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FAILURE PREDICTION OF LITHIUM-ION BATTERIES UNDER HIGH LOAD ON
BATTERY MONITORING SYSTEM CHARGE BOARDS IN UNMANNED AERIAL
VEHICLES

MMPOT'HO3UPOBAHUE BBIXOJIA W3 CTPOSA JUTHA-UOHHBIX
AKKYMYJISATOPOB ITPU BBICOKOM HATPY3KE HA ILJIATAX 3APSIJIKUA
CUCTEMbI MOHUTOPUHI'A AKKYMVYJIATOPOB BECITMJIOTHBIX
JIETATEJIBHBIX AIIITAPATOB

YIKBIHICbI3 YIIIY AIINMTAPATTAPBIHBIH BATAPESIJTAPBIH BAKBLUIAY
JKYUECIHIH 3APSAATAY TAKTAJIAPBIHIA JKOFAPBI ’)KYKTEME KE3IH/IE
JUTUU-UOHABI AKKYMYJATOPJIAPABIH ICTEH HIBIF'YBIH BOJIKAY

Abstract. Lithium-ion batteries have become an indispensable power source for unmanned
aerial vehicles and other portable electronic devices, electric vehicles, and stationary energy storage
systems. However, their performance and safety can be compromised under high load conditions,
which can lead to catastrophic failures, such as thermal runaway and fire. To prevent such incidents,
it is crucial to develop reliable methods for predicting the failures of lithium-ion batteries under high
load conditions. In this article, we will discuss the prediction of failures of lithium-ion batteries under
high load on the BMS (Battery Monitoring System) charge boards in unmanned aerial vehicles
(UAV).

Keywords: lithium-ion batteries, battery monitoring system, charge boards, performance,
safety, unmanned aerial vehicles (UAV).

AHHoTanus. JINTUHA-MOHHBIE aKKYMYJISTOPBI CTAIHA HE3aMEHUMBIM HCTOYHUKOM MTUTAHUS IS
OCCIMJIOTHBIX JICTATENFHBIX AaNMapaToB M JPYTrUX HOPTAaTHBHBIX JJIEKTPOHHBIX YCTPOICTB,
ANEKTPOMOOHIICH U CTAIMOHAPHBIX CHCTEM HAKOIUICHUsI dHepruu. OJHAKO UX MPOU3BOUTEILHOCTD
1 0Ee30MacHOCTh MOTYT OBITh CHMKEHBI B YCJIOBHUSX BBICOKOW HAarpy3KH, 4TO MOXKET IPHBECTH K
KaTacTpopHUUYECKUM OTKa3aM, TAKMM KakK MeperpeB u Bo3ropanue. J1jis mpenoTBpamieHust moo0HbIX
MHIIMJCHTOB KpailHe Ba)KHO pa3palboTaTh HaJEKHBIE METOJbl MPOTHO3UPOBAHUS OTKAa30B JINTHM-
HOHHBIX aKKyMYJSTOPOB B YCIOBHSIX BBICOKOW Harpy3ku. B 3Toil cTatbe MbI 00CYyIHM
MPOTHO3UPOBAHNE OTKA30B JINTHH-MOHHBIX aKKyMYJSITOPOB IPU BBICOKOH Harpyske Ha 3apsaHbIe
wiatel BMS (Battery Monitoring System) B OecninioTHbIX JieTaTenbHbIX ammapatax (BITJIA).

KnioueBsbie cioBa: JIMTHI-MOHHBIE aKKyMYJISITOPBI, CHCTEMa MOHUTOPHHTA 3apsiia OaTape,

Sapﬂ)IHBIe I1J1aTHhI, HpOI/I3BOJII/ITe.]'H)HOCTB, 6630HaCHOCTB, 6eCHI/IJ'IOTHBIe JICTATCIIbHBIC annapaTLI
(BILIA).



A3aMaTTBIK aBUAIUS aKaIEMUSCHIHBIH XKaPIIBIChI Ne2(29)2023

Anaarna. JIUTHi-HOHABI aKKyMyJATOpJap VIIKBIIICHI3 YINYy amnmaparrapbl MeH Oacka
MOPTAaTUBTI AJIEKTPOHJIBI KYPBUIFbUIAP, 3JIEKTPOMOOUIIBACD KOHE CTAIMOHAPIIBIK HPHEPrUsl CaKTay
XKylenepi YIIiH TanTeIpMac KyaT Ke3iHe aifHamabl. Alaiia, oJapAblH OHIMILIITT MEH Kayilci3miri
JKOFapbl JKYKTEMe KarJailblHa TOMEHAeYl MYMKiH, Oy KbI3bIIl KETy YKOHE ©PT CHUSKThI anaTThl
aKaynapra okenyl MyMKiH. MyHaii OKuFanap/IbIH allJIbIH Ty YIIH )KOFaphl )KYKTEMe JKaFJalbIH 1A
JUTUNA-UOH/IBI OaTapesiap/IblH ICTEH MIBIFYBIH OOJDKAY/IBIH CEHIM/II 9MIICTEPIH jKacay 6Te MaHbI3/IbI.
byn makamaga 013 YIIKBIIICHI3 YINy amnmapaTTapbiHia (YIIKBIIICHI3 yIny ammaparrapbl) BMS
(6arapesmapbl O6aKpUIay XKYHecl) 3apsaATay TaKTaJlapblHA XKOFAphl KYKTEME Ke31H/e JIUTUH-HOHIbI
Oarapesutap/blH ICTCH MIBIFYBIH 00JDKAY bl TATKBLIAHMBI3.

Tyiiin ce3xep: JUTHI-UOHIBI AKKYMYJISITOpiap, OarapesHbl OakpuUiay XKyHeci, 3apsaray
TaKTaJlapbl, OHIMIUTIK, KayilCI3 K, YIIKBIIICHI3 YITY alnapaTTapsl (YIIKBIIICH3 YIITy anmapaTrTapsl).

1. Introduction. Lithium-ion batteries are widely used in various applications due to their high
energy density, long cycle life, and low self-discharge rate. However, they are not immune to failures,
especially under high load conditions of UAV, which can cause thermal runaway and fire. To prevent
such incidents, it is important to develop accurate and reliable methods for predicting the failures of
lithium-ion batteries under high load conditions [1].

2. Failure mechanisms of lithium-ion batteries under high load conditions

Under high load conditions, lithium-ion batteries can experience various failure mechanisms,
such as:

- Lithium plating: When a lithium-ion battery is charged too quickly or discharged too quickly,
lithium ions may not be able to intercalate into the graphite anode fast enough, resulting in the
deposition of metallic lithium on the anode surface. This can lead to the formation of dendrites, which
can penetrate the separator and cause a short circuit [2,3].

- Thermal runaway: When a lithium-ion battery is subjected to high temperatures, the
electrolyte may decompose and release gases, which can increase the internal pressure of the battery.
If the pressure is not relieved, the battery may rupture or explode.

- Internal short circuit: When a lithium-ion battery is subjected to mechanical stress or thermal
stress, the electrodes may come into contact with each other, causing an internal short circuit. This
can lead to the generation of heat and gas, which can cause thermal runaway.

3. Statement of the security problem

BMS are very important for the safety and reliability of lithium batteries in UAV systems. They
monitor parameters such as temperature, voltage and current at the input current, helping to monitor
the operation of the lithium battery. For example, temperature is an important indicator because an
increase in temperature leads to destructive changes. BMS monitors the temperature, allowing you to
quickly respond to sudden changes. The location of the BMS board in a lithium-ion battery (flat
format for mobile devices) is shown in Figure 1 [4].
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Figure 1. Simplified strﬁcture df a Iithium-ionibattery
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Using a battery without BMS is very dangerous for lithium batteries. This can potentially lead
to exceeding the maximum permissible current and supply voltage or an inappropriate temperature
response, which will lead to the destruction of battery cells and may lead to fires or other safety
problems.

So, there are several factors that can lead to problems, such as overload, overexposure, poor
temperature control, etc. In recent years, the cases of explosions and fires of lithium batteries have
remained quite low. One of the most investigated cases is considered to have occurred in the United
States, an emergency failure of a lithium battery in civil UAV in March 2006. According to the US
government, between 2004 and 2014, there were about 17 total such accidents due to the fear of all
explosive lithium battery relationships [5].

In short, without a BMS board, a lithium battery will be very unreliable and risky for using in
UAV.

4. Battery Monitoring System (BMS) for predicting failures of lithium-ion batteries

A Battery Monitoring System (BMS) is a critical component of a lithium-ion battery pack,
which monitors the state of charge, state of health, and state of safety of the battery. A BMS typically
consists of a microcontroller, sensors, and communication interfaces. Many modern UAVSs are
connected to the BMS monitoring system and show the battery status. The microcontroller collects
data from the sensors, such as the voltage, current, temperature, and impedance of the battery, and
processes the data to estimate the state of charge, state of health, and state of safety of the battery.
The communication interfaces allow the BMS to communicate with the host system, such as an
electric vehicle or a stationary energy storage system.

To predict the failures of lithium-ion batteries under high load conditions, the BMS can use
various algorithms, such as:

- Coulomb counting: This algorithm estimates the state of charge of the battery by integrating
the current over time. However, this algorithm may not be accurate under high load conditions, as the
battery may experience voltage sag or polarization, which may affect the accuracy of the current
measurement.

- Model-based estimation: This algorithm uses a mathematical model of the battery to estimate
the state of charge, state of health, and state of safety of the battery. However, this algorithm requires
accurate knowledge of the battery model parameters, such as the diffusion coefficients, the reaction
rates, and the thermal properties, which may be difficult to obtain.

- Artificial neural networks: This algorithm uses a trained neural network to predict the state of
charge, state of health, and state of safety of the battery. The neural network is trained on a large
dataset of battery measurements under different conditions, such as temperature, current, and voltage.
The neural network can learn the complex relationships between the battery parameters and the failure
modes, and can predict the probability of failure under high load conditions [6].

The artificial neural network (ANN) algorithm is a type of machine learning algorithm that is
designed to mimic the behavior of the human brain. It consists of a network of interconnected nodes,
or neurons, that are organized into layers. The input layer receives data from the sensors on the battery
pack, while the output layer provides the predicted outcome of the algorithm. The hidden layers in
between the input and output layers perform complex computations to transform the input data into
meaningful output.

The performance of the ANN algorithm depends on the weights and biases assigned to each
neuron. These values are adjusted during the training phase of the algorithm, where the algorithm is
exposed to a large dataset of inputs and outputs. The weights and biases are adjusted to minimize the
difference between the predicted output of the algorithm and the actual output.

In the case of lithium-ion battery packs, the ANN algorithm can be trained to predict the
probability of failure under high load conditions. The input data can include information such as the
state of charge, state of health, and temperature of the battery pack. The output data can indicate the
probability of failure under high load conditions, such as thermal runaway or internal short circuits.
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The formula for the ANN algorithm can be expressed as follows:
y=f(w-x+b) (1)

where y is the predicted output, f is the activation function, w is the weight assigned to each neuron,
x is the input data, and b is the bias assigned to each neuron. The activation function is a non-linear
function that determines the output of each neuron based on the weighted sum of its inputs and biases
[7,8].

Note that this formula is a simplified representation of the ANN algorithm and does not capture
the complexity of the computations performed by the hidden layers.

5. Case study: Predicting failures of lithium-ion batteries under high load on the BMS
charge boards

To demonstrate the effectiveness of the BMS for predicting failures of lithium-ion batteries
under high load conditions, we conducted a case study on the BMS charge boards. The BMS charge
boards are responsible for charging the lithium-ion batteries in an electric vehicle or a stationary
energy storage system. The charge boards are subjected to high current and high temperature
conditions, which can accelerate the degradation of the batteries and increase the risk of failures.

We installed a BMS with an artificial neural network algorithm on the charge boards of a
lithium-ion battery pack. The BMS collected data from the battery pack, such as the voltage, current,
temperature, and impedance, and used the neural network to predict the probability of failure under
high load conditions. The neural network was trained on a dataset of battery measurements under
different charging rates, temperatures, and states of health.

We subjected the battery pack to various high load conditions, such as fast charging, fast
discharging, and high temperature cycling. We monitored the battery parameters and the predicted
probability of failure by the BMS. We found that the BMS was able to accurately predict the failures
of the battery pack under high load conditions, such as lithium plating, thermal runaway, and internal
short circuit. The BMS was able to provide early warning signals to the host system, which could
take corrective actions to prevent catastrophic failures.

The formula for calculating the capacity of lithium-ion batteries is simple - it depends on the
energy consumption and battery life. Usually, this formula is written as follows:

F=I-t (2)
where: F - battery capacity (mAh); I - current consumption (A); t - battery life (h). Or we can use the
capacity formula Ah:

t

F=l 3600 ®)
where: F - battery capacity (Ah); I - current consumption (A); t - battery life (sec).

At the same time, the C-rating function in lithium-ion batteries implies that the capacity that
can be obtained from a battery with a production number is equal to the c-rating of this battery
multiplied by the amount of current consumed during battery operation plus the percentage of current
loss caused by the temperature gradient. This is written as follows:

F =C,ng -(1+1-0,05-At) (4)

F =Ciaing - 1 (1+1-0,05-At)

where: c-rating - battery rating; | - current consumption; At - temperature gradient.

To integrate the calculations into the software, we will write the equation in the form of a neural
network. A simple neural network trained on this formula and can be used for other accumulators is
the following layer: an input layer, two layers of signal processing and an output layer. The input
layer is a set of two variables: volume and battery life. Then there are two layers of signal processing:
the first layer operates according to the formula 3 and the second layer operates according to the
formula 4. Finally, the output layer will have the value of a given c-rating battery.

To implement a simple neural network for learning on the battery formula and can be used for
other batteries in Python, we will need to import the specified libraries for working with neural
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networks: [tensorflow, keras, numpy, scipy]. Next, we will need to define a model that includes an
input layer, two signal processing layers and an output layer, and compile this model for training.
Then we now can train and test the model using the model.fit () class [9].

Then the code for our neural network in Python will look like this (Figure 2):

tensorflow tf
tensorflow.keras layers
# Input and output layer
inputs = layers.Input (shape=(2,))
outputs = layers.Dense(l) (inputs
# Creating a model with two hidden

AYELS

% = layers.Dense (10, activation= 1"} (inputs)
x = layers.Dense (20, activation='r (=)
outputs = layers.Dense(l, activation="linear') (x

# Compiling the model

model = tf.keras.Model (inputs=inputs, outputs=outputs
model.compiler (optimizer=tf.keras.optimizers.Adam(0.05),
loss='me squared erxor')

# Trai ':g_the model

model.fit (X _train, y_train, epochs=25

# Testing the model

model.evaluate (¥_test, y test)

Since the formula calculating the c-rating lithium-ion batteries : F = c-rati

ng x I x (1 + 0.05 x at), it obvious that this system the unknown number the c
-rating. at here repre ts a change the temperature gradient. And here's what this
formula looks like in TensorFlow, Keras, NumPy and SciPy:

# Initialize ths modsl usin g

the model = keras layer architecture.Sequential ([

# Input layer with two wvariables: battery capacity and operating time

keras.Input (shape=(2,)),

# The first signal processing laye
keras.layers.Dense (16, activatio
# The second signal processing lay
)

keras.layers.Dense (16, activation='sigmoid'),

# The output layer will provide a c-rating of the battery
keras.layers.Dense (1)

1

# Compile and train the model

model ., compile (

optimizer="adam",

loss='mse',

mecrics=['accuracy']

)

model.fit (X train, y_train, Epucns=30ﬂ

Figure 2. Sample code with an optimization algorithm for calculating lithium-ion batteries

formula F=I1 x t / 3600

e formula F = c-rating x I x (1 4+ 0.05 x At

Such a neural network can be useful for calculating the c-rating for various batteries without
having to calculate the formula manually. It may also be needed to calculate the c-rating for batteries
whose capacity and operating time depend on temperature. This model can be used to calculate the
available battery capacity depending on its workflow, or also to calculate the additional capacity that
can be obtained by changing the workflow.

Moreover, for specific mathematical and other applied tasks, there is a formula for converting
neurons in a lithium-ion battery control system and depends on the specific context and what is meant
by "converting neurons", which will complement our neural network.

If by "neuron conversion™ we mean the process of converting electrical signals from neurons in
a battery management system into digital signals that can be processed by a microcontroller or other
digital device, then the formula will include the use of an analog-to-digital converter (ADC).

The formula for converting an analog signal from neurons into a digital signal using an ADC is
as follows:

DV = (ﬂj MDV (5)
MAV

where DV — digital value; AV — analog value; MAV — maximum analog value; MDV — maximum
digital value.

"Analog value" is the voltage level of the neural signal, "Maximum analog value" is the
maximum voltage level that the ADC can measure and "Maximum digital value™ is the maximum
number of digital bits that the ADC can output [10].
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Conclusion

In conclusion, the prediction of failures of lithium-ion batteries under high load on the BMS
charge boards is crucial for ensuring the safety and performance of lithium-ion battery in UAV
systems. The BMS can use various algorithms, such as Coulomb counting, model-based estimation,
and artificial neural networks, to predict the failures of the battery packs under high load conditions.
The artificial neural network algorithm has shown promising results in predicting the probability of
failure under high load conditions. The BMS can provide early warning signals to the host system,
which can take corrective actions to prevent catastrophic failures.
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