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Abstract

The lithium-ion battery industry has grown into one of the largest segments in the portable
battery industry for consumer portable applications. The performance of these applications
depends heavily on the timely maintenance of Li-ion batteries. However, the diverse aging
process, huge battery variability, and dynamic operating environment of lithium batteries have
brought great challenges to users in predicting the remaining service life of lithium batteries.
Therefore, this project aims to create a model that can use data-driven fuzzy systems to
predict the remaining life of lithium batteries. When the battery life is about to run out, an
early warning will be sent to the user to remind the user to replace it in time. The battery will
experience countless charge and discharge cycles under certain environmental factors, and the
relevant data of the battery will be recorded every five minutes until the battery is damaged.
The principle of prediction is to input the data set into the model and transfer the change trend
of the data. Compute forecast results." The model considers four factors that affect battery
remaining life prediction, namely, charge capacity, discharge capacity, and state of health
(SOH) as input features, and remaining useful life (RUL) data as training output data.
According to the relationship between the input features and the output data, and according to
the constraints, the output results are restricted and adjusted during the fuzzy reasoning
process, and finally the appropriate output data is obtained. The developed system is expected
to help users schedule the optimal replacement of lithium-ion batteries when service is
coming to an end. And we encapsulate the whole program into a graphical user interface
(GUI), through the GUI, users can operate more conveniently, and can see the calculation
results of the lithium battery data more intuitively. Therefore, it is more convenient for users
to use this program for the remaining useful life of lithium batteries.
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1 Introduction

In this Internet era, people's lives do not turn on computers, mobile phones, etc. electronic
devices. As the amount of devices used increases, battery life is of concern. Lithium batteries
are the most common because of their low cost, high energy density, and long lifespan.
However, Their capacity and power will change over time, and if handled improperly, it will
bring the risk of fire or explosion.

Curiously, despite the prevalence of electronic devices, the domain lacks applications that
specifically focus on predicting the Remaining Useful Life (RUL) of lithium batteries.
Existing tools like OMNI CALCULATOR and ALL ABOUT CIRCUITS primarily provide
calculators for generic battery life estimation, often sidestepping the critical trend analysis
required for assessing battery health. This oversight can lead to substantial prediction
inaccuracies, especially considering that formula-based calculations may fall short of ensuring
precision.

To address these limitations and achieve more reliable predictions, adopting a holistic
methodology becomes imperative—one that harnesses historical data and trends to perform
accurate analyses. This is where the incorporation of fuzzy logic algorithms becomes
invaluable, presenting a robust avenue for enhancing the accuracy and reliability of battery
life predictions.

To fulfill our objectives, we have outlined three pivotal aims:

1. Development of a GUI-based prediction system that accurately estimates the remaining

useful life of a lithium battery, specifically tailored to the characteristics of the CS2

model.
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2. Enhancement of prediction accuracy by integrating an Al-based approach, featuring
fuzzy logic and constraint modeling, into the system. This technique adeptly handles
uncertainties, accommodates vague information, and addresses the intricate nonlinear

relationships within the data, culminating in predictions of heightened precision.

3. Comprehensive evaluation of the performance of the developed system.

Our project's scope encompasses the following components:

Graphical User Interface (GUI): The GUI is meticulously crafted to predict the remaining
service life (RUL) of the lithium battery model CS2. It offers an uncomplicated interface
for data input and prediction outcomes, streamlined into a single primary interface.
Elements such as user login interfaces are deliberately excluded from this scope.
Battery:Our project's focus is laser-targeted on predicting the remaining service life of the
specific lithium battery model CS2. Given the unique characteristics inherent to distinct
lithium battery models, employing data from other battery types would likely yield results
deviating significantly from accuracy.

Charge and Discharge Cycle Data Condition Requirement: The prediction system
necessitates adhering to specific charge and discharge cycle data conditions to ensure
robust and standardized input data. These conditions encompass a steady current rate of
0.5C during charging until the voltage reaches 4.2V. This voltage threshold is then
sustained throughout charging until the current falls below 0.05A. Furthermore, a
discharge cutoff voltage of 2.7V is prescribed, contributing to dependable and consistent

data inputs crucial for precise RUL prediction.
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2 Methodology

In this project, we will adopt an agile methodology to develop a data-driven fuzzy logic-based
GUI program for battery remaining useful life (RUL) prediction. Agile methods will allow us
to implement this complex task incrementally in a flexible, iterative manner, ensuring that the
final software product accurately meets user needs and system requirements.

In the requirements analysis stage, we conduct an in-depth analysis of system
requirements by understanding the needs of users and the system. In this stage, the functions
of the GUI interface, user interaction requirements and specific requirements of the fuzzy
logic battery RUL prediction algorithm will be clarified.

We will then move to the data collection and preprocessing phase, guided by agile

methods. The focus will be on developing a data collection module for a specific type of
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lithium battery to ensure that we can capture enough battery data and do the necessary
preprocessing to use it as input to the fuzzy logic algorithm.

The development of the fuzzy logic part will follow. At this stage, we will carefully
define a suitable fuzzy set based on multiple tests on the fuzzy set to ensure the accuracy and
stability of the obtained prediction results. The parameter adjustment and optimization of
fuzzy logic will continue in agile iterations to meet the actual needs of battery RUL
prediction.

With the continuous improvement of the fuzzy logic part, we will focus on developing an
intuitive and friendly GUI interface. We will design the interface based on the user's interface
needs so that the user can easily enter data, view forecast results, and interact with the system.

In the continuous testing and user feedback phase, agile methods will allow us to test
after each development phase and get user feedback in a timely manner. Internal testing and
user acceptance will ensure that each stage functions properly and meets user expectations.
We will make necessary revisions-and adjustments based on feedback.

Through the above steps of agile method, we will successfully realize the development of
GUI program based on data-driven fuzzy logic battery RUL prediction. This methodology
will ensure that testing and tuning are done at each stage to ensure that the final software
product can accurately and efficiently predict the remaining battery life, providing practical

tools and methods for battery health management.
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Figure 3 Agile methodology
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3 Design And Implementation

We divide this program into three main parts: data preprocessing, fuzzy logic design, and GUI
interface(Figure 4). First, in the data preprocessing stage, I carefully analyzed the original
dataset and found that it contains thousands of data points. To better process these data, we
first process the missing or outliers, and then convert them to record by cycle for further
analysis. Through careful analysis of the different variables in the data set, we integrate the
mean or maximum value of the data within the same loop, thereby clearly preparing the data
file for use in the fuzzy logic section.

In the fuzzy logic design stage, our model considers four key factors affecting the
prediction of battery remaining life, namely charge capacity, discharge capacity, and state of
health (SOH), which are used as input features, while remaining useful life (RUL) data is used
as training output. According to the relationship between input features and output data,
combined with constraints, we restrict and adjust the output results during the fuzzy inference
process to obtain the most suitable prediction output.

In GUI interface design, we are committed to providing users with a convenient
parameter selection interface. Users can choose to input various parameters, and we will
display data trend graphs and fuzzy rule graphs to provide users with more intuitive
information. In addition, when the remaining service life of the battery is less than 20%, the
system will issue a warning slogan to remind the user to replace the battery in time to avoid
unnecessary trouble. We designed it to provide users with an intuitive and convenient tool to

help them better manage their battery health.
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In terms of data storage, we choose to use MATLAB's internal storage and generate MAT
data files to store and deliver files. This method not only helps efficient data management, but
also effectively promotes the smooth progress of data transmission. Through internal and
MAT-file calls, we can achieve effective interaction between datasets and algorithms,

providing a solid foundation for the functionality of the entire system.
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4 Result

In the result after data preprocessing, we obtained a reduced dataset with only 50 rows of data,
each row corresponding to a unique battery cycle (Figure 5). This carefully screened dataset
aggregates representative data points for different variables at each cycle, consistently
characterizing the battery's behavior over its useful life. And we store it as.a new excel file so
that users can directly view or get our processed dataset.

Observing the trend graph generated from this refined dataset, we can clearly see a
monotonic trend. The presence of this monotonic trend indicates a significant consistent
pattern in the data. The consistency of this pattern not only confirms the quality of our data
preprocessing, but also lays a solid foundation for the fusion of datasets in our model training
process.

In the fuzzy logic part, we took a series of steps to build the model accurately. First, we
performed an elaborate fuzzy set definition on the data of the input variables, then we
specified and parameterized a FIS model (Fuzzy Inference System). Next, we performed
parameter identification based on the trends of the dataset and input data to form a set of
fuzzy If-Then rules that best fit the data samples. These rules are the basis for model
reasoning, enabling more accurate predictions by capturing ambiguous relationships among
data.

Subsequently, we performed validation tests on the established model to ensure its
performance on the test dataset. This validation process aims to confirm that the final model

formulation is correct. We terminated the process once the results of the validation tests were
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satisfactory and it was determined that the built model could be used for further prediction
tasks. However, if the validation test results are not as expected, we go back to the previous
step and revisit and define the dataset to ensure that our model more accurately reflects the
real situation. This iterative process continues until we achieve satisfactory model
performance.

In the GUI design, we carefully designed two pages, namely the guide page (Figure 6)
and the main page (Figure 7). The introductory page is mainly used to briefly introduce our
program topic and its functions to provide users with aninitial understanding. The main page
contains three core sections, which are data selection, parameter selection and forecast result
display.

In the data selection section, the user can select the required data file, and once the
selection is completed, the corresponding data trend graph will be displayed on the interface.
This interactive function can visually display the changing trend of the selected data, so that
users can better understand the situation behind the data.

The parameter selection section allows users to set relevant parameters by themselves for
model prediction. Users can adjust parameters as needed to obtain more accurate prediction
results. In the prediction result display section, users can clearly view the best fuzzy rules
corresponding to the data and the time when the prediction results are converted. In addition,
we also provide some relevant data for evaluating the performance of the model, so that users

can fully understand the accuracy and reliability of the model (Figure 8).
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1 Test_Time Cycle_Index Current Charge_Capacity Discharge_Capacity Internal_Resistance Chargé_Energy Dischafge’ Energy avg_c avg_dc SOH s0C RUL

2 450008793 1 0000341975 0.88405812 0.88405812 0004648689 3.513600899 3219456449 0.489784846 0.979727415  0.8036892 1 0.983796207
1 14919.9239 2 0000703194 0877561651 0869952617 0095457658 3.513600899 3166683085 0.489784846 0.979529583 0.794324667 0995655255 0.983796207
4 25327.24816 3 0.000341975 0.863583805 0.844254348 0.098604515 3.461044692 3.079351855 0.490922233 0978710611 0.776290069 0.988745604 0.952590287
5 35661.97557 4 0000522585  0.840336584 0830428153 0097884543 31380748494 2992020624 0489504003 0.978206483 0759438517 0994087057 0.923431432
6 45911.97009 5 0000703194  0.831806785 0841620441 0096440703 . 3.348852873 304719437 0.490997714 0978769372 076065283 1005887029 0.925532602
7 5617691015 6 0000341975  0.841296443 0842338164 00097163275 3.379872216 3052383417 0491595162 0.978819492 0765288458 1000618925 0.933553797
8  66430.83922 7 0000161366 0841528197 0840350844 0097972974 3.380015751 3045055561 0.489561647 0.978501353 0764490473 0999300223 0932173015
9 7671456439 8 0000522585  0.835103528 0.816072947 0100220986  3.350417965 2715277452 0.490400745 0977963154 0750534761  0.98854057 0.908024939
10 83594.36049 9 0.000341975 0.829037529 0.809173521 0.098961458 3340249419 2.796895495 0.486563633 0.986354275 0.744641387 0.987947643 0.897827418
11 9397338633 10 0000883803 0822971531 0802274095 0099682406 3.321080874 2878513539 0.490725528 0.977432908 0738748012 0987345618 0.887629897
104153.1479 1 0.000341975 0.802450583 0.797459018 0,100402057 3.240579099 2.857975443 0.490100408 0977458448 0.727231636 0.996884955 0.867702694
114270.0804 12 0000522585 0797191648 0794075095 0.100583777),,3.220198672 284513433 0490013842 0977192977 0.723303065 099804338 0.860904944
124390.0113 13 0.000883803 0.792685466 0.790662876 0.099592358 3.203446287 2.829301515 0.489548875 0.977168995 0.719703792 0.998723402 0.85467699
15 134436.8247 14 0000161366 0793853155 0803933397 0098782666 __3.204773746 2894014222 0490851915 0977524121 0726266615 1006328843 0.866032882
16 144518.9039 15 0000522585  0.804587253 080720209 0009502474 3243299987 2900681568 0.490474166  0.97779747 0732631519 1001623636 0.877046308
17 1545753122 16 0000883803  0.807346515 0.800267747 0100402057  3.252759793 2881885659 0.489869181 0.977520473 0730733756 0.995606397 0.873762538
18 164649.2058 17 0.000703194 0.795428404 0.783285192 0101211749 3.211675548 280295152 0.489946477 0.976928935 0.717597089 0.992337629 0.851031686
19 174680.3088 18 0000161366 0782524978 9 0976915875 071044363 0.998673943 0.838653794
20 1846843275 19 0000883803 0779905922 976621081 0707371572 099769297  0.8333381
21 194668807 20 0000703194  0.775958922 0.087999846 0704452095 0.998630927 0.828286424
204602.7779 21 0.000522585 0.772524685 098783624 0.698110724 0.994023955 0.817313718
23 2146218309 22 0000883803 0764435479 097697931  0.70048117 1.007939997 0821415388
24 224563.264 23 0000883803,  0.778849039 R077003564 0.710085660 1.002878562 0.838034402
25 2345142535 24 0000522585 _ 0.784134187 3 7016624 0714032446 100165842 0.844863654
26 244386.0814 25 0.000703194 0.783853162 0.76681628 0.101211749 3.162552162 2.740182613 0.490326547 0976391976 0.704849747 0989073233 0.828974495
2542843533 2 0000883803 0.764497018, 0756754777 0100674883 | 3.095203854 2696027243 0.491465757 0976074424 0.691478088  0.99492353 0.805837028
264140.1087 27 0000703194  0.756868771 0.757328755 0102021441 | 31066895106, 2700346818 049162536 0.976080219 0688271602 1000303827 0.800288728
29 2739909193 28 0000703194  0.757092358 0.754467665 0100674883 | 3.067093041 2688914796 0491071217  0.97605704 0687072738 0998265093 0.798214289
30 283800.1707 29 0.000883803 0.754497883 0.751995945 0.101303257 3.0573325 2680664679 0.491394196 0.976082151 0.684769922 0.998340609 0.794229643
293615.6609 30 0000703194 0750858513 0749431642 0101303257 3.043081865 2667871076 0.491695082 0.976080219  0.68195007 0999049389 0.789350351
303424.9935 31 0001064413 0.749066162 0.743990982 0102831133 3.037098952 264658952 0486656538 0987518962 0.678662338 0.996606581 0.783661468
33 313203.2542 32 0000703194 0743646871 0741884816 0100583777  3.016256102 2638245491 0.489929535 0.975761038 0675241676 0998814559 0.777742572
34 3229748557 n 0.000883803 0.741637941 0.743161393 0.10354729 3.008532746 2642590642 0.488848502 0987505116 0.674908788 1.001026559 0.777166564
5 332747.6553 3¢ 0000883803 0743022226 0738563572 0102831133 3.01402017 2625320659 0.491816614 0.975495488  0.67344809 0.996995141 0.774639065
36 342486.742 35 0000883803  0.738366551 0737682317 0101303257 2.995900247 262183933 0486096579 0987350525 0.670931304 099953655 0.770284178
37 3522184552 36 . 0000341975, 0738747467 0743631788 0102021481  2.996626663 2647611421 0489971691 0.975815767 0.673808752 1003300357 0.775263132
38 361975.9573 37 0.000161366 0.746278321 0.752411568 0.101929359 3.025404896 268922256 0.490204236 097611885 0.681222677 1.004100797 0.788091716
9 371727.153 38 0000341975 0753648583 0.755683469 0100492828 305065267 2703520504 0.486290564 0.987752786 0.686060024 1001349112 0.796461953
10 381470.1874 39 /0000703194 0755400056 0.750394509 0101303257  3.057279401 268217765 0486881222 0987786014 0.684452075 0.996681326 0.793679661
41 391183.4656 40 0.000522585 0.75045876 0.75310537 0101120397 303819603 2692389306 0.487644712 0987778196 0.683438241 1001761775 0.791925387
12 A00891.4217 a1 0.000341975 0.753204296 0.750439026 0.100583777 3.048660541 2683130676 0.490189125 097615555 0.683474237 0.998162642 0.791987673
43 410591.4055 42, 0000522585  0.750757782 0754570105 0100402057  3.038859815 2699533062 0.488607353 0.987786014 0.684239949 1002535764 0.793312611
44 4203119811 4307 0000703194 0.754808459 0755752677 0102645688 3.054243327 270471992 0.490418777 0976153618 0.686618698 1000625273 0.797428647

Figure 5 Data preprocessing comparison
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Figure 8 Predicted interface

5 Conclusion

The project focuses on utilizing data-driven fuzzy logic for predicting the Remaining Useful
Life (RUL) of lithium batteries, aiming to provide early warnings to users before battery

depletion. The process involves requirement analysis, framework, and algorithm design.
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Fuzzy logic methodology is employed for data analysis and prediction, addressing an existing
gap in the online domain. The primary contributions encompass complex lithium battery data
preprocessing, fuzzy logic-based prediction, and performance evaluation. Interaction with the
algorithm is facilitated through a graphical user interface (GUI), overcoming challenges
encountered during design and implementation. The test phase confirms the effectiveness of
fuzzy logic in data analysis, processing, and prediction.

Strengths of the project include the novel use of data-driven fuzzy logic for RUL
prediction, leading to a GUI-driven system. Fuzzy logic's compatibility with human-like
computing thinking aids data analysis beyond traditional data definitions. However,
limitations are observed. Complex data operations lead to consideration of only two
parameters for prediction, limited battery models, and the requirement for monotonic data
characteristics. These constraints affect system flexibility, imposing specific input data
conditions on users during algorithm execution.

Enhancements can be made post-design. Increasing input parameters can improve
prediction accuracy by incorporating more battery-affecting data. Expanding battery type
selection beyond one model can enhance system versatility. Adapting data requirements to
various formats and refining data preprocessing code can enhance operational performance.
GUI design optimization can enhance aesthetics and potentially expand to a global web

application for broader accessibility.
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