2 M processes

Article

Fault Diagnosis for Power Batteries Based on a Stacked Sparse
Autoencoder and a Convolutional Block Attention
Capsule Network

Juan Zhou *©, Shun Zhang ! and Peng Wang 2

check for
updates

Citation: Zhou, J.; Zhang, S.; Wang, P.
Fault Diagnosis for Power Batteries
Based on a Stacked Sparse
Autoencoder and a Convolutional
Block Attention Capsule Network.
Processes 2024, 12, 816. https://
doi.org/10.3390/pr12040816

Academic Editors: Diane Mynors and

Qingping Yang

Received: 18 March 2024
Revised: 13 April 2024
Accepted: 15 April 2024
Published: 18 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Quality & Safety Engineering, China Jiliang University, Hangzhou 310018, China;
p21060857041@cjlu.edu.cn

China Automotive Engineering Research Institute Co., Ltd., Chongging 401120, China;
wangpeng@caeri.com.cn

*  Correspondence: zhoujuan@cjlu.edu.cn

Abstract: The power battery constitutes the fundamental component of new energy vehicles. Rapid
and accurate fault diagnosis of power batteries can effectively improve the safety and power perfor-
mance of the vehicle. In response to the issues of limited generalization ability and suboptimal diag-
nostic accuracy observed in traditional power battery fault diagnosis models, this study proposes a
fault diagnosis method utilizing a Convolutional Block Attention Capsule Network (CBAM-CapsNet)
based on a stacked sparse autoencoder (SSAE). The reconstructed dataset is initially input into the
SSAE model. Layer-by-layer greedy learning using unsupervised learning is employed, combining
unsupervised learning methods with parameter updating and local fine-tuning to enhance visual-
ization capabilities. The CBAM is then integrated into the CapsNet, which not only mitigates the
effect of noise on the SSAE but also improves the model’s ability to characterize power cell features,
completing the fault diagnosis process. The experimental comparison results show that the proposed
method can diagnose power battery failure modes with an accuracy of 96.86%, and various evaluation
indexes are superior to CNN, CapsNet, CBAM-CapsNet, and other neural networks at accurately
identifying fault types with higher diagnostic accuracy and robustness.

Keywords: power battery; stacked sparse autoencoder; convolutional block attention capsule net-
work; fault diagnosis

1. Introduction

New energy vehicles play a crucial role in addressing energy depletion, mitigating
environmental pollution, and advancing electrified transportation. With the support of
policies and the market, by the end of 2023, China’s new energy vehicle production and sales
volume had reached an impressive 9.587 million units and 9.495 million units, respectively,
exhibiting year-over-year growth rates of 35.8% and 37.9%, respectively. Moreover, the
market share of new energy vehicles expanded by a significant 6.0 percentage points
compared to the same period last year, reaching a remarkable 31.6%, and has maintained
its position as the global leader for eight consecutive years [1]. The ensuing safety problems
of new energy vehicles are becoming more and more prominent, with more than 60% of
the accidents caused by power batteries. Therefore, timely and accurate identification and
diagnosis of power battery failures are vital to prevent accidents and are significant to
improving vehicle dynamics, safety, and reliability.

Recent research on power battery fault diagnosis has predominantly centered on
expert diagnosis and neural networks [2]. Gu, A. et al. [3] proposed a power battery
fault diagnosis method based on RBF for the typical failure modes of power batteries and
verified the method’s effectiveness with test data. Mahmoud, A. et al. [4] employed a CNN
(convolutional neural network) for EEG emotion recognition, demonstrating the proposed

Processes 2024, 12, 816. https:/ /doi.org/10.3390/pr12040816

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr12040816
https://doi.org/10.3390/pr12040816
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-2579-0067
https://doi.org/10.3390/pr12040816
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12040816?type=check_update&version=2

Processes 2024, 12, 816

20f19

method’s robustness through relevant performance evaluation results. Du, R. et al. [5]
proposed a proton exchange membrane fuel fault diagnosis model, set the operating
conditions with different fault levels to realize the diagnosis of fault types and fault levels,
and verified that the method could effectively improve the reliability of the fuel cell system.
Tang, Q. et al. [6] presented a battery fault diagnosis method based on a fuzzy neural
network. Through the use of 24 fault samples, it was demonstrated that the proposed
method achieves higher diagnostic accuracy and faster training speed. Zheng, C. [7]
introduced an adaptive traceless Kalman filter-based fault diagnosis method specifically
designed to handle parameter shift faults in lithium batteries. They successfully applied this
method to address two types of faults in lithium-ion batteries, showcasing its remarkable
estimation accuracy. The above power battery fault diagnosis algorithm applies to the
diagnosis of typical fault types and does not apply to the fault diagnosis of power batteries
under complex conditions. The tremendous success of deep learning technology in feature
learning and image recognition has presented new opportunities for advancing power
battery fault diagnosis in recent years. These breakthroughs can potentially drive further
progress in this field [8].

Jiang, H. et al. [9] proposed an innovative approach, SAE-DBN (Stacked Autoencoder—
Deep Belief Network), for monitoring operating conditions. This addresses challenges
in fault feature extraction and enhances early warning accuracy for combined harvester
hydraulic systems. Liu, X. et al. [10] tackled the problem of insufficient prediction accuracy
of the network structure model by first extracting data features with an SSAE (Sparse
Stacked Autoencoder) and then performing regression analysis with a BPNN (Backprop-
agation Neural Network), achieving better results in reducing the average error of the
predictable results. Ma, X. et al. [11] presented a fault diagnosis model that combines
SSAE (Stacked Sparse Autoencoder) and TL (Transfer Learning) to address the digitization
problems and low intelligence of traditional fault diagnosis methods, demonstrating higher
accuracy than traditional neural networks. Xiang, C. et al. [12] addressed the problems of
low accuracy of rolling bearing fault diagnosis and inability to identify unknown faults;
firstly, SSAE was used for feature extraction and then combined with XGBoost for fault
identification. The research findings indicate that SSAE is capable of performing deep-level
signal feature extraction for fault diagnosis, leading to a significant improvement in the
accuracy of fault diagnosis. To overcome the defects of CNNs, Hinton, et al. [13] proposed a
Capsule Network (CapsNet). The new capsule network structure has a better classification
effect and performance than CNNs and can provide better accuracy and convergence when
dealing with complex data. Meanwhile, the attention mechanism can focus on the vital
information in the data by assigning different weights to each part of the information input
to improve the model performance [14]. Therefore, integrating the attention mechanism
with the capsule network not only addresses the limitations of traditional CNN but also
enables improved focus on crucial information within the target. This capability is essential
for meeting the practical demands of fault diagnosis under complex conditions. As a result,
the combination of the capsule network and attention mechanism has gained prominence
as one of the primary approaches for fault diagnosis in current times. Zhang, H. et al. [15]
introduced a crop disease recognition method that utilizes an attention capsule network.
The experimental results demonstrate that integrating the attention mechanism with the
capsule network significantly enhances the training capability of the network. This im-
provement offers an effective solution for enhancing the performance of deep learning
methods in crop disease recognition. Zeng, W. et al. [16] presented a method for small-
sample rice pest recognition using the Convolution Block Attention Module (CBAM). The
results demonstrated a significant improvement in feature recognition accuracy when
combining the attention mechanism with the capsule network. Zhang, Q. et al. [17] pro-
posed a scale feature fusion capsule network that incorporates the attention mechanism for
machinery fault diagnosis. The proposed method was evaluated using a rolling bearing
experimental dataset and a motor fault dataset to assess its performance and validate
its effectiveness. Sun, H. et al. [18] presented an intrusion detection method for capsule
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networks that utilizes an attention mechanism. This method aims to tackle the issue of
imbalanced sample data. The proposed approach was validated using a publicly available
dataset, demonstrating its scientific validity and effectiveness. Attentional mechanisms
combined with capsule networks are widely used in image recognition, fault diagnosis, and
other fields. However, the research applied to power battery fault diagnosis is relatively
rare, which has a wide range of application prospects. From the above literature, it is clear
that SSAEs can effectively extract data features and increase data differentiation in the case
of complex sample data so that the dataset performs better in the ensuing fault diagnosis
task [19]. Furthermore, the combination of the capsule network and attention mechanism
is capable of effectively mitigating the impact of noise generated by an SSAE on network
performance. They can also better focus on the local and global information of the data
and meet the performance requirements of the practical applications of power battery fault
diagnosis [20].

Building upon the aforementioned research findings, this study proposes an innovative
approach for power battery fault diagnosis—an SSAE-based Convolutional Block Attention
Capsule Network. Firstly, the collected power battery data are processed by a mixed
sampling method to achieve equalization of data samples; then the processed data are
input into the SSAE model for feature learning to achieve more efficient and meaningful
feature extraction; finally, the CBAM module is set up to extract essential features before
the initial capsule network, and the final test and parameter adjustment are carried out
to establish the CBAM-CapsNet model. This model is then utilized for fault diagnosis in
power batteries. The contributions and main innovations of the fault diagnosis method
proposed in this study include:

(1) This study proposes a CBAM-CapsNet power battery fault diagnosis method based
on SSAE. The method takes power battery feature data as its input, achieving high
diagnostic accuracy and robustness for diagnosing unbalanced power battery data.

(2) To address the issue of insufficient differentiation of power battery fault data features,
the SSAE network model is constructed by stacking multiple SAE models to enhance
data features.

(3) Convl and Conv2 are positioned before the primary capsule layer of the capsule
network, with the insertion of the CBAM module. This adjustment reduces the impact
of noise generated by the SSAE on network identification performance, particularly
when discussing the generalization ability of the fault diagnosis model.

The remaining sections of this paper are structured as follows: Section 2 describes the
proposed feature extraction method and the attention fault diagnosis method; Section 3
presents the fault diagnosis process for power battery data based on unbalanced samples.
Concluding remarks are provided in Section 5.

2. Methods
2.1. Principle of the SSAE Algorithm

The SAE [21] incorporates supplementary sparse-type constraints on the hidden layer
neurons, augmenting the traditional autoencoder structure with regular constraints to
enhance the model’s generalization ability and noise robustness. The structure of the SAE
is illustrated in Figure 1.

The SAE introduces a penalty factor into the hidden layer’s cost function to regulate
the average activity level of the neurons. The average activity of neuron i is shown in the
following equation [22]:

1N 1Y
Pi = Nn;l hi(xn) = ﬁgf(wix” +bi) M

where N represents the number of neurons; h; represents the output of neuron i in the
hidden layer; f represents the activation function; W; and b; represent the weight and bias
of the corresponding neuron, respectively.
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Moreover, to quantify the similarity between the average neuron activation output
and sparsity, the KL scatter (Kullback-Leibler divergence) function is incorporated into the
SAE. The KL dispersion is calculated as follows:

5 1-
KL(pllpy) = plog&- + (1= p)log7—- @
pi 1—p
where p denotes sparsity, typically set to p = 0.05. A smaller L dispersion indicates a closer
fit to the true distribution, implying a smaller disparity between p and p;.
Thus, the SAE loss function can be represented as follows:

n

Jsag(W,b) = Jsag(W,b) + uY_ KL(pl|p;) 3)
i=1

where y denotes the penalty coefficient, m denotes the total number of input samples, and
n represents the total number of neurons.

Figure 1. SAE structure.

A single SAE network is limited in its ability to learn complex and deeper implicit
features. SSAEs can be significantly improved by stacking multiple SAEs layer-by-layer
and incorporating sparse constraints. This transformation gradually shifts the data from
the original high-dimensional space to more representative low-dimensional feature repre-
sentations, while preserving the informational content of the input data [23]. The structure
of the SSAE is illustrated in Figure 2.

In the SSAE, after inputting the original data into the input layer, the feature vector h;
learned by encoder 1 is utilized to train the input of the second SAE layer. Subsequently, the
previously trained SAE hidden layer serves as the input layer for the next SAE. This process
of training a single hidden layer of the SAE is repeated sequentially up to the k layers.
Ultimately, a more representative and lower-dimensional feature vector y, is obtained. The
training process for the SSAE is illustrated below [24]:

he = fi(- - f2(f1(x))) 4)

where hy represents the coding vector obtained from the dataset X through the coding
layer; f(-) represents the activation function.
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H

Input layer

Building upon this foundation, the SSAE enables the extraction of more representative
features from power battery failure data by incorporating sparse constraints.

Lssae(W,b) = J(W,b) +/3iKL(P||ﬁj) ®)
=

Equation (5) defines p as the coefficient term constant of the SSAE, B as the KL scatter-
ing constant of the SSAE, and s; as the number of hidden point nodes.

The SSAE combines the benefits of both AEs and SAEs, and its multilevel structure
can effectively explore the potential features of the data. Additionally, the SSAE disregards
interactions with subsequent features while preserving the essence of fault features. En-
suring the entire SSAE structure maintains strict symmetry and guarantees consistency
between the dimensions of the reconstructed data and the input sample data.

Hidden layer Ouput layer

H
o
(¢
Ly

O-000

Q'@ 0

Figure 2. SSAE structure.

2.2. Convolutional Block Attention Capsule Networks
2.2.1. Capsule Networks

To address the limitation where convolutional neural networks (CNNs) might lose
certain feature parameter information in the pooling layer, Hinton et al. introduced a novel
capsule network model in 2017, demonstrating exceptional performance on the MNIST
handwriting dataset. The capsule network consists of two parts, that is, the encoder and
decoder; the encoder part includes a convolutional layer (Conv), primary capsule layer
(Primary Caps), and digital capsule layer (Digital Caps) [25]. The structure of the CapsNet
is illustrated in Figure 3.

]
| ; :
!dY"a}“‘Cl DigitCaps |

———— 2 | routing |
ReLU Convl iqlgorithblg 12, |
F—— | e o [a®.. “
. | | Length |~ |l
- | corresponds A |
N R I ! to category I
W | |
I | |

dynamic routing

Figure 3. Structure of CapsNet.

Moreover, the capsule network introduces a dynamic routing algorithm to facilitate
information transfer between capsule layers. It dynamically adjusts the parameters of
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both the main capsule layer and the digital capsule layer through an iterative process
to enhance feature extraction and classification efficiency. If the prediction results of all
sub-capsules are consistent, the corresponding parent capsule activates, thus generating
the corresponding feature vector [26]. The dynamic routing mechanism process is shown
in Figure 4.

Squashing

Figure 4. Dynamic routing mechanism.

The dynamic routing algorithm passes through the following three stages:
First, the input vectors are weighted and summed, compressed to generate the feature
vectors, and the specific calculation process is illustrated below:

i = Wiju; ¢
5 = LCijil ©

where i represents the i-th fault characterization capsule; j represents the labeling of the
digital capsule; w;; represents the matrix of weights; u; is the output of the i-th capsule,
which is obtained by multiplying with the transformation matrix w;; to obtain the vector
ilj|;; lj; represents the vector of input s; ¢;j represents the routing parameter from the i-th
capsule in the sub-capsule layer to the j-th capsule in the parent capsule layer; s; represents
the j-th capsule in the parent capsule layer.

Then, the routing parameter c;; undergoes updates to enable dynamic routing between
capsule layers. The calculation process is illustrated below:

o = _exr(by)
T Erexp(by) (7)
ﬁj\i X vj + bi]‘ = b,‘j
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where b;; represents the probability that capsule i in the child capsule layer is connected
to capsule j in the parent capsule layer; v; represents the output of the j-th capsule in the
parent capsule layer.

Finally, the squash function compresses the modulus of the digital capsule s; to the
range [0,1], ultimately yielding the digital capsule v; from the digital capsule layer. The
updating of b;; is determined by the degree of matching between features in the lower
capsule and their corresponding positions in the higher capsule. The detailed computation
process is illustrated below.

v; = squash(s;) =

5i
2 2
LIl flsil (8)

bij+ ;- vj = byj

In each forward propagation of dynamic routing, b;; is first initialized to 0, and
Equation (8) is used to update the values of b;; and ¢;j; the value of s; is further corrected
by forward propagation to change the value of the output vector v;. The optimal coupling
coefficients are finally obtained through an iterative loop of dynamic routing.

2.2.2. CBAM Module

CBAM [27] establishes attention mechanisms on channels and spatial locations, which
are then merged to optimize features and enhance the overall performance and robustness
of the model. By integrating CBAM into various convolutional layers and introducing a
limited number of parameters, the focus is on representing effective feature information
while minimizing irrelevant feature information.

Attention mechanisms are broadly classified into two categories; the channel attention
module (Figure 5) focuses on capturing meaningful aspects in the input data sample [28].
In the context of fault diagnosis, the process involves global pooling and average pooling
operations on the input feature matrix. The results from these operations are then fed into
a multilayer perceptron (MLP) for learning. Subsequently, the MLP output undergoes
element-wise addition and is mapped with the Sigmoid function to derive the final “channel
attention value”. This value is then multiplied by the input matrix F to produce the new
channel attention feature map. The detailed calculation process is illustrated below [29]:

Avgp = MLP(AvgPool (F))
Maxp = MLP(MaxPool(F)) )
M. (F) = o(Avgp + Maxp)

where M, (F) represents the input feature matrix after being weighted by the one-dimensional
channel attention parameter matrix; o(-) signifies the Sigmoid activation function; maxPool(-) and
AvgPool(-) indicate the maximum pooling operation and average pooling operation, respectively.

‘ Input features ‘ ‘ MaxPool ‘ ‘ Output‘ ‘ Channel weight ‘

Different channel,

Assign different weights

MLP

AvgPool

Figure 5. Channel Attention Module in CBAM.
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The one-dimensional channel attention parameter matrix acquired through learning is
integrated with the original features, resulting in the computational formula depicted below:

F=FaM (10)

where the symbol ® represents the multiplication of the corresponding elements one by
one, i.e., the features of each dimension are multiplied by the weighting coefficients of the
corresponding dimension; F’ is the fused feature matrix.

The original feature fusion of spatial attention (Figure 6) follows the same approach
as channel attention, primarily emphasizing crucial regions within the input features and
assigning varying weights to features at different spatial locations [30]. In fault diagnosis,
the process begins with the two-dimensional feature matrix F’ generated by the channel
attention module undergoing global pooling and average pooling operations to produce
feature maps for each channel. Subsequently, the two-dimensional features are obtained by
concatenating the results of global pooling and average pooling in the channel, resulting
in a spliced matrix with dimensions H x W x 1. The spliced results are then reduced
to a single channel through convolutional operations, yielding a feature dimension of
H x W x 1. Finally, the single-channel feature result map is concatenated and input into
the 7 x 7 convolutional layer, and the ultimate result is produced after processing through
the Sigmoid activation function. The computational process is illustrated below:

{M(F) = [AvgP(F), MaxP(F)] 1)
Ms(F) = o (f77(M(F)))

where “[ ]” represents matrix merging; f represents convolution operation; Mg(F) rep-
resents the spatial attention parameter matrix learned by the feature matrix F; and f”*”
represents the convolution operation using a convolution kernel of size 7 x 7.

Input features MaxPool Channel weight

’ Contact‘ ‘ Conv ‘
—_— — @ —

Figure 6. Spatial attention module in CBAM.

AvgPool

CBAM (Figure 7) initially extracts channel features from input features, then acquires
channel attention M¢ from the feature matrix F, and multiplies the two to obtain a new
feature matrix F’; subsequently, F’ learns spatial attention Mg, and the product of F’ with
Mg results in the final fused feature matrix F”. This process enhances the network’s feature
extraction capability while minimizing noise interference. The CBAM calculation formula
is illustrated below:

(12)

F'=M/(F)®F
FN — MS(FI) ®F/

where F” represents the output characterization under the action of CBAM.
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Figure 7. CBAM structure.

3. Power Battery Fault Diagnosis Model

To enhance the accuracy of power battery fault diagnosis in new energy vehicles, a
novel method, CBAM-CapsNet power battery fault diagnosis, is proposed, incorporating
the SSAE technique. Initially, the data undergo hybrid sampling to achieve a balanced
sample data set. By enhancing the SAE network architecture and stacking to construct
the SSAE model, the dataset samples are trained, data features are obtained, and these
features are mapped to a high-level representation through their combination to extract
deep-level fault features. The traditional capsule network is integrated with CBAM, in-
troducing two convolutional layers before the initial capsule layer, and inserting CBAM
between these layers to enhance the extraction of more powerful fault features. Finally, by
combining performance evaluation indexes, CBAM yields a more robust fault diagnosis
model. Subsequently, the traditional capsule network is combined with CBAM, setting
up two convolutional layers before the initial capsule layer, and inserting CBAM between
these layers to produce fine features with more essential characteristics of the power bat-
tery. This leads to the construction of a fault diagnosis model with enhanced fault feature
extraction capabilities. The proposed model is then validated through a combination of
performance evaluation indexes and experimental comparisons. The specific power battery
fault diagnosis process is illustrated in Figure 8.

Step 1: Acquisition and pre-processing of power battery fault data. Initially, the power
battery fault data are obtained via the BMS system of new energy vehicles and vehicle
enterprise platforms. Next, statistical analysis is performed on the power battery fault types
to identify those associated with sudden uncontrolled accidents in new energy vehicles.
Finally, the discrete and disordered feature attribute values of power battery data are
encoded using One-Hot encoding.

Step 2: Mixed sampling method for unbalanced data. To address the issue of category
imbalance in the dataset, a hybrid sampling method that combines oversampling and
random undersampling is employed [31]. For fault samples belonging to minority cate-
gories, oversampling is employed to augment their data, ensuring comprehensive feature
learning by the model. Whereas for fault types belonging to majority categories, random
undersampling is utilized to decrease their count, thus achieving a balanced representation
for each category. The theoretical number of samples after sampling for each fault type is
illustrated below [32]:

Nj — & % Ny (undersampling)

Nj + a * N4 (oversampling) 1=12---M (13)

N_new; = {

where N_new; represents the number of samples sampled by category i; N; represents the
number of samples in the category i before sampling; « represents the sampling balance
factor, here & = 0.5; N,;;oy denotes the median of the number of samples of all categories
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before sampling if N; is greater than N, to take undersampling mode, and vice versa to
take oversampling mode.

|
|
| |
| o :
: s Collecting power battery failure data and removing abnormal :
I = samples |
| & [
Il 5 + [
: 3 Filtering of fault types and One-Hot coding of discrete and :
: = disordered features |

72 |

| [ |
= v v |
1| 0Q . I
: Train set Testset ||

[
[ |

| Lo ~ |
|

| o Setting SSAE Parameters | Setting the network structure and |
I A P! parameters Al
> i Vo =1
: D‘J | : * > |

. . | |
: g Training the r-th SAE : : Convl .Z i
(= a ] Q|
5= ] 2 |
S : ' CBAM extracts key features % :
| Q | | — |
| o | | =) |
| =3 Dl ¢ e |
| 8 0 f the n-th implicit | | =
; g_ utput of the n-th implicit layer : | Conv2 S |
| | sl
2 L o |
| o Save model parameters ] ¢ g |
: % (including: number of SAEs, | : o ) g |
= number of neurons in each layer, || | Building Primary capsule 2
| @ sparsity parameter) L v =l

= | : _ =
: = y | : Constructing a digital capsule © :
= I i i

= Organize feature extraction data || ! based on dynalplc routing :
: | : mech_lz_imsm |

Calculate loss funcations

X

hether to meet the
ermination condition

NO Error backpropagation to update
network weight thresholds
Power Battery Fault Diagnosis Model

R Training Completed B

3 Output diagnostic results to evaluate
i Recall |—»
! model performance

3unsa} [9poIN

Figure 8. SSAE-CBAM-CapsNet model flow chart.
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Step 3: Dataset segmentation and reconstruction. The original dataset is divided into
specific proportions. Firstly, 70% of the data are randomly selected as the training dataset
for the model to learn patterns and features. Then, 20% of the data are randomly chosen
as the test set for evaluating model performance and assessing its generalization ability.
The remaining 10% of the data serve as the validation set for fine-tuning model parameters
and evaluation.

Step 4: SSAE for unsupervised learning and feature extraction. The unsupervised
feature extraction model based on the SSAE network is constructed to achieve the un-
supervised learning and feature extraction of power battery data. This is accomplished
by stacking the multi-layer SAE layer-by-layer, learning, and extracting sparsity feature
expression. The specific implementation steps are as follows:

First, Assuming the original datasetis X : {xq,x2, -, x,}, the dataset X is used to
train the first coding layer of the SAE, obtaining the first layer feature representation of
the dataset, i1. The activation function employed in this layer is the nonlinear Sigmoid
function. The calculation process of h is illustrated below [33].

k n
hy :f<2 WZx]-—i-bl) (14)
i=1 j=1

where hy is the hidden layer coding vector obtained from dataset X through coding layer 1;
f(+) is the activation function for coding layer 1; W is the weight matrix of coding layer 1;
b1 is the coding layer one bias vector.

Second, Inputting the feature representation /; from the first sparse coding layer into
the second sparse coding layer yields the second layer feature representation, h;, for the
dataset. The specific calculation process for h; is illustrated below

k n
hy —(7<Z W’x xj+b2) (15)

i=1 j=1

where h, is the hidden layer coding vector obtained from dataset X through coding layer 2;
() is the activation function for coding layer 2; W’ is the weight matrix of coding layer 2;
b, is the coding layer 2 bias vector.

Then, Upon completing the feature extraction of the input data, the SSAE connects it
to the softmax classification layer, generating the feature recognition for the corresponding
data after extraction. The softmax classification layer is capable of offering the probability
of the sample belonging to each category, assuming the classification problem involves
r categories. The output function fy(-) of the softmax classification layer is precisely
calculated below.

P(y; = 1|xn,6) et
P(}/l’ = 2|Xn, 9) 1 eBZTxn
folxn) = : = ——r— (16)
: Z}/:le ] n
P(y; = r|xu,0) o7 xn

where P(y; = j|x,,0)(j = 1,2,- - - ,r) is the probability that the softmax classification layer
will diagnose the sample x,, as belonging to category j, given the network parameter 0,
where the category with the highest probability is considered as the label for the sample;
The weight of the j-th output category is represented as 6;.

Step 5: Construct the CBAM-CapsNet model to complete the fault diagnosis process.
Several enhancements are implemented in the structure of the traditional capsule network.
Specifically, two convolutional layers are introduced in the convolutional part of the capsule
network. Convl is responsible for extracting the primary features of the target, while Conv2
focuses on extracting the high-level features of the target. Additionally, the CBAM attention
mechanism module is inserted between the two convolutional layers to enhance the ability
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to extract features from the power battery. Subsequently, the model weights are trained
through the dynamic routing algorithm to obtain the output vector. Finally, the output
vector from the digital capsule layer is employed to represent the type of fault in the
power battery. The CBAM-CapsNet network structure is depicted in Figure 9, and the
troubleshooting process is as follows:

Spatial
Attention

Channel Attention Module Module

Nerwork layer of capsule Category output

PrimaryCaps

L.
Figure 9. Structure of the CBAM-CapsNet network.

First, Conv1 extracts the primary features of the target. In Conv1, the input data
undergo extraction, and following the maximum pooling layer, the primary features F of
the data are extracted. The computational process is elucidated below:

F = max_pool (c(W1(F))) (17)

where F represents the primary features; W represents the weight parameter of con-
volutional layer 1; o represents the ReLU activation function; max_pool represents the
maximum pooling.

Second, CBAM attention mechanism module enhances data characterization. After
Convl, a CBAM attention mechanism module is introduced to conduct feature weighting
on the primary features. In comparison to the primary feature F, features contributing
more to the decision are assigned higher weights and play a more substantial role in the
classification decision process. Conversely, features contributing less or deemed irrelevant
are assigned lower weights and have a diminished impact on the classification decision
process, yielding the CBAM-weighted feature F”.

Then, Conv2 extracts high-level features of the target. The CBAM-weighted feature
F" is fed through Conv2 to obtain the high-level feature map Fcpap. Subsequently, a
dropout layer is introduced after Conv2, randomly selecting 50% of the neurons during
each training iteration, which is excluded from the training process to mitigate the risk of
network overfitting. The calculation process is illustrated below:

Fepam = dropout(c(Wo(F"))) (18)

where W, represents the parameters of Conv2; o represents the ReLU excitation function.

The fourth layer is the Primary Capsules layer, tasked with extracting the essential
entities of the target. Utilizing 128 x 7 x 7 convolutional kernels, features are extracted,
resulting in a set of quantum neurons of size 1 x Cy, referred to as capsules. Among these
capsules, some represent the target features. The formula is depicted below:

uj = [ug,uz, -, un] = squash(Ws(Fegam)) (19

The fifth layer is the digit capsule layer, where the primary capsule layer is subject to
weighting and fusion to yield N sets of capsules. The length of each capsule in these sets
represents the probability that the target belongs to a different category. The input is the
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primary capsule u;, and the output comprises N capsules, with N representing the number
of categories in the dataset. Each capsule is denoted by v}, and the specific calculation
process is elucidated below:

v;j =l[v,v2,---,oN],j=12,--- N
=l oN) =] (20)
= squash (Eizl Cijiljli, Uj|; = Wij”ij)

Dynamic routing algorithms update parameters by evaluating the error between
predicted and actual labels of capsule vectors, employing interval loss as the training loss
function for the network. The calculation process is illustrated below [34]:

\2
L= T,max(O,mJr - ||vr||2) + A(1 = Ty)max (0, |[v|| —m™) (21)

where m™ and m™ are category predictions, usually taken as m*™ = 0.9 and m~ = 0.1; A is
the equilibrium coefficient, usually taken as A = 0.5; r represents the type of power battery
fault; T, is the data category label, T; is 1 when it is determined to be that type of fault, and
0 when it is not that type of fault; v, represents the length of the vector, which indicates the
magnitude of the probability of diagnosing the fault as the r-th category. Smaller values
of L, indicate more minor differences between the predicted output vector and the actual
input vector, leading to better capsule network classification.

Finally, evaluate model performance. In order to gauge the accuracy of the power
battery fault diagnosis model using the SSAE’s CBAM-CapsNet and assess its performance,
Precision, Recall, and F1 values are utilized to quantify the disparity between the actual
labels and the diagnosis results. The specific calculation process is illustrated below [35].

TP

Precision = W
Recall = TPIEN (22)
F1 = 2XPxR _ 2TP
— "P+¥R — 2TP+FP¥FN

In the evaluation of the model, TP (True Positive) represents the number of samples
correctly predicted as positive classes, while TN (True Negative) represents the number of
samples correctly predicted as negative classes. FP (False Positive) represents the number
of samples incorrectly predicted as positive classes, and FN (False Negative) represents
the number of samples incorrectly predicted as negative classes. Precision measures the
proportion of samples correctly classified as positive out of all samples predicted as positive.
Recall measures the proportion of actual positive samples that are correctly identified by
the model. The F1 score, which considers both precision and recall, provides a more
comprehensive assessment of the model’s overall performance.

4. Experimental Design and Result Analysis
4.1. Parameter Description and Computational Complexity Analysis

In this study, comparison experiments and parameter tuning were conducted on a
computer running the Windows 10 64-bit operating system. The code was implemented
using Python 3.10 programming language, and the modeling was performed using Tensor-
flow 2.10.0 deep learning framework. The detailed experimental environment configuration
is illustrated in Table 1.

Table 1. Experimental environment and configuration.

Experimental Environment Configure
operating system Windows 10 64bit
processing unit Intel(R) i5-12490F 2.30 GHz
random access memory (RAM) 8G
programming language Python3.10

Deep Learning Framework Tensorflow2.10.0
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The performance of the neural network greatly depends on the selection of hyperpa-
rameters. Common hyperparameters include, but are not limited to, learning rate, batch
size, optimizer, number of iterations, and decay rate. The total number of training iterations
for the network is set to 1000, with a batch size of 128 data points per training batch. The
Adam algorithm is selected as the learning optimizer, with a learning rate of 0.001.

4.2. Data Processing

To ensure the safe operation of new energy vehicles and foster the industry’s develop-
ment in a positive direction, China has established a national regulatory platform for new
energy vehicles. This platform facilitates real-time detection of power battery operation
data, offering robust safety assurance for new energy vehicles. This paper utilizes the
national regulatory platform for new energy vehicles to collect information on the failure
state parameters of new energy vehicle power batteries. This includes onboard data ac-
quisition frequency of every 10 s, sampling accuracy of 1 millivolt, and the use of lithium
ternary batteries. The collected power battery parameters encompass battery current, SOC,
total battery voltage, voltage of each cell, temperature of each cell, maximum voltage cell
number, minimum voltage cell number, maximum temperature cell number, minimum
temperature cell number, and battery status, among other attributes.

Utilizing battery parameter information, the battery fault types are categorized as
poor single-cell consistency, DC-DC temperature alarm, SOC jumping, low SOC, insulation
failure, single-cell over-voltage, and single-cell under-voltage. These faults are assigned
numbers 0 through 6 in sequential order. After screening samples with missing or abnormal
features and conducting statistical analysis on the fault types, Table 2 presents each fault
type along with its corresponding sample count.

Table 2. Number of samples corresponding to each fault type.

Fault Number Fault Type Sample Size

0 Poor single-cell consistency 94

1 DC-DC temperature alarm 123
2 SOC jumping 435
3 Low SOC 548
4 Insulation failure 832
5 Single-cell over-voltage, 866
6 Single-cell under-voltage 1691

Fault types in the sample data are designated by numbers ranging from 0 to 6, each
representing a distinct fault category. Furthermore, the remaining sample data incorporate
characteristic variables like total current i, SOC, highest individual voltage number, highest
temperature individual voltage number, lowest voltage individual number, battery status,
and others. The discrete and unordered features are digitized through One-Hot coding,
enhancing their utility for subsequent fault diagnosis tasks.

4.3. Troubleshooting and Result Analysis

During the experiment, 3200 data points from the historical failure dataset of power
batteries were divided into a training set, with 900 data points allocated for the test set, and
the remaining 500 data points were designated for the validation set. To more intuitively
assess the classification accuracy of each fault type, experiments used confusion matrix
visualization techniques and rigorous cross-validation strategies. Figure 10 displays the
results of the confusion matrix for the proposed network model, along with the precision
and recall values for the corresponding fault patterns, as presented in Table 2.
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Figure 10. Confusion matrix for fusion diagnostic results.

Referring to the aforementioned figure, the fault diagnosis results depict the precision
and recall rates, with detailed outcomes presented in Table 3.

Table 3. Precision and Recall Rates of SSAE-CBAM-CapsNet Fault Diagnosis.

Fault Number Fault Type Precision Recall

0 Poor single-cell consistency 0.96 1

1 DC-DC temperature alarm 0.92 0.92
2 SOC jumping 0.92 0.89
3 Low SOC 0.96 0.96
4 Insulation failure 0.99 0.98
5 Single-cell over-voltage, 0.98 0.98
6 Single-cell under-voltage 0.99 1

Drawing from the previously discussed fault diagnosis results, it is apparent that the
model exhibits remarkable diagnostic efficacy, especially for fault types 0, 3, 4, 5, and 6.
Precision and recall rates surpass 0.96, except for fault types 1 and 2. The overall diagnostic
outcomes yield an average precision and recall of 0.96. The diagnosis of diverse fault
models demonstrates outstanding classification results, and the diagnostic process remains
relatively stable without indications of severely poor classification for certain faults.

4.4. Comparative Analysis of Algorithms

To validate the effectiveness of the proposed method in power battery fault diagnosis,
three classical fault diagnosis algorithms—CNN, CapsNet, and CBAM-CapsNet—are
chosen for comparative analysis, and the performance of each model is documented. All
proposed networks undergo training until convergence using an identical training set and
are subsequently tested using the same power battery fault data. Figure 11 showcases the
power battery fault diagnosis results for each neural network.

Analyzing Figure 11a, it is evident that the CNN method exhibits poorer diagnostic
results among various neural network methods. Diagnostic errors of varying degrees
are observed between fault modes, including poor single-cell consistency, low SOC, and
instances where insulation faults are mistakenly categorized as SOC jumps, single-cell
over-voltage, and single-cell under-voltage. Moving to Figure 11b, CapsNet displays fewer
misclassified samples, particularly excelling in distinguishing faults related to poor single-
cell consistency, and overall improvement in classification results is notable. Examining
Figure 11c, misdiagnoses of insulation faults as single-cell overvoltage are observed in
CBAM-CapsNet. However, the inclusion of the CBAM module enhances the diagnostic
accuracy of each fault type while ensuring a smoother diagnostic process. In the broader
context of Figure 11, SSAE-CBAM-CapsNet significantly enhances the diagnostic accuracy
of diverse fault category samples, with only a minimal number of misclassifications for
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SOC low fault samples. This improvement is attributed to the model’s incorporation of
the SSAE to bolster the feature extraction capability of the entire model, coupled with
the addition of the CBAM module on the foundation of the traditional capsular network
model. This not only mitigates the impact of SSAE noise but also elevates the model’s
power battery fault diagnosis ability.

Confusion Matrix. CNN Confusion Matrix. Capsule Network
300
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Figure 11. Confusion matrix of diagnostic results for each neural network: (a) CNN Confusion;
(b) CapsNet Confusion; (c) CBAM-CapsNet Confusion.

Precision, Recall, and F1 values for each neural network are computed based on the
confusion matrix diagrams in Figures 10 and 11 This calculation serves to compare and
evaluate the performance of each algorithm. The results, depicting precision, recall, and F1
values with the increase in the number of iterations, are illustrated in Figures 12 and 13,
and summarized in Table 4.
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Figure 12. Plot of exact variation with increasing number of iterations.
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Figure 13. Fault diagnosis accuracy of different neural networks.
Table 4. Fault diagnosis results of different neural networks.
Method Precision Recall F Value
CNN 0.84 0.87 0.84
CapsNet 0.94 0.92 0.93
CBAM-CapsNet 0.94 0.96 0.95
SSAE-CBAM-CapsNet 0.97 0.96 0.96

From the above graphs, it is evident that as the number of iterations increases, the
accuracy converges to 0.84 for CNN, 0.94 for CapsNet, 0.94 for CBAM-CapsNet, and 0.96
for SSAE-CBAM-CapsNet. Furthermore, in comparison with CNN, CapsNet, and CBAM-
CapsNet, the proposed model enhances precision by 0.13, 0.03, and 0.03; recall by 0.09, 0.04,
and 0.01; and F1 value increases by 0.12, 0.04, and 0.02, respectively. Across all metrics,
the proposed model outperforms the other three methods, significantly improving fault
diagnosis indicators and demonstrating the capability to accurately diagnose various fault
modes of power batteries.

5. Conclusions

In response to the challenges of low diagnostic accuracy and limited generalizability
in power battery fault diagnosis, a proposed approach integrates the SSAE to bolster
the model’s feature extraction capability. Furthermore, the Capsule Network is fused
with CBAM to extract and identify crucial information from the data efficiently. This
leads to the development of the CBAM-CapsNet model for power battery fault diagnosis.
To ascertain the effectiveness of the proposed method, pertinent evaluation indices and
experimental validation are utilized. The subsequent section delineates the specific steps
and experimental results.

1.  Data pre-processing. In addressing the challenge of uneven distribution in power bat-
tery fault data, we propose a hybrid sampling method. This approach integrates both
undersampling and oversampling techniques to create a balanced dataset. The quality
and efficiency of the sampling results are systematically evaluated and adjusted to
attain the optimal sampling effect.

2. Establish the SSAE model to enhance feature extraction. Initially, multiple sparse
autoencoders are stacked, with the output of each serving as the input for the subse-
quent one, forming the SSAE model. Subsequently, the pre-processed fault data are
fed into the SSAE model to tackle the challenge of inadequate feature differentiation.
This process results in the augmentation of data features, facilitating subsequent fault
classification and diagnosis tasks.
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3. Establishment of an SSAE-based CBAM-CapsNet model. To augment the network’s
feature expression and extraction capabilities, Convl and Conv2 are positioned in
front of the primary capsule layer of the capsule network. Furthermore, the CBAM
attention mechanism module is incorporated to alleviate the impact of noise generated
by the SSAE on the network’s recognition performance. This integration of CBAM
enhances the overall performance of the network by emphasizing relevant features
and diminishing the influence of irrelevant information. Finally, a dynamic routing
algorithm is introduced to streamline network computation, and the output specifies
the type of power battery faults, completing the power battery fault diagnosis.

During the power battery fault diagnosis process, it is acknowledged that the SSAE-
based CBAM-CapsNet algorithm is impacted by data imbalance. Therefore, future research
could delve into preprocessing non-equilibrium data to enhance the model’s accuracy and
generalization capability.
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