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ABSTRACT

Electricity is an essential part of modern life for running various appliances of daily use. We are
currently in the transition phase, in which we are reducing our reliance on fossil fuels and increasing
our use of renewable energy sources such as wind, tidal, and solar energy. As the demand for the
electrical vehicles, self-driving vehicles and unmanned aerial vehicles (UAV) is increasing, the demand
for battery is going high. Hence, the operation of these vehicles depends on the battery and the capability
to store energy efficiently. Battery is one of the important unit for these vehicles and devices as it
decides the overall operational time. In order to plan a transportation it is important to estimate the
remaining operational time (ROT) based on the rate of battery discharge considering various affecting
parameters at any instance of time. The present study propose a novel deep neural network (DNN)
based architecture which uses temporal information to learn the changes in the battery across time and
utilizes that in-coherence with the available parameters for estimating accurate remaining operational
time. The proposed architecture has been implemented on two different types of batteries from NASA
Ames Prognostics Center of Excellence (PCoE). Furthermore, same architecture has been tested with
the experimental data obtained by flying the DJI Mavic Mini 2 drone in an open environment. The
proposed algorithm is shown to produce accurate and robust estimation of ROT as it outperforms existing

techniques for various batteries including the battery used in DJI Mini 2.

Keywords: Battery prognostics, Remaining operational time estimation, NASA dataset, Drone battery
prognostics
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1 Introduction

Energy storage is a very critical hub connecting the entire entire energy generation and consumption
for the entire grid by augmenting renewable resources like wind, hydro and solar as well as fossil and
nuclear fuels, demand side resources and system efficiency assets. It also has the potential to serve as
a generation, transmission, or distribution asset all at the same time. Because most consumer gadgets
are powered by battery-like technologies and humanity is striving to increase electricity generation from
renewable resources, energy storage has emerged as one of the most essential fields. The present energy

storage technology can be categorised as[8]]:

1. Electrochemical storage, such as battery technology, is typically utilised for short storage period

and great efficiency.

2. Mechanical storage, such as compressed air energy storage, is generally utilised for high capacity

and power.

3. Chemical storage, such as hydrogen and methane, is employed in situations where low efficiency

is acceptable but long-term storage is required.

4. Thermal storage is commonly utilised for high efficiency and long lifespan, such as sensible heat

storage, thermochemical energy storage, and latent heat storage.

According to the inventory of U.S. Greenhouse Gas Emissions and Sinks, during the period 1990-
2019, transportation was the major source of total U.S. greenhouse gas emissions in 2019, contributing
for 29 percent of total U.S. greenhouse emissions[9]. The gradual depletion of fossil fuels has revolutionized
the transportation by shifting from chemical energy storage in the form of fossil fuels to electrochemical
energy storage in the form of batteries. This has led to the introduction of electric vehicles and the
rapid growth of its market. Among the electric vehicles, Battery Electric Vehicles (BEVs) accounts
for two-thirds of the new electric car registrations in 2020. Similar to the proliferation observed in
BEVs, Electirc-Unmanned Aerial Vehicles have also been subject to rapid growth of late[10]. The
E-UAV market size is expected to grow at a CAGR of 14.36% from 2021 to 2026 as per the latest
market report[11]. The significant increase in the procurement of small E-UAVs owing to the rapid
deployment of tactical Unmanned Aerial Vehicles (UAVs) in military and defense applications have led

to a exponential growth in the E-UAVs market. With the increasing production and demand for electric



vehicles and UAVs, energy storage has emerged as one of the most vital points, as the bulk of these
locomotives are powered by rechargeable batteries technology and electricity production from renewable
energy sources is rapidly expanding. With the increasing demand for the electric vehicles and UAVs, it
becomes increasingly critical to perform battery management and prognostics.

As electric vehicles, unmanned vehicles and E-UAVs are the new futures of transportation, the battery
is one of the critical unit as the performance and durability of these vehicles depends on it. Due to
usage and ageing, the battery’s capacity to store charge steadily declines over time, limiting total journey
duration. The ageing of batteries can be caused due to a variety of conditions, including high-rate cycling,
over-charge and over-discharge, and variation in the ambient temperature[12]. Hence, battery monitoring
and health management are critical for mitigating faults, planning vehicle functioning and missions, and
having a safe, dependable solution[13]. Multi-rotor drones are one form of the UAVs for which the
prominent uses are aerial photography and videography, real estate photography, mapping and surveying,
asset inspection, package delivery, agriculture, crop spraying, crop monitoring, live streaming events,
inspection using multispectral or thermal cameras, search and rescue missions, marine rescue, disaster
zone mapping, mining, firefighting, meterorology etc. Multi-rotor unmanned drones are customized for
its uses in military for variety of purposes like supervison, combat mission and target decoys.

Given the importance of multi-rotor drone in military operations and equivalent fields it becomes
important to estimate the journey duration in order to formulate mission related decision based on the
estimated operatable time. This estimation of the remaining journey duration should be robust to various
weather condition, should also have the ability to assess the drones current operating conditions and
adapt to these changes inherently.

Consequently, the focal point of this study is to develop a general and robust machine learning
architecture to estimate the operational time for various types of battery. To develop the framework
in this project, the battery dataset provided by the NASA’s Ames Prognostics Centre of Excellence
(PCoE)[l1]. Further the same developed architecture has been trained and validated with the battery of
DJI Mavic Mini 2 drone upon experimentation.

The order of the subsequent sections of this report are as follows. In section [2|a brief discussion on
the research related to the battery health monitoring and management that has been conducted till date
are discussed. A summary of battery management systems and the objective of this research is given in
section [3] The data acquisition systems used by our drone data collection process and the system used

in NASA battery dataset is explained in section 4 Data analysis and visualizations of these features



over various run are discussed in section [5] section [6] explain some of the famous techniques that can
be applied for the estimation of remaining operational time(ROT). In section [/, a novel convolution
and temporal-attention based Deep Neural Network(DNN) is proposed which understand the temporal
correlation between the time-series data points and estimates ROT based on these information. Finally,

section [§and section [0] presents results and discussion of the performance of the system respectively.

2 Literature Survey

Battery prognostics is a very common field in prognostics and health management. The extensive
use of electric batteries presently has led to increase in research publication on battery modelling and
prognostics. Most of the research works concentrate on State of Charge(SoC) and State of Health(SoH)

estimation.

2.1 State of Charge and State of Health estimation

Six techniques is used to determine a battery’s state of charge: 1. Look-up tables procedure, 2. Coulomb
counting procedure[14], 3. Artificial neural network procedure[15]], 4. Support vector regression procedure[16],
5. Electro-chemical procedure[17], and 6. Equivalent circuit procedure[18]. The SOH, like the SOC
estimate method, may be divided into four categories: 1.Models that are physics-dependent, 2. Empirical
processes, 3. Models based on (a) Differential Voltage Analysis (DVA), (b) Incremental Current Analysis
(ICA), and (c) Data-Driven Method (DDM) [[19]. However, different ways to estimating SOC and SOH
have been presented, and much study has been done in this topic. In [20], accurate monitoring of SOH
and SOC was introduced using an acoustic-ultrasonic stress wave was proposed. In [21], a built-in
piezoelectric sensor was used in the time-domain analysis to discover an inherent co-relation between
battery SOH and SOC with waveform signal categories. A strain gauge type very accurate displacement
sensor was utilised to calculate the produced force of battery cell expansion at the time of charging as
a result of the bumping of battery electrode dynamic material [22]]. The SOH and SOC estimation time
update is first determined, after which the result is supplied into an adjustable controller and the SOC and
SOH updates are observed. The ability of batteries to store energy and their lifetime are reduced when
electrodes age [23]]. Because the variety of factors that explain battery health is so broad, any features

that describe cell health could be used to characterise SOH.



3 Objectives of the current study

As explained in section[I] the objective of this project is to estimate the Remaining Operational Time(ROT)
of the battery. The ROT of the battery is defined as the operable time of the battery under discharge
condition from the current scenario without reaching over-discharge condition. The two major factors

that affect the operational time of the battery are:
1. State of Charge

2. State of Health

At any given time, the State of Charge (SoC)[24] is the percentage of charge available in the battery
relative to the total charge available in the battery when fully charged. A battery’s SoC at any given time
varies from O to 1, without 1 indicates that the battery is fully charged and O indicates that the battery is

completely discharged. The SoC can be mathematically expressed as:

Q available
_ v 1
SoC CN ( )

where Quuaiabie T€presents the available amount of charge and C'y represents the rated capacity from
battery manufacturers.

The State of Health (SoH)[24] is a method of determining the battery’s age. At any given cycle, the
SoH of a battery represents the battery’s actual condition in comparison to its nominal circumstances.
The major feature that characterizes the battery SoH is the real capacity of the battery, which decreases

as the number of charge/discharge cycles increases. SoH can be generally defined as:

Sof = s @)

where ()4, , denotes the maximum practical capacity as determined from the operational battery at the
moment of measurement. C,,,, , may fade over time as a result of battery ageing.
The following factors can be used for the Neural Network framework to intrinsically calculate SoH

and SoC:
1. Battery percentage

2. Current dissipation from battery



3. Remaining voltage of battery
4. Battery temperature, Ambient temperature
5. Rotor speed(in case of drone data acquisition)

6. Rotor signals(in case of drone data acquisition)

4 Data acquisition and available Li-ion battery

The framework for the Remaining Operational Time(ROT) estimation need to be robust for successful
application in different ambient conditions and should be prone to any defects in other parts of the system.
To evaluate the robustness of various algorithms for ROT estimation, the algorithms are evaluated in
two different varieties of dataset namely, NASA battery dataset[1] and Esperimental Drone battery

dataset(this dataset is acquired for this study).

4.1 NASA Battery dataset

This data set was obtained using a customised battery auguring benchmark at NASA’s Ames Prognostics
Centre of Excellence (PCoE)[1]]. Li-ion battery (LIB) cells were charged and discharged, and Electrochemical
Impedance Spectroscopy was used to capture those operational profiles at various temperatures. The
data was gathered from commercial Li-ion 18650 rechargeable batteries. Charging was done in constant
current (CC) mode until the battery voltage reached a base voltage, then in constant voltage (CV) mode
until the charge current dropped to 20mA. Discharge was performed at a continuous current level of
2A until a rated threshold voltage for the specified battery was attained. The impedance was measured
using an electrochemical impedance spectroscopy (EIS) frequency sweep from 0.1Hz to SkHz. Repeated
charge and discharge cycles accelerate battery ageing, whereas impedance measurements provide insight
into internal battery properties that change as the battery ages. The time at which the threshold voltage is
reached and the constant current discharge process is terminated is specified as the threshold operating
condition for this data set. The estimate algorithms are tested using three different types of batteries from

the NASA dataset.



Figure 1: DJI Mavic Mini 2 drone

4.2 Drone Battery dataset

This data set was acquired using DJI Mavic Mini 2 drone where the drone battery is a Lithium-Polonium(Li-
Po) 2S type battery. The battery has a ratged capacity of 2250 mAh, rated voltage of 7.7 V and maximum
charging power of 29W. The Li-Po battery cells were run in a charge and discharge operational profiles
and various features like battery current dissipation, battery voltage, battery temperature, etc., were
recorded. Charging was carried out using a fast charger at 2A and 9V with power input rated at 18W.
Discharge was carried out at a by running the drones at various ambient conditions. The data was
recorded at a frequency of 10Hz during the discharge cycle. The threshold operational condition for
this data set is defined as the time when the battery percentage reaches a threshold value pre-set for the

battery.

5 Data Analysis

As section [] explains the setup process for the data acquisition process for the two data sets, in this

section we look at the data acquired and perform deep analysis on the features available in the dataset.

5.1 NASA Battery dataset[1]

The discussed dataset on the Li-ion battery obtained by the NASA Ames consists of data for various
different batteries in regards to battery capacity. For the purpose of experimentation and evaluation, two

different sets of data are considered in this research.



5.1.1 Set 1: B0045, B0046, B0047, B0048

The discharge was performed at a constant current (CC) level of 1.5A until the threshold voltage was
attained. For batteries B0045, B0046, B0O047, and B0048, the threshold voltage for determining the
threshold operational condition is pre-set at 2.0V, 2.2V, 2.5V, and 2.7V, respectively. When the batteries
hit end-of-life (EOL) standards, which is specified as a 30% decrease in rated capacity, the tests were
halted (from 2Ahr to 1.4Ahr). During the discharge operational profile, the following features are

collected to enable remaining operational time(ROT) estimation:

Voltage at the battery terminals (Volts)

Current drawn from the battery (Amps)

» Temperature of the battery (degree C)

Current monitored at load (Amps)

Voltage monitored at load (Volts)

Cycle’s time vector (secs)

Capacity(Ahr) of the battery

Temperature of the ambient settings(degree C)

The plots depicting the variation in the Battery voltage, Battery current, , Battery temperature
and Battery capacity over a discharge run and across various discharge runs of battery B0048 are shown
in fig.

The Pearson’s correlation matrix[235] of the data denoting the linear relationship between each of the
individual input features and the prediction, i.e., remaining operation time is shown in the correlation

matrix in fig. 3]

5.1.2  Set2: B0033, B0034, B0036

The discharge was performed at a constant current (CC) level of 4A until the threshold voltage was
attained for batteries BO0O33 and B0034, and at 2A for battery B0036. For batteries B0033, B0034, and
B0036, the threshold voltage for determining the threshold operational condition is pre-set at 2.0V, 2.2V,
and 2.7V, respectively. When the batteries hit end-of-life (EOL) standards, which is specified as a 20%

7
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Figure 2: The trend of different features for various discharge runs for battery B0048

decrease in rated capacity, the tests were halted (from 2Ahr to 1.6Ahr). The extracted features remain
the same as discussed for Set 1.

The plots depicting the variation in the Battery voltage, Battery current, Battery temperature and
Battery capacity over a discharge run and across various discharge runs of battery B0033 are shown in
fig. @

The Pearson’s correlation matrix[25]] of the data denoting the linear relationship between each of the
individual input features and the prediction, i.e., remaining operation time is shown in the correlation

matrix in fig. [5]

5.2 Drone dataset

This is an experimental dataset, that was acquired as a part of this project for battery analysis. For the

drone dataset, the charge operational profile was carried out with a 11V and 3A rated fast charger with
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a power rating of 33W. The charge and discharge operations are carried out for a series of 12 runs and
the data collection process is carried out at a frequency of 10Hz. The threshold for determining the
operational time of each discharge run is calculated using battery percentage. The remaining operational
time is defined as the operable amount of time from the given instant before the battery percentage
becomes 10%. During the discharge operational profile, the following features are extracted to enable

remaining operational time(ROT) estimation:

* Percentage of battery unconsumed

Battery temperature

Battery voltage

Current dissipation from battery

Pitch and Roll angle of the drone

Height from takeoff position

Speed along X, Y and Z directions

Note: The above mentioned features are extracted from the metadata available in the drone using

the software provided by Airdata UAV[26]].
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Figure 4: The trend of different features for various discharge runs for battery BO033

The plots depicting the variation in the Voltage measured, Current measured, Battery temperature
and Battery percentage over a discharge run and across various discharge runs of drone’s battery are
shown in fig. [6]

The Pearson’s correlation matrix[23] of the data denoting the linear relationship between each of the

individual input features and the prediction, i.e., remaining operation time is shown in the correlation
matrix in fig.[7]
6 Existing Frameworks

For estimation of remaining operational time(ROT) of the battery during a discharge run, various regression
estimators/networks can be trained for the different sets of data acquired as explained in section 4] In

this section, a famous regression estimators are described. These estimators will then be compared with

10
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a novel estimator proposed in section[7] which was designed as a part of this research work. Comparisons

of results between each of these models with the proposed framework is shown in section [§]

6.1 Support Vector Machine(SVM)[2]

SVMs are supervised learning models that are used to accomplish classification and regression analysis.
SVMs, which are based on statistical learning frameworks, was first developed by Vladimir Vapnik and
colleagues at ATT Bell Laboratories[27]. An SVM training algorithm, similar to a non-probabilistic
binary linear classification technique, trains a model that learns to assign samples to one of two classes,
given a set of training samples, where each is categorised into one of the two classes. Training samples
are assigned to Cartesian coordinates in space by SVM, which is then utilised to achieve maximum
the distance between the two classes. Support Vector Regression operates on the same principles as
SVMs. The fundamental notion of SVR is to determine the best fit line. The hyperplane that contains
the majority of the sample points in the training dataset is considered the best fit line in SVR. Soft-
margin SVMs are favoured over hard-margin SVMs in practice because they try to match the best line
within a threshold value(C), making the algorithm immune to outliers and random noise[28]]. SVR’s
threshold value is the distance between the hyperplane and the boundary line. SVRs may do nonlinear
regression efficiently in addition to linear regression while using the kernel approach, which entails

implicitly mapping their inputs into high-dimensional feature spaces.

11
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Figure 6: The trend of different features for various discharge runs for drone’s battery
Note: The zones where current/voltage abruptly lowers are where the drone is landed and promptly
lifted off. This is done to get diverse variety of data with visit points in the travel plan.

6.2 k-Nearest Neighbors(k-NN)[3]

The k-nearest neighbours algorithm (k-NN) is a non-parametric supervised learning approach invented
in 1951 by Evelyn Fix and Joseph Hodges and later worked upon by Thomas Cover[29]. The k-NN
algorithm learns the k nearest neighbours of the input from the given dataset and uses this to predict
the output, which is defined as the average of the k nearest neighbours’ values. An drawback with this
averaging approach is that it treats all neighbours equally. This can be improved by assigning weights
to the contributions of the neighbours, such that the farther neighbors contribute less to the average than
the farther neighbors. A popular weighting strategy used when implementing k-NN is to assign a weight

of 1/d to each neighbour, where d is the distance from the considered sample to the neighbour[30].
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Figure 7: Correlation matrix between input features and ROT for Drone dataset

6.3 Decision Tree(DT)[4][5]

Decision tree uses a tree structure to develop regression or classification models. The algorithm creates
a hierarchical structure that incrementally splits the training dataset into smaller and smaller groups of
similar samples, while simultaneously creating an accompanying decision tree. Using this method, a
tree data structure containing leaf nodes and decision nodes is constructed. A decision node typically
includes two or more branches that each learn a characteristic value that represents the data points under
consideration. A leaf node represents a numerical target choice that is assigned as the sample’s output.
The root node at the top is the tree’s first decision node. Decision trees can handle both category and
numerical data. The heuristic algorithm and the least squares approach are used in the heart of the
regression tree to identify the best splitting node. Because the regression tree’s basic method is the least
squares method, the final fitting function is a piece-wise constant function; thus, the regression tree is

also known as the least squares regression tree.
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6.4 Random Forest(RF)[6]

Random Forest Regression is a supervised learning technique that does regression using the ensemble
learning method. Tin Kam Ho developed the first random forest algorithm in 1995, utilising the random
subspace method[31]. Random forest regression is a regression ensemble learning method that operates
by creates a large number of decision trees during training. The random forest output is generated by
averaging the predictions of individual trees for regression problems[32]. Random forests corrects the
over-fitting tendency of the decision tree by decreasing the variance of the individual trees. Random
forests outperform decision trees in general, but their accuracy is lower than that of gradient boosted
trees. However, the properties of data characteristics can have an effect on performance. It often excels
at a wide range of problems, particularly those with non-linear relationships. However, there is no
interpret-ability, over-fitting is easily conceivable, and the number of trees to include in the model must

be chosen.

6.5 Gradient Boosting Tree(GBT)[7]

The concept of gradient boosting arose from Leo Breiman’s realisation that boosting can be viewed as
an optimization technique on an appropriate cost function. Jerome H. Friedman later created explicit
regression gradient boosting methods[33]. It uses multiple weak prediction models, generally decision
trees which are employed as an ensemble to return a prediction model. When a decision tree is employed
as the weak learner, the resulting algorithm is called gradient-boosted trees, and it usually outperforms
random forest. A gradient-boosted tree model, like other boosting strategies, is generated iteratively
while also generalising the previous approaches by permitting the optimization of a viable differentiable
loss function. Fitting the training set too closely can reduce the model’s capacity to generalise. Several
regularisation strategies, by restricting the fitting operation, mitigate the over-fitting impact. The number
of trees (M) in the model is a natural regularisation parameter[34]. Increasing M minimises training
set error, but setting it too high may result in over-fitting. Monitoring prediction error on a different
validation data set is frequently used to determine an ideal value of M. The depth of the trees is another
regularisation parameter. The greater this value, the greater the likelihood that the model will over-fit the

training data.
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7 Novel Framework

In this section, a novel Attention based-Dense Convolutional Neural Network is proposed for the estimation
of Remaining Operational Time(ROT). Various famous regression algorithms that can be implemented
for the estimation of Remaining Operational Time(ROT) are explained in section[6] One major drawback
that all the algorithms proposed in section [6] face is that those do not consider the temporal variation in
the data. The regression techniques detailed in section[0]try to find a relationship between input features
and the ground truth prediction. The inability to model the temporal variation of these features across
time limits the performance of these algorithms and make them prone to outliers in the data which can
be seen due to a variety of internal conditions of the battery or the ambient variation. The algorithm
proposed in this research take into consideration the temporal variation of the features and estimates the

ROT based on both the feature values and their variation over time.

7.1 Model architecture

The proposed algorithm aims to model the inter-relationship between the features, learn the local and
global variation of the features across time. The ability of the algorithm to learn both global and local
temporal variations in the feature maps is essential for estimation of ROT as the algorithm needs to
inherently adapt the value of ROT when there are sharp changes absorbed due to battery/component
defects in the system. In order to understand the time series data, the proposed network takes features
from 64-consecutive timestamps as input for predicting ROT. Considering the above mentioned points,

the algorithm designed can be split into three parts(as shown in fig. [):
* Dense layers to learn inter-feature relationships
* Convolutional layers(1D) to learn the local variation of features across time

» Attention Block to learn the global variation of features across time

7.1.1 Dense layers

As depicted in fig. [3] fig. [5|and fig. [7] features like battery voltage, battery current, battery temperature,
time and battery percentage have high linear correlation with the output, i.e., remaining operational

time(ROT). For learning this relationship between the features and ROT, we deploy a two-layer dense
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Figure 8: Architecture of the proposed model

neural network(also called Artificial Neural Network(ANN)). For the case of NASA dataset, the input
layer takes in 8 features and outputs 32 different nodes. These nodes are then used as input to the second
dense layer and this layer outputs 64 nodes. ReLU activation is used at the end of each of the dense
layers. For the case of drone dataset, since the input has 31 features, the input layers outputs 64 nodes
and the second layer outputs 128 nodes. The output at the end of these two dense layer is expected to
have modelled the relationship between the features and the expected output. The output from the second
layer is then passed through the 1D convolutional network for learning the temporal information from

the time-series data.

7.1.2 Convolutional layer

As explained at the beginning of the section, it is important to analyze the temporal variation of the
features in order to accurately estimate the remaining operational time(ROT). After obtaining the feature
relationships from dense layer as explained in section [7.1.1] the network will now need to learn the
temporal structure of the data. Convolutional layers can be used to model the temporal variation of these
features as convolutional layers are basically sliding filter computed over the whole input sequence.
Hence, convolutional layers are implemented with the input extracted from the dense layers. The sliding
filter operation is performed in temporal direction on the time series data as this enables the algorithm
to learn temporal variations in the data, i.e., slope of the features, concavity of the variation over time,
etc. For this purpose, the output from the dense layer is passed to a series of two convolutional layers

where each of the convolutional layers perform sliding operation in 1D(along time) with a filter size of
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3 while maintaining the number of nodes. The output neurons at the end of the convolutional operation
is expected to have learned the short-term temporal variations in the dataset and hence will be able to

better estimate the remaining operational time.

7.1.3 Attention Block

The use of convolutional layers extracted temporal variations only within the filter size for features
obtained at each timestamp. For example, with a filter size of 3, the use of two convolutional layer
spans across the features from two timestamps before and after the chosen timestamp. Hence, the use
of convolutional layer alone limits the degree of temporal information that the network can utilize as the
convolutional layers have a local receptive field. So, in order to develop an improved understanding of the
temporal variation in the given 64-timestamp input, we use an attention aided techniques to understand
the correlation of temporal variation in each sub-patches(containing 8 timestamps) and provide the global
temporal variation. The output from convolutional layer is given as input to the attention block. The
attention block splits the temporal data into sub-patches as shown in fig. [9] where each patch contains
feature data from 8 consecutive timestamp. The features from sub-patches are passed through an adaptive
average pooling layer from which we get one feature representation for each sub-patch, named as
Fy, Fy, ..., I, as shown in fig.[0] These sub-patch representation are expected to contain the input feature
relationship extracted using dense layer as explained in section [/.1.1] and local temporal information
extracted using convolutional layers as explained in section Now these sub-patch features are
passed as input to the attention layer. The attention mechanism followed in this study is similar to the
attention mechanism used in [35]. The foundation of the attention mechanism, as depicted in fig. [0]
is a simple feed-forward neural network (FNN) with one hidden layer and an output layer consisting
of one output neuron, followed by a softmax layer. The FNN takes the feature map f; from the CNN
and attends to those feature maps and outputs a reward value v; for each of these feature maps which
represents the battery information extent of the latter. Subsequently, the reward values v; are passed
through a softmax function that normalizes the rewards to output a probability distributiona;. The
output of the attention mechanism corresponds to the probability distribution a; of the importance of the
corresponding feature vector f; in the estimating ROT and indicates the significance of the corresponding
feature mapping f; as it estimated from the attention mechanism. Finally, an output representation with
high level temporal information is obtained by performing weighted summation of the sub-patch features

fi using the estimated attention a;.
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Figure 9: Attention mechanism based on feed-forward NN

The output of the attention block is then passed through a dense layer to estimate the ROT of the

battery.

7.2 Loss function

An optimal loss function is necessary for training the proposed algorithm to estimate accurate ROT.
The most popular loss functions used for regression problems are Mean Square Error(MSE) and Mean
Absolute Error(MAE). MAE is used to minimise the error, which is calculated as the sum of all the
absolute discrepancies between the true and predicted values. The MAE loss can be mathematically

represented as,

N
LMAE - Z |yt7‘ue - ypred| (3)

i=1
MSE is used to minimise error, which is defined as the sum of all squared deviations between the

true and predicted values. The MSE loss can be mathematically represented as,

N
LMSE - Z(ytrue - ypred)2 (4)

i=1

In generally, MSE is preferred in most of the cases to train the algorithm. But when the outliers are
present in the dataset, then the MSE does not perform well. However, when outliers are present in the
dataset, the MSE performs poorly. The reason for this poor performance is that if the dataset contains

outliers, the evaluation of squared differences results in a considerably greater inaccuracy. In addition
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Figure 10: Overall implementation flow-chart of the algorithm

to that MSE tends to care more about higher loss values and does not operate with small losses with
magnitude less than 1. This becomes essential as the network should be robust enough to predict accurate
ROT even when the ground truth is of smaller values. In contrast, MAE loss gives equal weightage to all
samples and hence performs better with small magnitude losses as well and enable the network to learn
better by pushing the loss close to zero value. To benefit from the advantages of both the loss functions,
a weighted combination of these two loss functions is used to train the algorithm. The final loss function

used to train the algorithm is defined as,
Lfinat = MLyag + AoLyse (5)

where \; and )\, are given values 2 and 1 respectively.

19



7.3 Implementation procedure

In this section, details about the implementation of the algorithm are detailed, refer fig.[I0] The complete
process can be divided into three parts, problem formulation + data analysis, training the algorithm and
evaluation of the algorithm. The process of data collection and data analysis are carried out as detailed
in section [4] and section [5] For evaluation of the various algorithms, each of the data sets are split in
train and test sets. For NASA dataset’s set 1, we use battery BO006, BOOO7 and B0O0O18 as the training
set and later test the model on battery BOOOS5. For set 2, battery B0O034 and B0036 are used for training
and B0O033 is used for testing purpose. While for set 3, we used battery BO048 for testing and B0045,
B0046, B0047 for training the algorithm. Finally, for the drone dataset, we chose 3 of the 12 runs for
testing the algorithm and the other 9 runs are used for training the algorithm. The three runs are chosen
considering the batteries aging in order to ensure that the algorithms are robust at estimation of ROT.

After the problem formulation and splitting of dataset, the proposed algorithm details in section|/.1
will be trained on the training dataset using the loss functions defined in section At every training
iteration, the algorithm estimates the predicted ROT using the feature provided as inputs. This prediction
is then compared with the ground truth and the estimation error is computed. The estimated error is
then used to fine-tune the algorithm based on Gradient Descent technique. This process of training the
algorithm is continued until the error between the predicted and ground truth ROT saturates. We select
as optimizer the stochastic gradient descent(Adam with decoupled weight decay). The learning rate is
set to 0.001, and the Nesterov momentum is activated, with weight decay and momentum parameters set
to 5-10~* and 0.9, respectively. The model is trained for 200 epochs with a batch size of 16.

Once the training of the algorithm is saturates, the algorithm will then be used to predict the remaining
operational time(ROT) in the test set. The prediction in the test set will be used to evaluate the algorithm
and also to aid the decision making process.

The proposed models are written using Python 3.7 programming language, using the Pytorch framework
for ANN and Sklearn framework for ML algorithms, and the experiments are run on Windows 10 with

Nvidia RTX 3080 GPU.

8 Results and discussion

In this section, we take a look at the results for each of the data sets explained in section 4 and compare

the proposed algorithm with the existing algorithms. As explained in section ] we use four different
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dataset for training and evaluating eacch algorithm. We test each of the exisiting algorithm and the
algorithm proposed in section [/| on each of these datasets and analyze the generalizing ability of these
algorithm across varieties of data. For evaluating the performance and accuracy of these techniques,

three common scoring metrics are considered namely,

* Mean Absolute Error(MAE) is a popular basic error measurement. MAE is the average of

absolute error, which is mathematically represented as,
Fuas =5y~ ©
MAE = n & Yi — Vi

When comparing data of different scales, MAE provides little insight into the differences. It also

treats large errors and small errors the same way.

* Root Mean Square Error(RMSE) is an other widely used standard measure of error. RMSE is

the root of mean of quadratic error which can be mathematically represented as,

n

1
E = .| = E i — Ui)? 7
RMSE n 4= (yi — ¥s) (7
RMSE treats large errors with high weightage and hence gives low weightage to small scale data

and their corresponding error.

* Mean Absolute Percentage Error(MAPE) is the absolute error normalized over the data and is

mathematically represented as

Yy — Uil
Yi

1 n
E == 100 * 8
MapE = — Zl ®)
MAPE is computed and averaged over each data point, capturing additional errors and outliers.
MAPE compares error across data with different scales since it gives equal weightage to large and

small scale data.

Note: Small and large scale here implies the values of ROT. When we say small scale ROT, we imply
that the remaining operational time is low(like 1-5 mins) and large scale ROT means we have 20-40 mins

of operational time.
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Algorithm Model description
25-Nearest Neighbor model is used with uniform weights.
The model is trained with 60,000 examples of 16 dimensions
SVM regression model with Radial Basis Function(RBF) kernel is
SVM used with inverse regularization parameter of 10.
The model is trained with 60,000 examples of 16 dimensions
Random Forest model is made up of 100 decision trees with the
RF maximum depth of each tree restricted to 9.
The model is trained with 60,000 examples of 16 dimensions
XGBoost model is made up of 100 decision trees with
the maximum depth of each tree restricted to 6.
GBT In addition, each tree learns with 80% of the samples from the
training set and performs split based on 80% of the features.
The model is trained with 60,000 examples of 16 dimensions
The proposed model is made up of two dense layers with
outputs a 64-feature representation.
The feature representation is then passed through two CNN layers and
Attention Block for final estimation.

k-NN

Proposed model

Table 1: Models description for each algorithm trained on Drone dataset

In case of this study, the focus is on estimating ROT to enable easy planning of travel. For this, we
require accurate ROT calculations on large and, more importantly, small scales, because travel must be
carefully scheduled before the battery runs out.

Since, the comparison of the algorithms are carried out on four different sets of data, each with
different scales, MAPE is the preferred evaluation metric chosen for this study. The scale of the values
varying with a discharge cycle and also across discharge cycles also makes an compelling argument for

using MAPE as the main evaluation metric.

8.1 Drone dataset

In this subsection, we compare the performance of the proposed algorithm with the exisiting algorithms
on three test runs(refer to section of the Drone dataset. The parameter for each of the models that
were observed to give the best performance is denoted in table

The estimated ROT and the actual ROT, i.e., ground truth(GT) as shown in fig. @ for the first
validation run. As can be seen from the figure, the estimation from the proposed algorithm is more
accurate in comparison to the prediction from the existing model, namely, SVM, k-NN, RF and GBT.

The regions where the proposed algorithm is consistent with ground truth while the existing algorithms
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Figure 12: Comparison of ROT estimation for validation run-2

highly deviate are highlighted in the figure. The fact that the proposed algorithm outperform the existing
algorithms in different scales(for small as well as large actual ROTs) can be noticed in fig. The ability

to perform accurate estimation for small scales in a crucial factor for battery ROT as this defines the time

in which the battery becomes inoperable.

Similar observations are observed in the other two validation runs as well, refer to fig. fig.
Like in the first run, the proposed algorithm is able to perform accurate estimations for different scales of

ROT and also predicts smoother outputs which is not observed in case of SVM, k-NN, Random Forest

and Gradient Boosting Trees.

The performance matrices for quantitative analysis has be reported in table [2, which also supports

the observations noted in the plots, i.e, the proposed algorithm outperforms the existing methods and

produces accurate estimation in different scales.

Error

SVM

k-NN

RF

GBT

Proposed

MAPE

222.504%

202.4%

162.028 %

165.642%

23.849%

Table 2: Performance metrics for ROT estimation in drone dataset
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Figure 13: Comparison of ROT estimation for validation run-3

8.2 NASA Set 1

Similar to the previous section, in this subsection we compare the estimations of the different models
on validation set of NASA dataset, set-3, i.e., battery B0048. The parameter for each of the models that
were observed to give the best performance is denoted in table 3]

As can be seen from fig. the proposed algorithm consistently outperforms the other existing
estimation techniques and is robust to sharp changes in actual ROT due to external and internal parameters
varied in the battery. The regions where the proposed algorithm produces high accuracy estimation while
the existing methods lack accuracy are highlighted in fig.[14]

Further in depth analysis on how the performance of the algorithm gets affected on aging of the
battery can be obtained by estimation of ROT for different cycles where each of these cycles are chose at
different stages of battery age. For this purpose, estimation of ROT on three different cycles are shown in
fig.[13] fig.[16]and fig.[17] Here, fig.[15]denotes the estimation of ROT during the first discharge cycle of
the battery, fig. [16/denotes the estimation of ROT during the middle discharge cycle and fig. [17| denotes
the estimation of ROT during the final discharge cycle. As can be seen from these figures, the proposed
model is more robust towards various stages of battery aging when compared to other algorithms.

The performance matrices for quantitative analysis has be reported in table 4, which also supports

the observations noted in the plots.

8.3 NASA Set 2

Here we compare the estimations of the different models on validation set of NASA dataset, set-2, i.e.,
battery BO033. The parameter for each of the models that were observed to give the best performance is

denoted in table 3
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Algorithm Model description

25-Nearest Neighbor model is used with uniform weights.

k-NN The model is trained with 60,000 examples of 8 dimensions

SVM regression model with Radial Basis Function(RBF) kernel is
SVM used with inverse regularization parameter of 10.
The model is trained with 60,000 examples of 8 dimensions

Random Forest model is made up of 50 decision trees with the
RF maximum depth of each tree restricted to 10.
The model is trained with 60,000 examples of 8 dimensions

XGBoost model is made up of 10 decision trees with
the maximum depth of each tree restricted to 6.
GBT In addition, each tree learns with 80% of the samples from the
training set and performs split based on 80% of the features.
The model is trained with 60,000 examples of 8 dimensions

The proposed model is made up of two dense layers with
outputs a 32-feature representation.
The feature representation is then passed through two CNN layers and
Attention Block for final estimation.

Proposed model

Table 3: Models description for each algorithm trained on NASA dataset, set-1

Error SVM k-NN RF GBT | Proposed
MAPE | 3.904% | 2.758% | 4.858% | 3.144% | 2.245%

Table 4: Performance metrics for ROT estimation in NASA set-1 dataset
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Figure 15: Estimation of ROT as the first discharge cycle progress for battery B0O048

As can be seen from fig. [I8] the proposed algorithm is robust to sharp changes in actual ROT due
to external and internal parameters varied in the battery. The regions where the proposed algorithm
produces high accuracy estimation while the existing methods lack accuracy are highlighted in fig.[T8]

Further in depth analysis on how the performance of the algorithm gets affected on aging of the
battery can be obtained by estimation of ROT for different cycles where each of these cycles are chose at
different stages of battery age. For this purpose, estimation of ROT on three different cycles are shown
in fig. [[9)and fig. 20| Here, fig. [I9]denotes the estimation of ROT during the first discharge cycle of the
battery and fig. 20| denotes the estimation of ROT during the final discharge cycle. As can be seen from
these figures, the proposed model is more robust towards various stages of battery aging when compared
to other algorithms.

The performance metrics based on quantitative analysis has be reported in table [6] which also

supports the observations noted in the plots.
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Algorithm Model description

10-Nearest Neighbor model is used with uniform weights.

k-NN The model is trained with 40,000 examples of 8 dimensions

SVM regression model with Radial Basis Function(RBF) kernel is
SVM used with inverse regularization parameter of 100.
The model is trained with 40,000 examples of 8 dimensions

Random Forest model is made up of 25 decision trees with the
RF maximum depth of each tree restricted to 10.
The model is trained with 40,000 examples of 8 dimensions

XGBoost model is made up of 100 decision trees with
the maximum depth of each tree restricted to 9.
GBT In addition, each tree learns with 80% of the samples from the
training set and performs split based on 80% of the features.
The model is trained with 40,000 examples of 8 dimensions

The proposed model is made up of two dense layers with
outputs a 32-feature representation.
The feature representation is then passed through two CNN layers and
Attention Block for final estimation.

Proposed model

Table 5: Models description for each algorithm trained on NASA dataset, set-2

Error SVM k-NN RF GBT Proposed
MAPE | 35.647% | 18.811% | 22.155% | 19.978% | 10.518%

Table 6: Performance metrics for ROT estimation in NASA set-2 dataset
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Figure 17: Estimation of ROT as the final discharge cycle progress for battery BO048

9 Conclusion

One of the most important part of prognostics is decision making. In the present work, the estimation of
remaining operational time of the battery is used to take decision as to whether the desired task/mission
could be completed before battery run-out or not. For this the estimation algorithms are expected to
predict ROT accurately irrespective of available battery percentage, meaning the algorithm is supposed
to be robust for different SoC and SoH of the battery. As discussed in section[§] the proposed algorithm
estimates the ROT accurately for different scales, under varied SoC and SoH conditions. This improves
the predictability of the battery condition and aids in making suitable decisions regarding the task in
hand. Hence, the proposed algorithm in this research, uses temporal information to learn the changes in
the battery across time and utilizes that in-coherence with the available features for estimating accurate
remaining operational time. The proposed architecture is robust for estimation of ROT for varied
batteries from the NASA battery dataset and Drone battery dataset. Hence this architecture can be

generalized and used for varied battery types.
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