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State of health is a critical state which evaluates the degradation level of bat-
teries. However, it cannot be measured directly but requires estimation. While
accurate state of health estimation has progressed markedly, the time- and
resource-consuming degradation experiments to generate target battery
labels hinder the development of state of health estimation methods. In this
article, we design a deep-learning framework to enable the estimation of
battery state of health in the absence of target battery labels. This framework
integrates a swarm of deep neural networks equipped with domain adaptation
to produce accurate estimation. We employ 65 commercial batteries from 5
different manufacturers to generate 71,588 samples for cross-validation. The
validation results indicate that the proposed framework can ensure absolute
errors of less than 3% for 89.4% of samples (less than 5% for 98.9% of samples),
with a maximum absolute error of less than 8.87% in the absence of target
labels. This work emphasizes the power of deep learning in precluding
degradation experiments and highlights the promise of rapid development of
battery management algorithms for new-generation batteries using only pre-

vious experimental data.

Lithium-ion batteries (LIBs) offer high energy density, fast response,
and environmental friendliness', and have unprecedentedly spurred
the penetration of renewable energy**. The global market of LIBs
displays staggering figures in 2020, up to 142.8 GWh on the side of
electric vehicles, and it is expected to exceed 91.8 billion dollars’ in the
next few years. While LIBs are being popularized at a phenomenal rate,
their prolonged applications are facing tough challenges. As is the case
with machines, LIB components such as electrodes and separators
experience varying levels of degradation. These negative spillovers
lead to capacity and power fade®’ and thereby imperil the assets®. To
ensure safe and efficient battery management, obtaining an accurate
battery state of health (SOH) is of vital importance.

Battery SOH has been defined in various forms. It can be defined
by the service time’ or by the increase in the internal resistance.
Although these variables are easily measurable, battery degradation is
also accompanied by capacity loss, whose accurate determination

impacts other battery management tasks such as driving range esti-
mation and life prediction. Thus, SOH, defined as the ratio between the
present capacity and the initial capacity, is drawing broad attention'',
However, the capacity measurement requires completely charging or
discharging the batteries with specific protocols®, which is not prac-
tical for batteries in use. This motivates the SOH estimation from daily
operating data.

Existing SOH estimation studies are generally devoted to
extracting features correlated with SOH degradation and mapping
them to the SOH. These methods require lifelong battery degradation
data with measured SOH labels of the target LIBs (so-called target-
labeled data). On this basis, many features have been crafted based on
our understanding of battery degradation, such as the electrical
features'", electrochemical features'®, acoustic features”, mechanical
features'", and thermal features™. Such arduous data collection and
feature engineering steps impede the development of SOH estimation
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methods. Recently, deep neural networks (DNNs)** have demon-
strated the automatic extraction of black-box features from raw
operating data, showing impressive SOH estimation performance.
However, experimental collection of the target-labeled data is time-
consuming and resource-intensive”, and creating massive datasets for
different types of LIBs is rarely sustainable.

A paradigm of generalization for DNNs is transfer learning, which
is one promising solution to lighten the burden of data collection.
Transfer learning transfers knowledge learned by a DNN in a training
dataset (the source domain) to a different dataset (the target domain)
using a small number of target-labeled data*. For example, a DNN for
charging curve prediction trained using one type of battery can adapt
to other types of batteries by fine-tuning using a small number of new
samples®. A growing body of literature’*? applies retraining or fine-
tuning techniques for SOH estimation of various types of batteries.
Generally, these works require at least 25-30% of labeled lifelong data
in the target domain. Therefore, target domain degradation experi-
ments are still needed. These approaches relying on conventional
experiments cannot keep pace with the battery upgrading and have
established a barrier to the development of battery technologies.

Approaches without the need for additional target-labeled data to
estimate SOH are attractive?®°, This can help the rapid development
of battery management systems (BMSs) for new-generation batteries
using only existing experimental data, saving considerable time and
resources. It is also expected to motivate the utilization of large-scale
field data without labels. Indeed, issues for target label-agnostic cases
have long been noticed. Cross-domain learning in the absence of target
labels has been proven to be equivalent to a dual training task, i.e.,
learning to predict the source labels while closing the gap between the
source and target domains®*%. Research in the field of visual
recognition® has shown that even though there are no target-labeled
data for training, a DNN jointly trained for classification and domain
invariance can conduct classification precisely across visually distinct
domains. This confirms that DNNs can accomplish the tasks in target
label-agnostic cases. However, LIB SOH estimation, which has a mas-
sive demand for target labels, has yet to benefit from it.

In this work, we propose a deep learning-based framework to
estimate battery SOH without relying on target labels for training. The
proposed framework integrates the estimates of a swarm of DNNs into
areliable SOH estimate rather than relying on a single DNN. Individual
DNNs are trained to learn cross-domain knowledge according to
source labels and domain invariance of degradation features. DNNs
with good performance in the swarm are selected for reliable estima-
tion. We further reveal the influence of the sample distribution in the
source domain on SOH estimation and propose to improve estimation
performance by trimming the sample distribution in the source
domain. We adopt two self-developed and three public battery
degradation datasets for cross-validation. The validation covers 80
cases, encompassing 71,588 samples collected from 65 cells. We
demonstrate that the proposed framework can achieve an absolute
error of less than 3% for 89.4% of samples (less than 5% for 98.9% of
samples), with a maximum absolute error of less than 8.87%. To pro-
vide references for the selection of hyper-parameters, we also inves-
tigate the influence of the crucial hyper-parameters on the estimation
performance. These results highlight the potential of deep learning in
supplanting the time-consuming battery degradation experiments,
and further rapid development of BMS for new-generation batteries
using existing experimental data.

Results

Framework overview

We develop a SOH estimation framework composed of a swarm of
DNNs (Fig. 1). This framework is designed for reliable estimation by
selectively integrating the estimates from multiple DNNs. The pro-
posed framework is introduced in terms of the training procedure

(Fig. 1a), estimation procedure (Fig. 1c), and its component units
(Fig. 1b). Their definitions and processes are introduced in the Meth-
ods section in detail.

The training procedure of the proposed framework integrates
independent sub-trainings of N DNNs (see Fig. 1a). Without loss of
generality, the battery charging data are employed as the input of
the DNNs since the battery charging process is generally con-
trollable and occurs regularly. Specifically, charging capacity
sequences within a voltage sampling window (so-called partial
charging curves) are taken as the input of each DNN, as demon-
strated by previous studies®***¥. Before sub-trainings, partial
charging curves from both source and target domains are normal-
ized by their nominal capacity. When the training starts, all the sub-
trainings are enabled and share an identical training set that is
composed of labeled source domain samples and unlabeled target
domain samples. We also designed a trimming round to form a new
source domain with a balanced SOH distribution by discarding
some samples. The training procedure of the proposed framework
is terminated after all the sub-trainings are finished.

Each DNN in the proposed framework has identical hyper-
parameters (Fig. 1b) but is initialized with different random seeds
based on the He initializer®. As the input of DNN, partial charging
curves from both source and target domains are first gridded with a
voltage interval of 10 mV to reduce the data burden. Next, these
samples are fed into stacked one-dimensional (ID) CNN layers to
extract their feature vectors. After that, feature vectors of the source
domain are flattened and fed into a terminal fully connected (TFC)
layer to generate their SOH estimates. These estimates are used
together with the source domain labels to calculate the source domain
loss. On the other hand, feature vectors of target-domain samples are
flattened to a middle fully connected (MFC) layer for reconstructing
their feature vectors. These reconstructed feature vectors play two
roles. The first is to quantify the domain gap together with the source
domain feature vectors. The second is to provide estimates of target
domain samples (treated as the pre-estimates of each trained DNN) in
the estimation procedure, where the reconstructed feature vectors are
further fed into the same TFC as the source domain for regression. By
simultaneously minimizing the SOH estimation loss of source domain
samples and the gap between the TFC inputs of the two domains, each
sub-training transfers the source domain knowledge to the target
domain.

The estimation procedure of the proposed framework, unlike the
training procedure, is to select a swarm of the trained DNNs to parti-
cipate in the estimation (Fig. 1c). First, all the DNNs are activated to
estimate the SOHs in the target domain, as mentioned above. The
trained DNNs are expected to differ widely in estimation performance
owing to the training uncertainty and can thus be treated as pre-
estimators. To produce a reliable final estimate, we eliminate some
unfavorable DNNs by setting quartile thresholds for the mean and
standard deviation of the estimation results. The estimations from the
selected DNNs are averaged to produce eventual SOH estimates for the
target domain samples. Detailed discussions can be found in the
Rationalization of predictive performance section.

Data generation

SOH estimation in target label-agnostic cases spans different applica-
tions, manufacturers, and chemistries. To reflect such situations, we
employ 10,757 samples collected from 65 commercial LIB cells pro-
duced by five different manufacturers for validation. The eventual
datasets cover five kinds of widely-used cathode active materials,
including lithium cobalt oxide (LiCoO,, LCO)*, a blend of LCO and
lithium nickel cobalt oxide (LiCONiO,, LCO/NCO)’, nickel manganese
cobalt (Li(NiMnCo)O,, NMC)*°, nickel cobalt aluminum (LiNiCoAIO,,
NCA), and lithium iron phosphate (LiFePO,, LFP). Note that the exact
composition of the cathode active materials cannot be further
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Fig. 1| Overview of the proposed SOH estimation framework. a Diagram of the training procedure. b Architecture of each DNN of the swarm. ¢ Diagram of the

estimation procedure.

provided here as this information is not available in the existing lit-
erature. The specifications of these five types of LIBs and their
experimental costs are compared in Table 1 (see Supplementary Note 1
for the estimation of the experimental cost). The degradation data of
PANASONIC and GOTION LIBs are experimentally generated in our lab
(see Data availability statement), and others are from three public
datasets™*"**, Details regarding the datasets can be found in Table S1.
Note that C-rate is a measure of the battery’s charge or discharge
current relative to its nominal capacity, and is used here to describe
the experimental current.

In Fig. 2, we plot the charging curves of the selected LIBs to dis-
close their different degradation behaviors. Significant gaps exist
between the charging curves of any two types of LIBs, even though
Datasets #2 and #4 consist of batteries with similar electrode active
materials. This is because the degradation behavior of LIBs is subject to
various factors, such as manufacturing factors and application sce-
narios. Affected by dissimilarity among experiments, degradation rate,
and data processing, the LIBs we employed cover different SOH dis-
tributions. This simulates the real-world discrepancy in sample dis-
tribution between the source and target domains. Therefore, given a

Nature Communications | (2023)14:2760



Article

https://doi.org/10.1038/s41467-023-38458-w

Table 1 | Main specifications of the selected LIBs in this work

Dataset Manufacturer/ provider Electrode active materials Nominal Voltage Data amount Estimated test
(Cathode/Anode) capacity (Ah) range (V) (Samples) duration (Hours)
#1 CALCE®# LCO/ Graphite 11 2742 2807 1397
#2 SANYO*! NMC/ Graphite 1.85 3.0-4.1 415 644
#3 PANASONIC NCA/ Graphite 3.03 2542 2770 1801
#4 KOKAM*2 (LCO/NCO) / Graphite 0.74 2742 503 8473
#5 GOTION HIGH-TECH LFP/ Graphite 27 2.0-3.65 4262 2238
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Fig. 2 | Lifelong charging curve family and histogram of the SOH of the selected five types of LIBs produced by five manufacturers. a #1, b #2, ¢ #3, d #4, e #5. The
histograms in subplots show the number of samples with different SOH.
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new type of LIBs, traditionally, we carry out time- and resource-
consuming experiments to develop tailor-made models for SOH esti-
mation. To address this issue, we propose a domain adaptation-
enabled framework for cross-dataset battery SOH estimation without
knowing any SOH labels of target batteries.

Cross-dataset battery SOH estimation in the absence of target
labels

In this experiment, we examine the performance of the proposed
framework on cross-dataset SOH estimation in the absence of target
labels. Detailed hyper-parameter settings can be found in Fig. S1. To
this end, the employed five types of LIBs are pairwise combined,
resulting in a total of 20 combinations. A general case is that there are
lifelong labeled source domain data (SOH ranges from 100 to 75%) and
unlabeled target domain data (SOH ranges from 100% to an unknown
level) for training. That is to say, except that initial cycles have a SOH of
100%, we know nothing about the SOH distribution of samples from
the target domain. Thus, our estimation faces the challenge of domain
imbalance*’. To imitate general cases, we postulate that the SOH of
batteries in the target domain are distributed from 100 to 95, 90, 85,
and 80% (denoted as ~95, -90, -85, and ~-80%), respectively. As a result,
each combination contains four cases with four different lower SOH
bounds (see Table S2 for the detailed validation scheme). A 500-mV
voltage window is utilized to extract the partial charging data, and it
covers 3.5 to 4 V for Datasets #1-4 and 3.1 to 3.6 V for Dataset #5. The
impact of different voltage windows on SOH is investigated in Sup-
plementary Note 2.

We first use all source domain samples to train the framework
without trimming and the estimation of SOH error distribution is
shownin Fig. 3a. Detailed results can be found in Figs. S3, 4. Overall, the
mean absolute error (MAE) of the proposed framework in all cases is
within 5.01%, which proves that the estimation in the absence of target
labels is effective. Interestingly, changing source domains induces
variation in the estimation accuracy for a specific target domain. For
example, using Dataset #5 as the source domain, we can achieve
accurate estimation for Datasets #1-4. However, using Dataset #2 as
the source domain leads to different estimation performance: the
overall errors in the -85 and ~80% cases are generally higher than those
in the -95 and ~90% cases. This result draws our attention to the source
domain. Tracing back to the SOH distribution in the source domains,
we find that the SOH distribution in Dataset #2 is significantly skewed
towards high SOH, and the skewness is —0.4. In contrast, the dis-
tribution of other datasets is relatively symmetric, and the skewnesses
of Datasets #1 and #3-5 are —0.19 and —0.12, 0.12, and —-0.05, respec-
tively. This explains why using Dataset #2 as the source domain brings
significant advantages in the ~95 and ~90% cases. For further valida-
tion, we trim the source domain SOH distribution to be symmetric by
making the skewness tend towards zero before training. The SOH
distributions in source domains after the trim are shown at the top of
Fig. 3a. Dataset #5 undergoes only slight trimming as its original dis-
tribution is almost symmetric (the skewness before the trim is —0.05).
In contrast, Dataset #2 is significantly trimmed, where many samples
with high SOH are discarded. Next, we employ the trimmed source
domains to train the framework and evaluate the performance of SOH
estimation. On the whole, the extent of change in accuracy is positively
correlated with that in the trim. Using Dataset #5 as the source domain
leads to good performance with little change as before. Using Dataset
#2, after undergoing the most notable change, brings similar trends as
the other datasets: the framework performs significantly better in the
~95 and -90% cases than in the ~85 and -80% cases. These results
highlight the impact of source domain SOH distribution on SOH esti-
mation in the absence of target labels and the effectiveness of the trim.
We then gather all the verification cases to statistically evaluate the
improvement of SOH estimation. Figure 3b shows the comparative
results before and after the trim to describe the error distribution as a

function of true SOH. Trimming the source domains reduces the
maximum absolute error from 10.09 to 8.87%. More importantly, the
percentage of high absolute errors (>5%) is dramatically reduced. Also,
most estimates are at a low absolute error level (<3%). To quantify this,
we plot the cumulative distribution of the absolute error using bins
with a width of 1% absolute error in Fig. 3c. 89.4% of the samples have
an absolute error of less than 3% and up to 98.9% of the samples have
an error of less than 5% after the trim, which is significantly superior to
the case without trim. In conclusion, the proposed framework can
achieve accurate cross-dataset SOH estimation in the absence of target
labels and can be improved after trimming the sample distribution in
the source domain.

Comparison with existing methods

To verify the advancement of the proposed framework, we gather all
validation cases and compare our accuracy with that of four popular
methods, including Gaussian process regression®*® (GPR), random
forest* (RF), support vector regression*® (SVR), and CNNY. Their
hyper-parameter settings can be found in Table S3. The comparative
results of the absolute error distribution are described in Fig. 4, and
detailed results can be found in Figs. S5-8.

We first show the performance of the four existing methods when
the target domain labels are available. Having enough target labels for
learning the target domain, the existing methods show high accuracy
with MAEs of less than 1%. However, the target labels in practice come
at the cost of numerous workforce and energy. Developing a battery
degradation dataset requires 644-8473 hours of degradation experi-
ments (according to the estimation in Supplementary Note 1). In the
absence of the target labels, existing methods fail to provide reliable
estimation with their MAEs over 5.01%, and the maximum absolute
error reaches over 17.91%. By contrast, the proposed framework
achieves accurate SOH estimation without target labels, reducing the
MAE and maximum absolute error by more than half. The MAE and
maximum absolute error are within 1.43 and 8.87%, respectively. More
importantly, given a swarm size of 300, our method leverages
~0.7 hours for training, avoiding degradation experiments of thou-
sands of hours (see Supplementary Note 3 for the computational cost
comparison). This excellent performance can be attributed to the
swarm-driven and domain adaptation strategies. To demonstrate this,
ablation experiments are performed to verify the role of these strate-
gies. Benchmark 1 and Benchmark 2 are created by disabling the
swarm-driven and domain adaptation strategies of the proposed fra-
mework, respectively. Benchmark 3 is designed by disabling both
strategies. The detailed results can be found in Figs. S9-11. Besides,
Benchmark 1 is designed with a comparable number of hyper-
parameters to the proposed framework. As expected, without the
help of either of the two strategies, the estimation performance
approximately reduces to the level of existing methods.

Rationalization of predictive performance

The excellent performance of our framework can be attributed to
domain adaptation and swarm-driven strategies. The swarm-driven
strategy is first analyzed. We take a pair of instances in the ~-85% case
(i.e., the cases of transfer from Dataset #1 to #5 and from Dataset #5 to
#1) to investigate its influence. The distributions of pre-estimation root
mean square errors (RMSEs) of DNN swarms in these cases are
reported in Fig. 5a, b. Overall, the pre-estimation RMSEs of DNN
swarms before selection, which are affected by uncertain training, have
a wide distribution. One can note that some DNNs have RMSEs of up to
10%. Thus, relying only on a single DNN may yield unreliable SOH
estimates like this. We also observe that most DNNs in the swarm are
positively skewed within an RMSE of less than 8%. Many of them have
RMSEs of less than 3%, indicating that a considerable part of the swarm
is trustworthy. This motivates the proposed framework to selectively
integrate estimations of a swarm of DNNs for reliable SOH estimation.

Nature Communications | (2023)14:2760



Article

https://doi.org/10.1038/s41467-023-38458-w

(a) Source domain
State of health
100%  80% 100%  80% 100%  80% 100%  80% 100%  80%
330 60 250 50 600
8
165 125 25 300 g‘
3
0 0 0 0
#1
T ™. 10% 10% 10% 10% 5
| E
41 5%$i y 5%:} 5%:}__ 5%; )
0% i * 0% i i 0% l :L i 0% 4 ? 1 2
T10% 10% 10% 10% 5
[}
[}
" 5%$$3' | 5%$$$$5%$$:}$5%4$}‘:§
0% ? 0% 0% 0% i $ _{jo
= T10% 10% 10% 10% 5
]
= £ 5
S w3l 5% 5% q 5% 5% E‘ |2
b ! | k S
%ﬂ 0% * A 3 0% 0% ()%igi j[j:
10% 10% 10% 10% §
5
[
5% 5% 5% 5% =]
ERLEIE N YN (! TV R I
0% 0% > 0% 3 . 0% <
[ 10% 10% 10% 10% 5 9@\ 95\ 55\ 5§\
[0}
45 59 A 5% 5% % [ Before trim
} $ $ , ¢ > } FY } : S EE After trim
0l 7 A 4 0%4‘_‘&_1 0% i i 7 I § 4 = - ﬁig
- e\e Qo o o S o° o\ e\e o\ Q\Q e\o Q\e Q\Q Q\e Q\e e\e +
RN O S H RN O S H RN O S H RO S — Standard
9 /O) ?O ;JO /0) 9 ;JO ;b 9 /O) 14 14 14 /o‘ 14 ﬁb deviaﬁon
Lower bound of SOH for target domain
(b) Before trim After trim (©) 98.9% <
10% P 100% L
. ercentage 89.4%<
£ S
[ N p=Rt=t
£ 5% =2 50%
S EZ 1 Before trim
Z 0T B After trim
00 00 I I I I I I
A)IOO% 80% 100% 80% o 0% 2% 4% 6% 8% 10%

Measured SOH
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target labels. a Distribution of absolute error versus target domain SOH range.
b Distribution of absolute error of the proposed framework as a function of
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measured SOH. Both plots use the same color scales. ¢ The cumulative distribu-
tion of estimation absolute errors.

We find that, for a given batch of target domain samples, the estima-
tion results of the DNNs in the swarm are diverse, but their distribu-
tions show regularity with their accuracy (see Supplementary Note 4
for the analysis). This provides an opportunity for the proposed fra-
mework to select a group of well-performing DNNs. To develop a
selection criterion, we choose the mean and standard deviation to
assess the estimations of each DNN in Fig. 5c, d. It is seen that the
RMSEs of the pre-estimates for DNNs are significantly correlated with

their means and standard deviations. The Pearson correlation coeffi-
cients between the means and the RMSEs are —0.9937 in Fig. 5¢c and
-0.9933 in Fig. 5d. Those between the standard deviations and the
RMSEs are mostly greater than 0.5 (0.6258 in Fig. 5¢ and 0.6074 in
Fig. 5d). The Pearson correlation coefficients over all cases can be
found in Fig. S13. These results reveal that the RMSE of the pre-
estimates of each DNN is negatively correlated with the mean and is
positively correlated with the standard deviation. In other words,
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representatives of existing methods, which are not equipped with domain

adaptation and swarm-driven strategies. Benchmark 1 and Benchmark 2 are
designed by disabling the swarm-driven and domain adaptation strategies of the
proposed framework, respectively. Benchmark 3 is designed by disabling both
strategies.

DNNs whose pre-estimates have a higher mean and lower standard
deviation are more likely to have higher accuracy. This explains why
excellent DNNs can be selected even in the absence of target labels by
only using lower and upper quartiles for the means and standard
deviations (theorized in the Methods section). We also report the
distributions of pre-estimation RMSEs in Fig. 5a, b corresponding to
the selected DNNs (circled in black line) in Fig. 5¢c, d. It is observed that
after the selection, the RMSE bandwidth of the swarm estimation is
reduced from over 10% to around 4%, and the mean RMSE decreases to
about 2%. These results demonstrate the effectiveness and importance
of the DNN swarm-driven strategy in the proposed framework.

After evaluating the swarm-driven strategy, we investigate the
other crucial strategy of the proposed framework, i.e., domain
adaptation. The feature vectors, before being fed to the terminal
fully connected layer, are the subject of domain adaptation.
Nevertheless, we do not focus on them but define an explanation
map to visualize their contributions to the SOH estimate. The
explanation map is defined as the weighted sum of the unflattened
weight vector W* of the TFC layer and these feature vectors along
the channels (theorized in the DNN explanation section). We first
dissect an individual DNN without domain adaptation at 10 equal-
interval cycles to visualize the evolution of the explanation map as a
function of degradation in Fig. 6a. This DNN is first trained for
Dataset #1 and then applied to Dataset #5 with no available target
labels. It is seen that the explanation maps for Datasets #1 and #5 are
dramatically different. When applied to dataset #5 without domain
adaptation, the DNN shows abnormally high feature values near the
sampling points corresponding to the voltage plateau. As a result, it
makes a severe overestimate for Dataset #5. Next, we dissect an
individual DNN (with the median RMSE corresponding to Fig. 5a) of
the proposed framework to show the explanation maps (see
Fig. 6b). Note that a domain-adapted feature vector needs to be

unflattened before being used to compute its explanation map. In
contrast to Fig. 6a, the gaps in explanation maps between the two
datasets are significantly mitigated by domain adaptation. Thanks
to this, the DNN can make accurate estimations even in the absence
of the dataset #5 labels. This is the answer regarding the necessity of
domain adaptation in the proposed framework.

Estimation performance with various hyper-parameters

We further investigate the impact of some crucial hyper-parameters on
the estimation performance of the proposed framework, including the
size of the DNN swarm, activation functions, number of channels, and
number of layers of the CNN. The size of the DNN swarm is set to 1, 50,
100, ..., and 300, respectively, and the results are shown in Fig. 7a. We
observe that increasing the swarm size can reduce the overall esti-
mation error. A size of 50 is sufficient for accurate estimation by
suppressing the MAE below 2%. Thus, one can balance the accuracy
and computational cost by tuning the swarm size in practice. We then
examine the influence of activation functions in Fig. 7b by comparing
the estimation performance using ReLU, Tanh, Sigmoid, and LogSig-
moid, respectively. Note that the Sigmoid before the DNN output is not
considered in this comparison as it is used to scale the estimates into
[0, 1]. The results show that the ReLU activation function shows the
highest accuracy and is therefore preferred when applying the fra-
mework. Next, we study the impact of the number of CNN layers and
channels on the estimation performance. We span the number of CNN
layers from 1to 4, and the number of channels for all layers is assumed
to be identical and belongs to [32, 64, 128, 256]. The results are
reported in Fig. 7c. It can be observed that increasing the number of
channels does not always reduce the MAE except for the one-layer
CNN. The number of channels less than 128 is sufficient to provide an
accurate estimation. On the other hand, multiple CNN layers are con-
ducive to high accuracy. One might need to find a suitable number of

Nature Communications | (2023)14:2760



Article

https://doi.org/10.1038/s41467-023-38458-w

(a)
90 ) ) ) | i i :
Il Before selection
[ After selection
g 60 I Transfer from
[a) #1 to #5
L
1)
o)
e
g 30
)
Z
0% 2% 4% 6% 8% >10%
RMSE
(c)
’—’,' T T T T T
10% | ° RMSE
B e
09 59 10% >109
g9 | % % % %
[
a L
.2
s I
: 6% -
] «#
E Fy
) [
E Tde
& R-s o
o/ |
4% Transfer from 8 a
N oo’
0%1_” L L L L L T
50% 80% 84% 88%  92% 96%
Mean

Fig. 5 | SOH estimation performance of DNNs in the proposed framework.

a Distribution of pre-estimation RMSEs of DNN swarm before and after selection
(transfer from Dataset #1 to #5). b Distribution of pre-estimation RMSEs of DNN
swarm before and after selection (transfer from Dataset #5 to #1). ¢ Relationship
among the mean, standard deviation, and RMSE of the pre-estimation (transfer

(b)
90 ) ) ) | i i :
Il Before selection
[ After selection
2 L Transfer from
g 60 45 to #1
k)
2
g 30 [
=
Z
0% 2% 4% 6% 8% >10%
d) RMSE
’—’,' T T T T T
10% [ RMSE 1
| DRI |
g | 0% 5% 10% >10%
0
- ‘e
% ° 'y
= 6% [ 3 1
[}
= °
B P
ks
g [
) (@)
sdugh®
Transfer from o )
#5 to #1 o

O%;—” L . . . |

50% 80% 84% 88%  92% 96%
Mean

from Dataset #1 to #5). d Relationship among the mean, standard deviation, and
RMSE of the pre-estimation (transfer from Dataset #5 to #1). In (c, d), the histo-
grams along the X and Y axes represent the cumulative distributions of the mean
and standard deviation, respectively.

CNN layers to balance the estimation accuracy and computa-
tional cost.

Limitations and outlook

The present study can be improved in the future. First, as a data-driven
approach, the proposed framework does not assume specific proper-
ties and dimensions of the input data. Hence, the proposed framework
can be applied to a wider variety of battery materials, other SOH
metrics, and input signals. Second, our preliminary trimming strategy
can be developed with more advanced techniques to optimize esti-
mation performance. Finally, the proposed framework does not
assume specific application scenarios. It thus can be explored to apply
to the big data containing a large amount of battery real-world
operation history. The proposed framework is promising to help
maximize the potential of big data, which generally lacks labels.

Discussion

Existing techniques for battery SOH estimation are highly dependent
on the labeled degradation data of the target battery, resulting in an
enormous expenditure of time and resources for data collection. In
this work, we devise a target label-agnostic solution to battery SOH
estimation based on deep learning. This framework selectively

integrates the estimations of a swarm of DNNs into a reliable SOH
estimate rather than relying on a single DNN. Each DNN is trained for
source labels and domain invariance of degradation features simulta-
neously. A trim strategy is proposed to regulate the skewness of the
source domain sample distribution to improve the accuracy.

As a case study, we take the partial charging curve as the input of
the proposed framework. For validation, we combine two experi-
mentally generated datasets and three public datasets for cross-vali-
dation, resulting in 80 cases covering 71,588 samples. We first
demonstrate that the proposed framework can achieve absolute errors
of less than 3% for 89.4% of samples (less than 5% for 98.9% of samples),
with a maximum absolute error of less than 8.87% in the absence of
target battery labels. Compared with the existing methods, the pro-
posed framework reduces the MAE and maximum absolute error by
more than half. These results illustrate the successful application for
various domains. Furthermore, we dissect the DNN and visually
explicate that the proposed architecture of DNNs can effectively
minimize the domain gap. The analysis of the swarm of DNNs unveils a
correlation between the mean, standard deviation, and errors of DNNs’
estimates and clarifies how our framework can select the DNNs for
SOH estimation in target label-agnostic cases. Finally, we investigate
the impact of the crucial hyper-parameters on the estimation
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Fig. 6 | Dissection diagram of the proposed framework (case of transfer from Dataset #1 to #5). a Diagram of a DNN without domain adaptation. b Diagram of the DNN

with the median RMSE corresponding to Fig. 5a in the proposed framework.

performance, and provide references for hyper-parameter selection to
apply the proposed framework better.

In summary, our work highlights the potential of deep learning in
supplanting time- and resource-consuming battery degradation tests.
We envisage that the proposed framework will motivate the utilization
of large-scale historically collected but unlabeled LIB data (e.g.,
onboard data, cloud data). It can also enable the rapid development
of BMS for new-generation batteries using only existing
experimental data.

Methods

Data processing

Partial charging curves of LIBs are employed as the input of DNNs for
SOH estimation. In a constant-current charging process, the voltage
V() and current /(¢) are stored by BMS at a time step ¢, and the partial
charging curve g can then be captured by setting a voltage sampling

window:
q’= [Qﬁuo dw) me} WeiST)
) ¢ V(t):l?- +idV @D
QW)= [yeoym “iHwolde, i € (0,1, ., K)

where the superscript ¢ indicates whether q* belongs to the source
domain S or the target domain 7. Q denotes the initial capacity, which
is used to normalize the partial charging curve of different types of
LIBs. Vi is the lower voltage limit. The voltage sampling window is
gridded by a given voltage step AV and ranges from Vi, to Vinin + KAV.

To improve estimation performance, we generate a more
balanced source domain by trimming the distribution of samples in the
original source domain. Specifically, the original source domain sam-
ples are first grouped into ny;, bins with a uniform width (set to 2% in
this work) according to their labels. Using the number of samples
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N; origin in the i-th bin as an upper bound, the number of samples in this
bin n; «im that need a trim is then optimized by:

Zakgk

0<n;4im < ”x origin /i trim € ¢

N remain = M origin — M trim @
Nyin z npn.
= U { } =1 | itim
817 M (i:I Y J= Lol remain ~Hs).82= SR rigin

where n;emain represents the number of the remaining samples after
represents Memain SOUrce domain samples ran-

Tl ni,remain
domly selected from the i-th bin. g; denotes the component of the
objective function, k€{1,2}, and ay is the weight corresponding to the
8- In this work, a; and a, are set to 0.2 and 2, respectively. u;(e) is the
skewness operator defined as the third standardized moment:

)= B Lk )

where E(s) is the expectation operator, u and o are the mean and
standard deviation of y, respectively. In this optimization, minimizing
g1 makes the skewness of the trimmed source domain approach its
target value u3 (set to zero in this work) to avoid asymmetry, while
minimizing g, ensures that as few samples as possible are discarded.
Two constraints on the optimization are defined to generate a new
source domain with a comparable range and unimodal distribution:

max (nlremam)* mm (n. remain)
ie[Lny;
Mhin

§ i=1 nl,ongln

Nyin—1

Z Sgn(ni+ 1remain —

i=2

<€
“4)
N1 remain) =1

ni,remain) - Sgn(ni,remain -

where ¢ is the maximum difference in the number of samples among
the bins, which is set to 4.5% in this work.

DNN architecture

The proposed framework is composed of a swarm of DNNs. For the
DNN #x, x € {1, 2, ..., N}, the gridded input is first processed by serially
stacked 1D CNN layers for feature vector extraction, which can be

formulated as:

[ [+1k
BIxY i) = [*1p + Z > Hlw, @ XY (Hls,i+))
c=1j=1
me{l,2,..,*1C},i€{0,1,..., 111}
e WK | W 0 G

©)

where XY and 'X¥ denote the output and input of the (/+1)-th 1D CNN
layer, respectively. ® represents the valid cross-correlation operator. !
“lw, “1p, “k, and s, are the weight, bias, kernel size, and stride of the
({+1)-th 1D CNN layer, respectively. ‘C and “'C are the numbers of input
and output channels of the (/+1)-th 1D CNN layer, respectively. “'L and
! are the lengths of the “X¥ and X, respectively. (Y-1) denotes the
total number of the 1D CNN layers.

A MFC layer is exclusively designed for the target domain after the
shared CNN layers to reconstruct the extracted feature vectors. The
output of the terminal 1D CNN layer is flattened by the channel and
then input to the MFC layer, which can be described as:

MFCxT — wMFC YxT + bMFC (6)

where X" and X" are the target domain input and output of the MFC
layer, respectively. Wyrc and byrc are the weight and bias vectors of
the MFC layer, respectively.

A shared TFC layer is designed at the terminal of the DNN for both
source and target domains to regress SOH. The source domain output
of the terminal 1D CNN layer is flattened and then fed to the TFC layer,
while the target domain output of the MFC layer is directly provided to
the TFC layer. This layer can be expressed as:

Wope ™X5 + bype, if W=
9¥ = { TFC brgc,i N @)

W MFEXT + b, otherwise

where 8¢ denotes the SOH pre-estimate of each DNN. "X’ is the source
domain output of the 7-th 1D CNN layer. Wrgc and brgc are the weight
vector and the bias of the TFC layer, respectively.

The rectified linear unit (ReLU) activation function, which takes
the maximum value between O and its input as output, is designed to
follow each 1D CNN layer and fully connected layer. The sigmoid
activation function is applied before outputting the estimate to ensure
that the SOH pre-estimate is between 0 and 1.
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DNN explanation
We define a vector F¥ to visualize the domain adaptation of the pro-
posed framework, which can be formulated as:

‘c
F/'=Y Wo X, ¢e(ST),{e{YTFC 8
1

where © denotes the element-wise multiplication of two vectors. W* is
the unflattened weight vector of the TFC layer. X is the unflattened
feature vector or the feature vector before flattening. The sigmoid
activation function is also applied before the output of this equation.
Thus, F¥ is equivalent to a TFC layer output minus byc and cancels the
sampling point-wise weighted sum. Combining F¥ at various SOH can
produce an explanation map for visualizing the contribution of the
feature vectors to the lifelong SOH estimation.

DNN training

First, N DNNs are independently trained, and in the present study, we
set N=300. Each DNN is parameterized by the labeled data from the
source domain and the unlabeled data from the target domain. The
widely-used Adam algorithm*® is employed to optimize the parameters
iteratively. The learning rate is set to 0.001. To realize cross-domain
transfer learning, we define a loss function E containing three com-
ponents, which can be formulated as:

I
=

)

H

where f; denotes the component of the loss function/, i € {1, 2, 3}, and k;
is the weight corresponding to the f;. This work sets k;, k», and k3 to 1,
0.1, and 1, respectively. ‘8% denotes the available label of the source
domain sample. ns and n, are the number of samples from the source
and target domains, respectively. |||y represents the norm of the
reproducing Hilbert space in terms of the embedding kernel ¢(-), and
the Gaussian kernel is employed as the ¢(:). 8¢ denotes the pre-
estimate of the target domain at the first cycle, and Z is the number of
these pre-estimates. f; evaluates the mean squared error between each
element of the source domain in the pre-estimate and the available
labels, which is designed for training each DNN to learn SOH
estimation from labeled source domain samples. f, evaluates the
domain invariance, and the maximum mean discrepancy (MMD) is
employed as a criterion to measure the distance between the high-
dimensional degradation features of the source domain samples and
those of the target domain samples after reconstruction. f3 is also the
measure of the mean squared error but only for the target domain
samples at the first cycle. This is because the partial charging curves of
the first cycle (i.e., in fresh status) are easily obtained (e.g., by LIB
formation or factory test), and their labels can be treated as 1 to
improve the learning of the target domain samples.

In each sub-training, samples from the source domain are divided
into a training set and a validation set. Two-thirds of the source domain
samples are used as the training set, and the rest are the validation set.
Each sub-training is terminated when the RMSE of the validation and
training sets is less than both 5%, or when the number of epochs
reaches 2000. The minimum number of epochs is set to 500. All the
samples are divided into mini-batches for training with a mini-batch
size of 20. All DNNs are trained based on an NVIDIA Tesla V100 GPU in
this work.

SOH estimation with trained DNNs

The proposed framework selectively integrates the pre-estimates of
the DNNs to generate a reliable SOH estimate. We employ mean and
standard deviation to evaluate the pre-estimates of each trained DNN.
An efficient metric, quartile, is used to select DNNs according to these
measures. The retaining DNNs are the final choices of the proposed
framework for each estimate, and the indexes x of the final choices can
be formulated as:

X = {xX|E(87) 2 Q3(E(,97)),Var(,87) < Qy(Var(,87))}  (10)
where Q; and Qs denote the lower quartile operator and the upper
quartile operator, respectively. The expected pre-estimates of the
retaining DNNs can be treated as the final SOH estimation for the
target domain. In this study, we employ root mean square error RMSE,
absolute error AE, and its average value MAE to evaluate the SOH

estimation:
_ E z 0’[*5’;)2
RMSE = \/ &=t ——

AE;=ly; - yil an
M
MAE = 2=i%%

where y; and y; are the measured value and the final estimate of the
SOH for sample i, respectively. M represents the total number of
samples of interest.

Battery cycling and dataset generation

Batteries from datasets #3 and #5 are tested in thermal chambers at 20
and 45°C, respectively. An ARBIN BT2000 battery test system is
employed to cycle the batteries. In each cycle of the battery from
Dataset #3, the charge strategy is to charge at a constant-current rate
of 0.3 C until the voltage reaches 4.2V and then hold at 4.2 V until the
charging current drops below 0.03 A; the discharge strategy is to dis-
charge at a constant-current rate of 2 C. In each cycle of the battery
from Dataset #5, the charge strategy is to charge at a constant-current
rate of 1 C until the voltage reaches 3.65V and then hold at 3.65 V until
the charging current drops below 1.35 A; the discharge strategy is to
discharge at a constant-current rate of 1C. The charging curves
extracted from the constant-current charging phase of the cycles are
integrated into the datasets.

Data availability

Datasets #3 and #5 generated in this study have been deposited in the
Mendeley database under the accession code: https://data.mendeley.
com/datasets/v8k6bsroétf/1.

Code availability
Code for the modeling work is available from the corresponding
authors upon request.
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