term fluctuations and long-term
degradation trends. Meanwhile, Random Forest models
excel in identifying the most influential features that impact
battery health, such as temperature, charge cycles, and
discharge rates. Together, these models offer a
complementary and robust framework that enables
accurate predictions of battery degradation, providing
timely insights for proactive maintenance actions.

2.2 Long Short-Term Memory (LSTM) Networks

LSTM networks are particularly suited for time-series
analysis, where understanding historical battery metrics is
essential for forecasting future behavior. Their unique
memory cell structure allows them to retain both short-
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term and long-term dependencies, providing valuable
insight into evolving battery health patterns.

Time-Series Data Processing: LSTM layers are adept at
recognizing patterns in sequential data, such as voltage
drops, discharge rates, and temperature increases, which
are closely linked to battery health and future performance.
By processing these trends over time, LSTM networks
contribute to more accurate predictions of battery
degradation.

State Preservation: The memory cells in LSTM networks
store relevant information across multiple time steps,
preserving critical details that enhance the accuracy of
Remaining Useful Life (RUL) predictions. This long-term
memory capability is fundamental for understanding
cumulative battery behavior and making well-informed
forecasts about battery longevity.

2.3 Random Forest Algorithm

In parallel with LSTM, the Random Forest algorithm
provides strong, ensemble-based predictions by combining
outputs from multiple decision trees. This aggregation
approach reduces overfitting and is well-suited for
capturing the non-linear relationships often present in real-
world battery usage.

Feature Importance: Random Forests are effective in
identifying key features that drive battery degradation,
such as temperature peaks, charging cycles, and specific
usage behaviors. By highlighting the most influential
factors, the model can focus on aspects that contribute
significantly to battery health, thereby refining its
predictive accuracy.

Non-Linear Relationships: Random Forests’ capacity to
model non-linear data allows them to capture complex
interactions between battery health indicators. This feature
is crucial for accurately representing how various,
sometimes subtle, conditions impact degradation rates,
supporting more realistic and reliable predictions.

2.4 Data Collection and Preprocessing

The data collection process is essential to the model’s
accuracy, as well-gathered and representative data
provides the foundation for understanding battery
degradation patterns and predicting Remaining Useful Life
(RUL) effectively. This section details the stages of data
gathering, cleaning, and feature engineering to create a
robust dataset that can capture complex battery health
trends.

Data Collection Process:
Data Sources:

Data is collected continuously from mobile devices over
a period of 30 days, logging critical battery metrics
under various conditions to provide comprehensive
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insights into real-world battery behavior. The dataset
includes:

Charge Cycles: The number of complete charging cycles
(from 0% to 100%) a battery undergoes, a crucial factor
influencing battery wear and capacity reduction over time.
Battery Temperature: Continuous logging of temperature
fluctuations during usage and charging. High temperatures
can accelerate degradation, so tracking temperature helps
the model understand thermal impact on battery life.

Voltage Levels: Voltage readings capture the battery’s
charge state and its response to different usage patterns.
Monitoring these levels across charge and discharge cycles
reveals significant patterns for understanding degradation.
Discharge Rates and Charging Patterns: These metrics
indicate how the battery is drained or charged over time,
offering insights into user habits and device demands.

Data Cleaning Process:

After collection, the raw data undergoes thorough
preprocessing to ensure consistency, accuracy, and
stability. This step involves addressing missing values,
handling outliers, and normalizing features, as described
below:

Handling Missing Values:

In time-series data, missing values can disrupt sequential
patterns, affecting the model’s ability to learn accurately.
Methods such as:

Interpolation: Filling missing values based on adjacent data
points to maintain smooth transitions in sequences. For
example, if temperature data is missing for a specific time
frame, interpolation estimates it based on nearby readings,
retaining continuity.

Forward-Filling or Backward-Filling: For metrics where
gradual changes are expected, forward or backward-filling
techniques propagate the last known or next available
value, ensuring no disruptions in the data sequence.

Outlier Detection and Removal:

Unusual values or outliers can skew the model’s
understanding of battery performance. Outliers in metrics
like voltage spikes or sudden temperature increases are
identified through:

Threshold-Based Filtering: Setting realistic bounds (e.g.,
temperature below a maximum safe level) and removing
values that exceed these limits, preserving the model’s
focus on realistic scenarios.

Statistical Techniques: Using statistical methods such as
the Interquartile Range (IQR) or Z-scores to flag and
remove outliers, refining data quality and reducing the
likelihood of biased predictions.

Feature Engineering:

Feature engineering is the process of extracting and
transforming raw data into meaningful variables that
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enhance the predictive power of the model. For battery
health prediction, carefully engineered features are derived
from primary metrics to capture influential trends:

Temperature Patterns: Aggregating daily or weekly
temperature fluctuations provides insights into average,
peak, and minimum temperatures, as well as duration at
high temperatures. These patterns reveal how heat
exposure influences degradation.

Voltage Drop Rate: The rate at which voltage decreases
during discharge cycles offers a quantitative measure of
battery performance under load, helping identify early
signs of wear or inefficiency.

Charge Cycle Count: Calculating total charge cycles as well
as partial charges gives an overview of battery usage
intensity. Cumulative cycles allow the model to understand
wear based on the age and usage history of the battery.
Average and Peak Discharge Rates: Tracking how quickly
the battery drains under various conditions (e.g., heavy app
usage vs. idle) reveals user behaviors that might accelerate
wear, helping the model adjust predictions based on
specific usage habits.

Charging Frequency and Habits: Whether the battery is
regularly charged from low to high or topped up
intermittently influences longevity. By recording the
frequency and completeness of charges, the model can
relate charging behavior to degradation trends.

2.5 Architecture Overview

The architecture for our predictive maintenance system
integrates real-time data ingestion with advanced machine
learning models to monitor and forecast battery health
continuously. This layered design allows for an accurate
and adaptive prediction of the Remaining Useful Life (RUL),
facilitating proactive maintenance for mobile batteries.

Data Input:

The system continuously ingests live data from the mobile
device, ensuring predictions stay relevant and up-to-date
with real-world battery conditions. The data collected
includes:

Temperature: Captures fluctuations in battery
temperature during usage and charging cycles, essential for
assessing thermal impact on battery life.

Voltage: Tracks voltage changes, which reflect the battery’s
charge state and load response. Monitoring voltage trends
over time aids in identifying degradation patterns.

Charge Level: Observes the battery’s current charge
percentage and charging habits, providing insights into
how charging cycles contribute to wear.

Discharge Rates: Records the rate of power drain under
varying usage, helping the model understand the impact of
user behavior on battery longevity.

Real-time data ingestion means that as these metrics
change, the model receives updated information, keeping
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its predictions accurate and relevant to current battery
conditions.

Model Integration:

The architecture combines two specialized machine
learning models—Long Short-Term Memory (LSTM)
networks and Random Forests—to generate precise,
context-aware RUL predictions.

LSTM Networks:

LSTMs are used for their strength in capturing temporal

patterns and dependencies in time-series data. They
analyze historical data points, such as temperature
fluctuations and voltage drops, to identify long-term
degradation trends and predict future battery performance
based on past behavior.

Random Forests:

In parallel, Random Forests analyze the feature-based
aspects of battery data, focusing on non-linear
relationships and feature importance. By examining
specific factors like peak temperatures, charge cycle
frequency, and discharge rates, Random Forests provide
additional insights into key indicators affecting battery
health.

The outputs from both models are combined using a meta-
modeling layer or weighted averaging. This integration
ensures that the final RUL prediction is informed by both
temporal dependencies (from LSTMs) and feature-driven
insights (from Random Forests). The meta-modeling
approach allows each model to complement the other,
enhancing robustness and reducing the potential for bias
from a single model type.

Prediction and Alerts:

The unified model outputs a precise RUL prediction for the
mobile battery. If the predicted RUL falls below a set
threshold, or if the data indicates rapid degradation, the
system triggers an alert to notify users of potential issues.
Alerts are designed to:

Provide Actionable Insights: Users receive clear guidance
on maintenance steps, such as charging practices, that can
potentially extend battery life.

Prevent Failures: Timely alerts reduce the likelihood of
unexpected battery failures by prompting users to take
preventive actions, ensuring smoother device operation
and longevity.

Through this architecture, the system not only forecasts
RUL but also supports users in proactively managing their
battery health, ultimately enhancing device performance
and reliability.

Training and Optimization
Model training for this predictive maintenance system is

carefully tuned to achieve both high accuracy and efficient
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computation, addressing the real-time nature and potential
resource limitations of mobile applications.

Training Data:

The dataset, representing a variety of battery usage
patterns and environmental factors, is divided into:

Training Set (70%): Used to train the model, this set
provides sufficient data to allow the model to learn patterns
and relationships essential for predicting battery
degradation accurately.

Validation Set (30%): Used for evaluating the model during
training, this validation split allows us to monitor
performance across diverse scenarios, ensuring that the
model generalizes well beyond the training data.

Loss Functions:

To address the dual nature of the prediction task, we use a
combination of:

Mean Squared Error (MSE): For continuous RUL
predictions, MSE minimizes the average squared
differences between predicted and actual values, offering a
reliable measure of error for regression tasks. By penalizing
large errors more significantly, MSE guides the model
toward precise, close-to-accurate predictions.
Cross-Entropy Loss: For discrete classifications, cross-
entropy loss quantifies how well the model predicts
categorical outcomes, such as "healthy,” "needs attention,"
or "critical." This loss function is beneficial for capturing
uncertainty and enhancing the model’s precision in
categorizing battery health conditions.

Optimization Techniques:

To maximize the efficiency and reliability of the training
process, we employ:

Adam Optimizer: Known for its adaptive learning rates,
Adam adjusts learning rates throughout the training
process based on the gradients of the loss function. This
optimizer accelerates convergence, especially beneficial for
large datasets with intricate patterns, and handles sparse
gradients, which are common in complex, real-world
datasets.

Early Stopping: Early stopping is implemented to prevent
overfitting, stopping the training process if the validation
loss stops improving over several epochs. This approach
avoids the risk of the model learning noise specific to the
training data, helping it generalize effectively to new data
while reducing unnecessary training time.

Data Augmentation

To enhance the model’s generalization capabilities, data
augmentation techniques are applied to simulate the
diversity and unpredictability found in real-world battery
usage. These techniques expand the effective training data
and help the model adapt to varying battery conditions.
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Noise Injection: By adding random noise to the dataset, we
simulate the subtle, real-world variations that occur in
battery metrics. For instance, battery voltage may exhibit
slight fluctuations depending on environmental conditions,
sensor precision, and user behavior.This technique helps
the model learn to tolerate minor, natural inconsistencies
in data, improving robustness and resilience against real-
world fluctuations in battery performance.

Random Sampling: Randomly resampling data points
allows the model to encounter a broader spectrum of
battery states and behaviors, such as irregular charging
habits, varied temperature conditions, and discharge rates.
This exposure to a wide range of battery health scenarios
helps the model better handle unexpected or erratic
patterns, increasing its adaptability and accuracy across
diverse operating conditions.

Feature Scaling:Standardizing input features by scaling
them to a common range reduces disparities in numerical
scale, ensuring that all features contribute proportionally
to the model’s predictions.Scaling improves the
convergence rate during training by preventing certain
features from disproportionately influencing the model’s
learning process. This allows the model to train more
efficiently and converge toward an accurate solution faster.

Performance Evaluation

The model’s performance is evaluated using a
combination of metrics and validation techniques to ensure
its accuracy, reliability, and generalization to real-world
scenarios. Here’s how the model’s effectiveness is assessed:

Evaluation Metrics:

Root Mean Squared Error (RMSE): RMSE is used to
quantify the prediction error in continuous predictions. It
measures the square root of the average squared
differences between the predicted and actual Remaining
Useful Life (RUL) values. A lower RMSE indicates better
model accuracy and performance in forecasting battery
degradation.

Accuracy:

Accuracy is used to measure the precision of the model in
classifying battery health into discrete categories (e.g.,
"healthy," "needs attention," "critical"). This metric ensures
that the model effectively captures and categorizes the
battery's condition.

Cross-Validation: This technique splits the dataset into
five subsets, using each subset once as the validation set
and the remaining subsets for training. This approach helps
assess the model’s generalization capability and reduces
the risk of overfitting, ensuring that it performs well on
unseen data.
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Benchmarking:The model is benchmarked against well-
established methods like linear regression and Support
Vector Machines (SVM). These methods are commonly
used in predictive tasks but struggle with complex, non-
linear relationships found in time-series data like battery
degradation.The benchmarking process highlights the
superiority of the LSTM and Random Forest combination,
as these models better capture temporal dependencies and
non-linear feature relationships, leading to significantly
improved predictions for battery RUL.

Model Strengths:

By integrating the temporal analysis capabilities of LSTM
networks with the feature-based insights provided by
Random Forests, our model achieves accurate, timely
predictions for mobile battery health. This allows for
effective predictive maintenance, minimizing the risk of
unexpected battery failures and enabling users to take
proactive measures for maintaining battery health. The
combination of real-time data collection and advanced
training techniques ensures the model can accurately
predict battery degradation under a variety of conditions,
offering significant value in mobile device maintenance.
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3. CONCLUSIONS

To evaluate the effectiveness of our approach, we
implemented and tested both LSTM and Random Forest
models individually, as well as a combined ensemble model.
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Prediction Accuracy

LSTM Model Performance: The LSTM model achieved
an MSE of 16174158.167566523, showecasing its
ability to effectively capture temporal dependencies in
the dataset. The LSTM’s capability to process
sequences allowed it to model time-series variations
accurately, learning from past battery behavior to
improve the predictive accuracy of battery degradation
over time.

Random Forest Model Performance: The Random
Forest model achieved an MSE of
17560585.990234375, indicating its effectiveness in
modeling nonlinear relationships between battery life
and its influencing factors. This model was particularly
proficient at isolating influential features that
contribute to battery health, such as battery level,
voltage, and temperature.

Combined Model Performance: By combining the
predictions from the LSTM and Random Forest models,
our ensemble model achieved a lower MSE of
16836548.77710634 The ensemble approach
effectively leveraged the time-series sensitivity of the
LSTM and the Random Forest’s feature-focused
prediction to produce a robust and accurate model. The
ensemble model's R-squared value was -
69.6729037079678, demonstrating its capability to
explain a substantial portion of the variance in battery
RUL. This outcome illustrates the power of integrating
models with complementary strengths, enabling a
well-rounded approach to RUL prediction.

16/16 @s 2ms/step
LSTM MSE: 16174158.167566523

Random Forest MSE: 17560585.990234375
Combined Model MSE: 16836548.77710634

The combined LSTM and Random Forest model
demonstrates strong predictive capabilities for estimating
the Remaining Useful Life (RUL) of mobile batteries.
Leveraging both time-series and feature-based analysis,
our approach provides accurate, real-time predictions that
offer practical applicability across the mobile device
industry. The insights gained from the feature importance
analysis and model performance metrics underscore its
potential to ensure mobile devices remain functional with
fewer interruptions, extending their operational life and
enhancing user satisfaction. Overall, this model presents a
promising tool for predictive maintenance in mobile
devices, with a wide range of future applications in battery
management and device reliability.
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