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Abstract: Lithium-ion batteries have found applications in many parts of our daily lives. Predicting
their remaining useful life (RUL) is thus essential for management and prognostics. Most approaches
look at early life prediction of RUL in the context of designing charging profiles or optimising cell
design. While critical, said approaches are not directly applicable to the regular testing of cells
used in applications. This article focuses on a class of models called ‘one-cycle’ models which are
suitable for this task and characterized by versatility (in terms of online prediction frameworks
and model combinations), prediction from limited input, and cells’ history independence. Our
contribution is fourfold. First, we show the wider deployability of the so-called one-cycle model
for a different type of battery data, thus confirming its wider scope of use. Second, reflecting on
how prediction models can be leveraged within battery management cloud solutions, we propose a
universal Exponential-smoothing (e-forgetting) mechanism that leverages cycle-to-cycle prediction
updates to reduce prediction variance. Third, we use this new model as a second-life assessment
tool by proposing a knee region classifier. Last, using model ensembling, we build a “model of
models”. We show that it outperforms each underpinning model (from in-cycle variability, cycle-to-
cycle variability, and empirical models). This ‘ensembling’ strategy allows coupling explainable and
black-box methods, thus giving the user extra control over the final model.

Keywords: remaining-useful-life; prediction of full degradation curve; machine learning; cloud
computing; ensemble models

1. Introduction

Data-driven models for early life prognostics regarding lithium-ion batteries (LIBs)
have been studied extensively [1]. This is because LIBs are deployed into various appli-
cations, including energy storage systems and electric vehicles (EVs), and thus efficient,
reliable, and accurate methods for monitoring their degradation are needed. One of the
large problems here—and not the focus of this work—is the ‘state of health” estimation,
and approaches for it have been reviewed in [2—4]. The counterpart problem—and the
focus of this paper—is the long-time prediction of life. A critical review of state-of-the-
art machine learning methods for degradation prediction can be found in [2]. Further
critical reviews on remaining useful life modelling include [5]—that work provides a
methodology breakdown according to machine learning, filtering methods, and stochastic
processes methodology. The latter methodology combines statistical theory with mathe-
matical principles like Bayesian inference, Gaussian process regression, and others. Overall,
the capability of machine learning techniques to capture hidden features for complex non-
linear systems (which can be used to predict lithium-ion battery’s cycle life accurately) is

Energies 2023, 16, 3273. https:/ /doi.org/10.3390/en16073273

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


https://doi.org/10.3390/en16073273
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8930-5315
https://orcid.org/0000-0003-4862-5811
https://orcid.org/0000-0002-4993-2672
https://doi.org/10.3390/en16073273
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16073273?type=check_update&version=1

Energies 2023, 16, 3273

2 of 14

unquestionable [6]. Methodologies that combine data-centric methods and physics mod-
eling, so-called “Grey-box” models, are reviewed in [7]. This hybrid modelling approach
(thus ‘Grey’) addresses a difficulty within the data-driven model universe: how to derive
physical explanations from the dataset and results when no kinetic, chemical, or physical
effects are considered. Thus, incorporating both approaches has immense value [7-9].

Models obtained via machine learning algorithms are built on battery usage data to
learn the underlying degradation pattern and produce good results, especially in predicting
remaining useful life (RUL) and full capacity/internal resistance (IR) curves. On the
prediction of RUL, models for the identification [10] and prediction of capacity knees [10,11]
and IR elbows [12] have been proposed; see [13] for an in-depth theoretical discussion of
the Knee phenomena in capacity fade curves (and Elbows [12] for internal resistance). In
addition, the end of life (EOL) of LIBs has been predicted with high accuracy in [9,14-16]
using the health indicators extracted from the early life battery usage data. As for full
trajectory prediction, from early life to end of life, for capacity degradation was considered
in [17-19] where neural networks were used as the main building block. In addition, both
capacity fade and IR rise curves have been jointly predicted using convolutional neural
network (CNN) [20], deep recurrent neural network architecture [21], and extreme gradient
boosting [22]. For instance, using CNNs for cycle-to-cycle prediction and requiring at
least 100 cycles of data [17] builds a model able to predict the entire battery capacity fade
curve, including the per-cycle fade rate and rollover cycle (knee point) of the capacity fade
curve. Starting from the initial works [10,13], there have been outstanding contributions to
knee-point identification, prediction, and classification. A deep CNN learning method was
developed for online knee-point prediction under the more realistic scenario of variable
battery usage [11,23]; also Ref. [24] but on a novel dataset. An original alternative, using
the multitask (deep) learning method, was proposed by [21]: it uses only the information
from capacity and internal resistance across 200 cycles (at least) and predicts the remaining
trajectory degradation (including RUL and knees)—o current/voltage information is used,
and this represents a significant reduction of input data.

The works mentioned above develop one single predictive model drawing on a single
direct machine learning regression model. For example, in [6], machine learning and
non-machine learning models are compared but not combined nor explained; a further
comparison of predictive algorithms is carried in [25] via a fully automated algorithm,
called H,O AutoML, to compare and rank models according to specified metrics. Notewor-
thy contributions within integrated data-driven methods include [26,27], where multiple
machine learning methods are sequentially integrated (for various subtasks) to build the
final predictive model.

In effect, model comparison is a (largely) straightforward task, but model combination
seems to remain largely unexplored in the space, i.e., what to do when multiple stan-
dalone predictive models are available for the same task? Which to choose? How to
choose? Should one choose? One of the contributions of this work sheds light on this issue
(Section 4.4 below).

Explainability and interpretability (why the high prediction accuracy) of machine learn-
ing models is a very wide issue. Zhang et al. [28] address model interpretability for
lifecycle prediction via quantile regression forests (QRF). This approach allows them to
build asymmetric prediction intervals without assuming any specific distribution—this is a
complementary approach to the conformal prediction methodology used in [10]. Explain-
ability analysis has been conducted in [18]; they rely on an autoregressive model to predict
EOL. Their explainability analysis reports their deep model being able to learn the inter-
play between multiple cell degradation mechanisms. Lastly, outside the battery field and
focused on deep neural networks themselves, is [29]. They address model interpretability
for Deep Neural network models through a group-theoretical procedure that recasts the
inner-layer signalling of the NN into a human-readable form. Deploying the procedure on
a particular example, their method revealed the NN to have a surprising internal sophis-
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tication, with the NN internally a range of filters and transformations. Deploying [29] to
problems in the battery space is yet to be addressed.

The data needed to predict various RUL parameters and capacity /IR curves can be
broadly divided into longitudinal and cross-sectional data. As for longitudinal, one means
the minimum number of cycles of battery data needed to achieve a competitive accuracy,
while cross-sectional data refers to the various measured quantities of battery chemistry.
On longitudinal data, various machine learning algorithms taking the first 100 cycles of
certain measured quantities (such as temperature, capacity, current, and voltage) have been
developed to predict the end of life (EOL) [14,15,30-32] and full capacity curve [30,33].
Then in [10,22], only the first 50 cycles were used for the prediction of various RUL and
capacity /IR predictions, with [22] using only discharge voltage under constant-current
condition (a reduced cross-sectional data). This reduction is pushed further in [14,20] to
train a class of models referred to as one-cycle models (sometimes also called ‘historyless’).

In the context of RUL prediction, one-cycle models predict RUL (and/or EOL) from
the data contained in one single cycle (any cycle) and offer competitive performance from
extremely limited input. One key benefit of one-cycle models is their flexibility in terms of
the input cycle (as no history needs to be recorded or accessed). Because of this, as new
in-cycle data becomes available, new predictions can be made and compared with old
predictions. Historically the first one-cycle model seems to be [20] (using CNNs as the
core regressor model), there have been further contributions exploring the concept further.
For instance, many feature-based models are presented in [14]; one, in particular, is a
one-cycle one (from non-longitudinal features), but such a model is not discussed. Two
recent distinguishable contributions within the one-cycle context, and each with its distinct
flavour, are: [34] using impedance-based forecasting and taking as input the future cycling
protocol and a single electrochemical impedance spectroscopy measurement; and the other
using a sequence-to-sequence (seq2seq) model to predict voltage-capacity curves (so many
cycles) ahead of time [35].

The literature gaps highlighted originally in [20] are yet to be closed, and thus data-
centric one-cycle predictive algorithms are still competitive. Strange et al. [20] argued
that no electrochemical and physics-based model is yet able to predict the lifespan of a
cell from a single cycle of input data. Starting from the Doyle-Fuller-Newman (DFN)
model for lithium-ion batteries and its derivatives [36]: a DFN model parameterising from
cycling data is extremely difficult (less even using only data from one single cycle) without
unrealistic material assumptions: one would need stoichiometries of both electrodes that
cannot be obtained from cycle data [37]; the cell would need to be dissembled as to carry
specific measurements [38,39] (that may last up to 3-months). Without disassembling, one
needs to rely on current-voltage response, for which case many of the parameters are not
well identifiable—see [40] for a discussion on sensitivity analysis and optimal excitation
for parameter identification. A method to obtain some of the relevant parameters through
short-time measurement and pulse rapid nondestructive testing is given in [41].

Of importance to this study is [20] where the prediction of entire capacity /IR curves
was made with one cycle of data consisting of in-cycle measurement of voltage, cur-
rent, capacity, and IR values. The fact that a single cycle of data is sufficient to uncover
the full degradation trajectory makes it ideal for practical applications such as edge-
cloud frameworks. Such frameworks offer some form of real-time signal monitoring
of systems [42] by leveraging the power of 5G and the Internet-of-things (IoT) for, say,
EV fleet management [43—45] or stationary energy-storage assets [46,47]. The power of
5G and Internet-of-things (IoT) will unlock new innovative services for enterprises to
accelerate their transformation toward Industry 4.0 as they evolve and adopt diverse new
business models [48,49]. Prime advantages of IoT and cloud computing technologies in-
clude powerful computing and unlimited cloud support that results in rapid development,
extended scalability, and greater visibility. As ever, there are drawbacks. The employment
of a cyber-physical system leads to cyber-attack, as the system is always connected to the
network. There are also implementation and maintenance costs [50]. In the past years,
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the battery energy industry has become a prospective IoT application. Recent research
work on improving battery capacity and RUL predictions based on a cloud framework has
shown promising results [19,51-54]. In order to alleviate the computation load and power
consumption in the cloud and improve communication throughput and latency, the com-
putations are distributed to the edge to leverage locality [55-57]—with [58] proposing to
attain cost efficiency in serverless machine learning training. As playing a key role in IoT
applications, the power grid and distribution industry has employed edge-cloud technol-
ogy to promote smart grid and improve real-time monitoring, prediction, and optimisation
of power systems and distributions [55-57,59], and to address related security issues [60].
In recent surveys, vehicular edge-computing and multi-access edge computing (MEC)
to guarantee energy-efficient computation and consumption to offload heavy tasks from
vehicle battery to the edge to prolong battery life [61,62], which leads to new challenges
to the battery energy industry and opportunities to optimise battery life prediction in the
larger platform of edge-computing. Thus, in this study, we propose a framework where the
model developed in [20] can be implemented in an edge-cloud paradigm facilitating quick
online prediction.

Last, and to support further the vision of IoT monitoring systems underpinned by
bulk cell modelling and showcasing prognostics and diagnostics tools, we point to the
recent work [47] (associated to [46]). There, the authors build a battery model (in the
vein of a “digital twin”) with around ~20 K individual cell models running for multiple
(virtual) years and investigated degradation in their grid battery. Their key findings are
that thermal management design and control are critical, emphasising that systems engineering
matters! An independent discussion on recent advances in thermal management can be
found in [63].

The rest of this study is organised as follows. Section 2 provides insight into the data
used for this study, and Section 3 provides the modelling process. We provide model results
with their corresponding discussions in Section 4, and concluding remarks are presented in
Section 5.

2. Data Description

In this work, we consider two datasets. The first is the (RWTH Aachen University)
dataset created in Baumhofer [64] and made available at [65]—throughout this work, we
make reference to this dataset as the ‘Baumhofer dataset’. The dataset belongs to the high-
throughput battery cycling data class [66] (Section 2.1). Versions of this dataset have been
used by the RWTH-Aachen group in multiple works and a subset appeared in [19] (in-depth
data description provided in [19] (Section 2), see also [67] (Figure 3)). The dataset contains
cycling data of 48 nominally identical Panasonic/Sanyo NMC/Carbon UR18650E Li-ion
cells with nominal capacity 1.85 Ah. The cells were cycled at a fixed room temperature
(T = 25 °C). The dataset contains in-cycle measurements of current, voltage, and tempera-
ture, for cells cycled at constant current on charge and discharge and last for 900-1400 cycles.
Reference performance testing was carried out every so often to measure capacity and
internal resistance. The data here spans past what would usually be considered the EOL for
the cells. For the purpose of this study, we only consider data up to 70% of initial capacity,
and in relation to this dataset, we consider 70% SOH as the EOL.

The second dataset that we consider is the block-pair Severson [15] and Attia [68]
datasets (on which [20] was developed) containing 169 cells of type: A123 APR18650 M1 A,
LFP/graphite, with 1.1 Ah nominal capacity. For these datasets, the cells were tested under
varying fast-charging policies, which resulted in a large variability in degradation. We refer
throughout to the combination of both sets the ‘Severson—Attia dataset’. The Severson—Attia
datasets contain in-cycle measurements of current, voltage, and temperature and per-cycle
measurements of Capacity and IR lasting from 400 to 1400 cycles. The Attia dataset does not
contain measurements of IR, but synthesised data is available from a model trained on the
Severson dataset and then transferred onto [12]. For this dataset and in line with previous
works [16,69], we restrict our consideration to cells lasting no more than 1200 cycles; this



Energies 2023, 16, 3273

5o0f 14

is due to the very small number of cells with lifetimes lasting longer than this (no more
than 10).

These two datasets differ in the driving factor of cell-to-cell variability [67,69]. For the
Baumhofer dataset, as all cells are cycled in the same manner, the main driver of variability
is the intrinsic manufacturing variability. In contrast, the Severson—Attia datasets consider
a large variety of fast charging protocols; thus, a significant driver of variability in these
datasets is extrinsic. In the view of the authors, a model accurately predicting on both types
of datasets is evidence that the model captures intrinsic signs of cell degradation and is not
simply learning a map between charge/discharge profiles and cycle-life.

It should be noted that the IR measurements provided with the Baumhofer dataset
are very limited (as low as 3—4 measurements over the lifetime for some cells); we thus
work with a “piecewise cubic Hermite interpolation” of the data. For this reason, the results
presented here in relation to the IR are only meant to serve an indicative purpose and the
majority of this work focuses on the capacity data.

3. Model Description and Associated Methodology

In the literature, there exist multiple approaches to predict the RUL, ranging from mod-
els drawing from in-cycle variability [14,20], from cycle-to-cycle variability [10,15,16], sum-
mary information such as capacity and IR measurements [19,21] and empirical models [70]
among others. Each of these approaches has shown strong predictive efficacy. Thus, when
the data is available (as one would have within an edge-cloud framework), it makes sense
to consider a wide range of signals—we consider three models, one from each of the
above approaches.

3.1. Model from In-Cycle Variability

The main model used in this work is the one-cycle CNN-based predictor model
proposed in [20]; there, the model was trained for the Severson—Attia dataset, and here, we
train an additional version with the Baumhofer dataset, and (thus we use two embodiments
of the one-cycle model).

Overall, the model uses the voltage and current curves from a single cycle (any cycle)
as input to predict full capacity/IR trajectory (including RUL) via certain cogent points on
the capacity /IR curve. Concretely, this model was trained to predict the time to knee-onset
(ttk-o0), time to knee-point (ttk-p), remaining useful life (RUL), capacity at knee-onset (Q@k-o),
and capacity at knee-point (Q@k-p)—the methodology is described in [20,22]. In addition,
for the Baumhofer dataset, we predict the time to elbow-onset (tte-o), time to elbow-point
(tte-p), and their corresponding IR values (IR@e-o and IR@e-p); see Table 1 for a summary.

For the Severson—Attia dataset, the model presented in [20] is deployed here as is
presented there. For the Baumhofer dataset, the model’s hyperparameters were further
tuned: increasing the number of convolutional filters in the hidden layers (comparing with
the convld layers in [20] (Table 1)the filter numbers were set at 32, 32, 32, 64, 64, 64, 64, 64),
increasing the number of training epochs to 200, increasing the dropout used to 0.45 and
increasing the ‘decay step’ to 10 epochs.

We refer the reader to [20] (Section 3), where the underpinning CNN model is fully
described and discussed (including parameter choices and their impact)—we omit such a
discussion here. For the Baumhofer dataset model training, the model is directly redeployed
from [20], and the parameters (number of filters, training epochs, dropout rate) were
increased in an unoptimised way—we recall that the goal of this work not an in-depth
exploration of the one-cycle model from machine learning parameter optimality.

Table 1. Summary of the targets predicted by the one-cycle CNN-based model [20] (also [22]).

Predictions Category

ttk-o, ttk-p, tte-o, tte-p, RUL Time-to (Cycles)
Q@k-o, Q@k-p, IR@e-o, IR@e-p Capacity (Ah)/IR values ((2)
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3.2. Model from In-Cycle Variability with Exponential-Smoothing-Memory (e-Forgetting)

In the edge-cloud/online framework, past cell information can be stored and incor-
porated into current predictions and diagnostics. For the one-cycle model, a natural and
storage-space efficient approach is to store past predictions and then build an averaged
smoothed prediction that reduces the variance of the final estimator.

To this end, we overlay an exponential smoothing memory step into the one-cycle
predictions (when multiple predictions can be made) and coin the new model the ‘e-
forgetting one-cycle model’.

Concretely, assume the one-cycle model has been trained (Section 3.1) and is now
available for predictions. Assume that a new cell is being cycled /used and from time to
time data of its high-throughput cycling is recorded and predictions are made. Let (y;)! ,
(with n > 1) be a series containing predictions of the time-to-an-event (e.g., ttk-o, ttk-p, or
RUL) made at n sequential cycles (possibly the last n-cycles). For example, assume that at
every 50-cycles data is recorded and an EoL prediction is made; thus, by cycle 250, one has
n = 5 predictions v, Y2, . . ., y5 of EOL available.

Then, for a smoothing parameter A € [0, 1), with n predictions available, one defines
the exponentially smoothed prediction as

er oy Lo (1= A) (Yni — 1) (Sl i_1-(0-A)"
Ye(mA) = 02;’;01(1 mywy where Z;) (1-A) = — (1)

Following the example above, at cycle 250, one now has an EOL prediction given by
ys5 but also one given by y°(5; A).

In this way, past information can be incorporated into current predictions without
storing the complete history of the cell. All that is required are the predictions from past
cycles, not the data from which they were made.

The main benefit of the e-smoothing procedure, y°(n; A), is an active reduction of the
noise’s influence on the prediction. Intuitively, by averaging, the outlier predictions will be
smoothed out, and the variance of the estimator y°(5; A) is smaller than ys. The exponential
smoothing or e-forgetting recognises that the prediction y5 should be more accurate than
the prediction y,4 simply because at n = 5 one is closer to the EOL than at n = 4 (see [20]
(Figure 5)), thus we weight more the most recent predictions.

We note that the parameter 7 is a system-input choice interpreted as how far into the
past one is accounting for the earlier predictions. The exponential smoothing parameter A
can be (ad-hoc) directly selected or optimised /learned via a k-fold validation approach on
the training data (with the best rate A chosen as the one which minimizes the error over
the validation folds (averaged)). Lastly, a quick computation shows that with A = 0.6 and
n = 10, the weight of the 10th element in the sum of Equation (1) is of order 10~5; this
indicates that one does not need to store many past predictions.

3.3. Model from Cycle-to-Cycle Variability

For a model based on cycle-to-cycle variability, we consider the Relevance Vector
Machine (RVM) based model proposed by [10]—this is a feature-based regression model.
This model takes as input features generated from the differences in in-cycle data between
an early-life cycle and a cycle measured later. For this work, we consider only cycles 10 and
200 to serve an illustrative purpose (the original work [10] considered cycles 10 and 50).
For the online framework, it is feasible to create multiple models of this form based on
gradients from different cycles. For example, models from cycle 10-50, 50-100, 100-150,
and so on.

3.4. Model from Summary Information (Lookup Model)

We propose a simplistic lookup-based model to predict EOL. The lookup model
compares the available (up to, say, cycle 200) capacity measurements for a cell against that
of example cells with known cycle life—the comparison is made according to a preferred
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metric e.g., (3), (4) or (5)—here, (3) is used. The EOL prediction for the new cell is that of
the closest cell or an average of the k-th closest cells. The latter option is employed with
k=3.

4. Model Performance
4.1. Performance Metrics (not Online Framework)

Performance metrics for the one-cycle model predicting on the Severson—Attia dataset
can be found in [20] (Tables 2 and 3). For comparison, and to confirm the robustness
of the one-cycle model, we present here performance metrics for the Baumhofer dataset.
Table 2 displays the error metrics for the time-to predictions. Table 3 displays the errors for
predicting capacity and IR at values. The model shows comparable performance as was
found for the Severson—Attia dataset. In addition, the model generally predicts time-to
targets associated with the capacity curve more accurate than those of IR curves (see the
MAPE of Tables 2 and 3). This can be linked to the limited Baumhofer IR data as pointed
out in Section 2.

Table 2. Performance of proposed model on Baumhofer dataset to predict Capacity’s: ttk-o, ttk-p
and RUL; and IR’s: tte-o and tte-p. Average performance from within the first 100 cycles per test cell
(10 cells).

RMSE (Cycles) MAPE (%)

Train Test Train Test
ttk-o 120 £4.2 72+72 10.04+0.44 6.3 +0.56
ttk-p 130 +4.8 88+73 9.0+ 0.41 6.7 +0.40
RUL 110+£3.3 89 +84 7.34+0.30 6.9 +0.50
tte-o 150 £+ 3.75 160 + 13.3 11.04+0.44 12.0 £0.80
tte-p 130 £5.2 140 +9.9 7.6 £0.27 9.0 +0.53

Table 3. Performance of model to predict future capacity and IR, when current capacity /IR is known.

RMSE MAPE (%)
Train Test Train Test
Q@k-o 0.027 + 0.001 0.020 + 0.001 1.34+0.08 0.97 +0.07
Q@k-p 0.024 + 0.002 0.025 £ 0.002 1.34+0.10 1.240.10
IR@e-0  0.0030 + 85 x 1075 0.0024 + 1.1 x 104 3.340.08 42 40.15
IR@e-p 0.0029 +1.0 x 107%  0.0032 +2.2x 10~* 3.440.11 49+0.24

4.2. The One-Cycle Model in the Online Framework (with Full Curve Prediction)

In Figure 1, we display the full curve prediction results of the e-forgetting one-cycle
model for both datasets on a random selection of test cells. The parameter A was optimised
to be A = 0.6 on a train set with 10-fold validation. The full curve predictions are generated
by fitting a quadratic spline through the capacity at the prediction cycle (current cycle
number), predicted knee-onset, knee-point, and EOL. We emphasise that when the knees are
predicted to take place before the prediction cycle one is currently at, a linear interpolation
is used.

The plots also display prediction intervals which are constructed using ‘forward-
dropout” as described in [20]. The one cycle model can accurately predict the full curve
from any cycle. We note that the error in the prediction reduces as the cell approaches its
EOL. This last point is demonstrated clearly in Figure 2.

While the results presented in Figures 1 and 2 are for the e-forgetting one-cycle model
with full cell history, we emphasise that the smoothing is an enhancement of the one-cycle
model (that reduces variance and mitigates noise). The fact that cell history is not required
enables the retrofitting of batteries in active deployment—for example, in EV fleets—where
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the one-cycle model is able to provide meaningful predictions immediately. We argue
that “historyless” models are critical to the scaling and adoption of edge-cloud or other
competing frameworks for (distributed) battery management.
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(a) Severson—Attia dataset; (b) Baumhofer dataset.

4.3. 2nd Life Assessment: Knee Region Classifier

The one-cycle model can predict RUL from any input cycle, in fact, the model predicts
also the degradation trajectory from the input-cycle to RUL (cycle number). It does not
require cycle number-specific information or data from multiple past cycles. For this reason,
it has particular applicability to second-life applications.

Consider the following thought experiment: one wishes to purchase a used cell for a
given application (e.g., stationary energy storage) but one does not know the specific history
of the cell. Of particular interest is whether the cell has passed its knee and started rapid
nonlinear capacity loss [13]. What one knows are the manufacturer’s cell specifications and
some qualitative knowledge that the cell was used in a way that fits the data used to train
the model (recognisably, this is a heavy assumption, but a discussion on model transfer is
left for future research). Given data for cells of the same type, a single high-throughput
test cycle can be performed on the cell and the one-cycle model is used to predict the ttk-o,
ttk-p and RUL. If the predicted ttk-p is negative, then this tells us that the cell has passed
its knee-point.
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The results of classifying test cells by proximity to knee-onset and point are displayed
in Figure 3—the classes were chosen for demonstrative purposes and a more granular
consideration is possible with the one-cycle model (for example the structure presented
in [10] (Section 3) or [23]). We see that the model can accurately classify cells. The lowest
accuracy is observed for classifying cells as between knee-onset and knee-point (‘onset to
knee’). This is explained by the narrowness of this band. A more granular consideration
(such as that presented in Figure 2 for the RUL) would show that the model is still predicting
within close proximity to the knee-onset and point when wrongly classifying cells as
‘before onset’.

95.22% 4.75% 0.03% 95.92% 4.08% 0.00%

90.53% 5.46%

12.10% 78.92% 8.98%

Onset to knee  Before onset
Onset to knee  Before onset

Actual Values
Actual Values

0.00% 13.35% 86.65% 0.00% 8.88% 91.12%

After knee
After knee

Before onset  Onset to knee  After knee Before onset  Onset to knee After knee

Predicted Values Predicted Values
(@) (b)
Figure 3. Model’s accuracy at classifying test cells by proximity to knee. Predictions were made from
individual cycles. (a) Severson—Attia dataset; (b) Baumhofer dataset.

4.4. Model Ensemble

A simple and natural approach to leveraging the full spectrum of signals and several
available models is to create an ensemble model of models. Once the prediction of multiple
models is available, one can then create an ensemble model by averaging predictions or by
training a new model that takes as input the predictions of each model [71]. Ensemble
learning is a commonly used approach to improve predictive performance, and in the
literature, surrounding batteries has been used to improve the prediction of SOH [72,73].

Using the Severson—Attia dataset as input data, we tested an ensemble model com-
bining the three models (see Section 3): exponentially smoothed (e-forgetting) one-cycle
model of Section 4.2 (for the Severson—Attia dataset), cycle-to-cycle RVM model of [10],
and the simple lookup model of Section 3.4 (using with k = 3 and the MAE metric (3)). As
the lookup table-based model is a naive model with low in-sample performance it is given
half weight compared to the other two models in the averaging, concretely,

2 2 1
Ensemble = 5 X ‘One-cycle (e-smoothing)” 4 5 X ‘RVM’ + 5 X ‘Lookup table’.

Further optimisation of model weights is possible, for example, via cross-validation [74]
or simply convex optimisation of weights (across the test set).

The performance metrics of each constituent model and the resulting ensemble model
are presented in Table 4 where the predictions are made from cycle 200. We see that the
ensemble model outperforms any individual model (see marked values), effectively reducing
overfitting. Last, and left unexplored, is the recognition that the methodology of Section 3.2
could also be deployed for the ensemble model.
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Table 4. Comparison of ensemble model with constituent models predicting from cycle 200. The
Ensemble model outperforms each model individually as seen by the marked entries. Train metrics
for the lookup table model are calculated using a leave-one-out approach. Metrics presented are for
the Severson—Attia dataset.

Knee-Onset Knee-Point EOL
RMSE (Cycles)  MAPE (%) RMSE (Cycles) = MAPE (%) RMSE (Cycles) = MAPE (%)
Model Train Test Train Test Train Test Train Test Train Test Train  Test
One-cycle (e-smoothing) 22 59 3.7 9.5 20 71 22 79 25 77 2.5 6.6
RVM 37 66 6.2 109 31 67 4.1 8.4 29 78 2.8 7.6
Lookup table 119 101 244  19.2 132 134 195 19.0 161 165 184 183

Ensemble 36 49 72 34 5 50 38 66 42

5. Conclusions and Outlook

In this work, the literature on one-cycle type models was reviewed. A particular
benefit of the one-cycle model is that it does not require the history of the cell to make
useful predictions and thus can additionally be used for cell selection. Recognising that the
one-cycle model is deployed in the literature exclusively on the Attia-Severson dataset, we
show that the methodology is of a wider scope by deploying it on the Baumhofer dataset.
The cycling of cells in this dataset is different in nature to the cycling in Attia-Severson,
including a much smaller amount of sample (48 vs. ~160). To keep the message of this
work focused, Internal Resistance prediction was only superficially discussed; nonetheless,
the same analysis can be carried out—this has been exemplified upstream in [12,20].

By reflecting on the surging industry offering cloud platforms and solutions for battery
data analysis, we imagined how one would leverage models like the one-cycle one within
such frameworks. An exponential-smoothing model was proposed to include past infor-
mation without storing complete data (voltage-current) with the critical benefit of reducing
prediction variance and mitigating noise. The exponential-smoothing methodology of (1) is
not tied to the one-cycle model as it can be overlaid over any model—it is thus a promising
result of general interest.

Knowing that much of the existing individual literature contributions on lifetime
prognostics present a single model development, we argue that the multiset cloud frame-
works currently being developed in the market allow for many different models to be
deployed (underpinned by the same dataset). Instead of choosing the best predictive
model by approach and bespoke metric, a constructive solution is the ensemble of models.
We consider ensemble learning as an approach to reduce overfitting and improve model
performance and show that a simple weighted-average of models (including the field foun-
dational lookup table method) can outperform the individual state-of-the-art model. The
preliminary results presented are promising, and the authors view this area as a potentially
fruitful avenue for future research. Other approaches could look at averaging more models
with other approaches (i.e., that latch on to input signals in different ways) or consider
training models jointly [71] (regression of models).

Another attractive feature of the ensemble approach is the ability to balance explain-
ability with predictive power. ‘Black box” approaches (such as NNs) are often criticised
for lacking explainability albeit adding strong predictive power. Deployed in conjunction
with an explainable model, the user can gain some understanding of the ‘black box” model
and the option to place more weight on the predictions made by an explainable model.
Deployed in conjunction with an explainable model (in terms of how the model arrives
at its decision and the contribution of predictors on targets), the ensemble model draws
from the predictive power of the black box CNN and provides an overall model which is
explainable (through weights assigned) when treating each component model as a variable.
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6. Methods

Learning rate scheduler starting from the default Keras learning rate; the learning
rate scheduler updates the learning every ‘decay step” number of epochs as described in
Equation (2)

new learning rate = previous learning rate x decay rate. (2)

Machine learning performance scores are the mean absolute error (MAE), mean
absolute percentage error (MAPE), and root mean square error (RMSE) defined as follows,
respectively: for y the vector of true knee/elbow-points (expressed in number of cycles)
and # is the vector of predicted values, then

1 Nsamples

MAE(y,§) = —— Y Vi —vil, ®)

Nsamples ;1

100% " [9i — yil

MAPE(y,9) = , 4
(y y) Msamples 1221 Yi @

1 Nsamples
RMSE(y, ) = | —— )} (0 —vi)* ®)

Msamples  j—
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