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This paper presents a prognostic scheme for estimating the remaining useful life of
Lithium-ion batteries. The proposed scheme utilizes a prediction module that aims to
obtain precise predictions for both short and long prediction horizons. The prediction
module makes use of extreme learning machines for one-step and multi-step ahead pre-
dictions, using various prediction strategies, including iterative, direct and DirRec, which
use the constant-current experimental capacity data for the estimation of the remaining
useful life. The data-driven prognostic approach is highly dependent on the availability of
high quantity of quality observations. Insufficient amount of available data can result in
unsatisfactory prognostics. In this paper, the prognostics scheme is utilized to estimate
the remaining useful life of a battery, with insufficient direct data available, but taking
advantage of observations available from a fleet of similar batteries with similar working
conditions. Experimental results show that the proposed prognostic scheme provides a
fast and efficient estimation of the remaining useful life of the batteries and achieves
superior results when compared with various state-of-the-art prediction techniques.

Keywords: Prognostics; extreme learning machines; one-step prediction; multi-steps pre-
diction; Lithium-ion batteries.
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1. Introduction

Prognostics of Lithium-ion batteries has become of primary importance in the elec-

tronics industry.1–3 In this industry, prognostics and health management (PHM)

techniques are being utilized for improving operation and management, and extend-

ing the lifecycle of systems, machines and batteries, decreasing the risk of failures

and associated unscheduled maintenance costs.4

Quick and accurate estimation of the remaining useful life (RUL) can reduce

the failure occurrences of batteries.5,6 The RUL is a valuable information for the

estimation of a feasible time for battery replacement. The RUL of a battery de-

pends on the battery degradation level and operational conditions.7 The nonlinear

and uncertain degradation profiles of batteries call for nonlinear predictive models.

Monitoring of a battery state during its operational usage has two elements, namely

state of charge (SOC) and state of health (SOH).8 SOC is a measure of remaining

available stored energy9 and SOH is a measure of the battery degradation.10 These

measures provide useful information on the present conditions of a battery.11 The

RUL prediction task can, then, be performed through a wide range of prognostic

methods, that are mainly classified under two major categories of model-based and

data-driven methods.12–17

Model-based approaches account for a majority of the modern RUL estimation

methods, but often in practice it is difficult to have a precise and well-established

model,18 tune its parameters, and update their values during the prediction phase,

for changing operational conditions.19 For example, rapid changes at the final cycles

of usage increase the difficulty to learn the final steps of the degradation profiles.7

Data-driven approaches help address these issues in RUL prediction.5 Data-

driven approaches utilize existing and past observations of the batteries degra-

dation profiles for estimating future values.19 RUL can be estimated by learning

the relationships amongst the degradation features and the degradation trends.19

Informative features, like voltage, capacity, current and impedance have been ex-

tracted and used for battery RUL prediction. The numbers of observations and

informative features play a vital role for achieving an accurate prediction model.20

The data-driven approaches are much faster and easier to implement compared to

model-based approaches,21 even though they require a large number of observations

in the training phase and the prediction model is non-transparent.14

The model-based approaches can be classified into two main categories. The first

group makes use of the degradation modelling strategy.19 The approaches can use

a nonlinear degradation model,22 an adaptive and nonlinear model,22 a hierarchi-

cal model to integrate discharging and degradation processes,23 a sparse Bayeshian

predictive model24 and a degraded Markov model14 to estimate the remaining use

life. Such models are a bit complex and very sensitive to the quality and quantity

of the battery data. The second group makes use of the state/parameter observers,

like extended Kalman filter25 and particle filter.26 These approaches are computa-

tionally expensive and sensitive to the accuracy and robustness of the model. The

data-driven approaches can be classified into three major categories. This group
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of approaches makes use of statistical measures.6 These techniques are quite sim-

ple and straightforward. The second group of approaches aim to map from ex-

tracted features or stressing factors to state of health. These include the use of

support vector machine27,28 and neural networks.29,30 These techniques can be eas-

ily implemented and have a good nonlinear mapping capability. The third group

of approaches aim to map directly from aging cycle to state of health.31,32 These

techniques have a good nonlinear mapping capability but are difficult to be imple-

mented. All these techniques are sensitive to the quantity and quality of the battery

data. Several data-driven approaches, including support vector machines,27,28 rel-

evance vector machines,33 and artificial neural networks30 have been implemented

for the prediction of remaining useful life of batteries.34 However, many of such

techniques suffer from computational complexity and higher computational time.34

The work in this paper focuses on the study and comparison of data-driven

techniques for the one-step-ahead prediction (OSP) and the multi-step-ahead pre-

diction (MSP) of batteries RUL. The aim is to develop several predictors based

on extreme learning machines (ELM)35–37 for estimation of the remaining useful

life of batteries. Extreme learning machines (ELM) are known for fast implementa-

tion, low complexity and reliable predictions. The proposed ELM-based predictor

is studied and compared to other state-of-the-art prediction techniques, including

neuro-fuzzy networks (NFs),38–40 group method of data handling (GMDH),41 ran-

dom forests (RF)42 and echo state networks (ESN).43 These predictors are formed

in the nonlinear autoregressive (NAR) structures for OSP and used along within

several MSP structures, namely iterative, direct and DirRec, for the long-term pre-

diction. All these strategies create different training subsets including current and

past observations of the batteries and train several models to predict the future

capacity values in short and long horizons.

The paper also tries to handle the situation of estimating the RUL of a battery,

with insufficient or unusable observations. There is often a situation, particularly

in case of a new equipment, that the available set of observations or data lack the

quantity as well as the quality to be suitable to generate a training subset. The

paper proposes a solution to this problem by utilizing the data available from a

fleet of existing batteries. These batteries are similar and operate under similar

working conditions and degradation processes. The data from the fleet of batteries

are combined to train the prognostic model. Once trained, the model can be utilized

to estimate the RUL of the battery.

The remainder of the paper is structured as follows. Section 2 of the paper briefly

formulates the problem statement. Section 3 presents the proposed techniques to

predict the remaining useful life of the Lithium-ion batteries. Section 4 discusses

and analyses the experimental results. Section 5 presents the conclusion.

2. Problem Statement

The primary goal of the paper is to analyze the degradation process in Lithium-ion

batteries and estimate their remaining useful life over both short and long time
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One-step-ahead Prediction Model (NAR)

Multi-step-ahead Prediction Model - Iterative Strategy

Multi-step-ahead Prediction Model - DirRec Strategy

Multi-step-ahead Prediction Modelc - Direct Strategy

Battery Data

Prediction Module

Predictions
Prognostic Horizon,
Alpha-Lambda accuracy,
RMSE, 
ERUL

Predictions
Prognostic Horizon,
Alpha-Lambda accuracy,
RMSE, 
ERUL

Predictions
Prognostic Horizon,
Alpha-Lambda accuracy,
RMSE, 
ERUL

Predictions
Prognostic Horizon,
Alpha-Lambda accuracy,
RMSE, 
ERUL

Fig. 1. Block diagram of the prediction system. Battery data are fed into the predictive models
for estimating the RUL of the battery.

horizons. Four different battery datasets, namely B5, B6, B7 B18, are used for the

estimation of the remaining useful life in terms of capacity. These datasets were

collected at the Idaho National Lab and can be obtained from the NASA Prog-

nostic Center of Excellence Data Repository.44 The batteries have been charged at

the constant rate of 1.5A, till the voltage reaches 4.2V and, then, the voltage is

sustained at a constant level till the current reduces to 20mA. In discharge cycles,

the batteries maintain a constant current level till the voltage drops below a pre-

set value.14 Batteries B5, B6, B7 and B18 are considered to be fully discharged

when their voltage drops to 2.7V, 2.5V, 2.2V and 2.5V respectively. This charge

and discharge cycles are continued until the rated capacity drops from 2Ahr to

1.4Ahr, a drop of 30%, which is a criteria for battery end-of-life.21 Capacity of

a battery, C(Ahr), is a common index to predict its remaining useful life45 and,

hence, in this paper, capacities from 168 discharge cycles are extracted and uti-

lized to create required inputs for the predictors in order to estimate the RUL of

the batteries.

Figure 1 shows the proposed prediction scheme. The following prediction strate-

gies can be considered to construct various predictors and estimate the useful life

of the Li-ion batteries for short and long-term horizons.
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2.1. One-step-ahead prediction (OSP) strategy

One-step-ahead predictions (OSP) are utilized for the estimation of the RUL of a

battery over a short horizon. Nonlinear autoregressive (NAR) structures46 are used

to construct predictive models using the following equation:

ψ̂i+1 = g(ψi, ψi−1, ψi−2, . . . , ψi+1−n) + εi+1 (1)

where ψ symbolizes the battery capacity at discharge cycles, n symbolizes the num-

ber of lags, ε symbolizes the prediction error for each cycle, i symbolizes the cycle

number, and g symbolizes the prediction approximation function during the train-

ing phase.

2.2. Multi-step-ahead prediction (MSP) strategies

(a) Iterative strategy predicts the next future value using OSP method and, then,

uses the predicted value as a known input iteratively to predict the subsequent L

future values. Prediction of the L subsequent values using this technique can be

formulated by the following equation

ψ̂i+l =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

g(ψi, . . . , ψi+1−n) , if l = 1

g(ψ̂i+l−1, . . . , ψ̂i+1, ψi, . . . , ψi+l−n) , if l ∈ {2, . . . , n}
g(ψ̂i+l−1, . . . , ψ̂i+l−n) , if l ∈ {d+ 1, . . . , L}

(2)

where ψ symbolizes the battery capacity at discharge cycles, ψ̂ symbolizes the

predicted battery capacity, n symbolizes the number of lags, i symbolizes the cycle

number, g symbolizes the one-step prediction model and L symbolizes the total

number of predictions.47,48

(b) DirRec strategy predicts multi-step-ahead values similar to iterative

strategy, but, generates a new prediction model after each prediction step.48 Predic-

tion of L subsequent values using this technique can be formulated by the following

equation

ψ̂i+l =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

gl(ψi, . . . , ψi+1−n) , if l = 1

gl(ψ̂i+l−1, . . . , ψ̂i+1, ψi, . . . , ψi+l−n) , if l ∈ {2, . . . , n}
gl(ψ̂i+l−1, . . . , ψ̂i+l−n) , if l ∈ {n+ 1, . . . , L}

(3)

where gl symbolizes the predictive model constructed at the lth prediction step.49

(c) Direct strategy constructs L distinct models gl to predict L future values

using the following equation49

ψ̂i+l = gl(ψi, ψi−1, . . . , ψi+1−n) , l ∈ [1, L] . (4)
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2.3. Fleet-based predictions

The one-step ahead predictive model for the fleet-based prognostic scheme is gener-

ated using an ensemble of one-step ahead prediction models for all available batter-

ies. For the iterative multi-step ahead predictions, the first future value is estimated

using the one-step model, which is then used as known input iteratively to generate

subsequent future values

ψ̂k,i+1 = gfleet(ψk,i, ψk,i−1, ψk,i−2, . . . , ψk,i+1−n) (5)

where k symbolizes the kth battery in the available fleet and gfleet symbolizes the

one-step ahead predictive models for the various batteries in the fleet.

3. Predictor Models

3.1. Extreme Learning Machine (ELM )

ELM is a generalized, single hidden layer feedforward network (SLFN),35,36 with

the following output function50

fp(x) =

p∑
i=1

βihi(x) = h(x)β , x ∈ R
n , βi ∈ R

o (6)

where p is the number of hidden nodes, β = [β1, . . . , βp]
T stands for the vec-

tor of output weights linking nodes of the hidden layer to the o ≥ 1 out-

put nodes, h(x)=[h1(x), . . . , hp(x)]
T denotes the ELM nonlinear feature mapping.

Hidden nodes may include different output functions. Particularly, hi(x) can be

defined as

hi(x) = f(ωix+ bi) , ωi ∈ R
p , bi ∈ R

p (7)

where f(ωx+b) stands for a nonlinear piecewise continuous function, which satisfies

the universal approximation capability of ELM, in which (ω, b) are the hidden node

parameters.35

Given a set of observations S = {(xj , yj)|xj ∈ R
n, yj ∈ R

o}, a standard SLFN

with p hidden nodes and an arbitrary activation function can be modeled as follows

fp(xj) =

p∑
i=1

βihi(xj) =

p∑
i=1

βif(ωixj + bi) , j = 1, . . . ,m (8)

where ωi = [ωi1, . . . , ωip]
T stands for the weight vector linking the ith hidden node

and the input nodes, bi denotes the threshold of the ith hidden node and f stands

for the activation function. There exist various types of activation functions such

as sigmoid, hyperbolic tangent, Gaussian, hard limit, cosine/Fourier basis, sine and

radial basis function (RBF).35 Here, the sigmoid function has been used, which can

be defined as follows

f(ωixj + bi) =
1

1 + exp(−(ωixj + bi))
, ωi ∈ R

p , bi ∈ R
p . (9)

1850036-6
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ELM randomly generates p hidden nodes (step 1), without the need for tuning,

to approximate the input-output relation among the m pairs of observations with

the minimum training error, εj =
∑p

i=1 ‖fp(xj) − yj‖, i.e., it determines (ωi, bi)

and βi such to satisfy the following

p∑
i=1

βif(ωixj + bi) = yj + εj , j = 1, . . . ,m (10)

where ε stands for the error or noise and yj denotes the output vector at the jth

row. This can be reformulated as follows

Hβ = Y (11)

where

H =

⎡
⎢⎢⎣
h(x1)

...

h(xm)

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
f(ω1x1 + b1) · · · f(ωpx1 + bp)

...
. . .

...

f(ω1xm + b1) · · · f(ωpxm + bp)

⎤
⎥⎥⎦
m×p

(12)

β =

⎡
⎢⎢⎢⎣

βT
1

...

βT
p

⎤
⎥⎥⎥⎦
p×o

(13)

and

Y =

⎡
⎢⎢⎢⎣

yT1
...

yTm

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎣
y11 . . . y1o
...

. . .
...

ym1 . . . ymo

⎤
⎥⎥⎦
m×o

(14)

in which H stands for the randomized matrix of the hidden layer output of the

network and Y stands for the target matrix. ELM computes the matrix of hid-

den layer outputs H (step 2) and, then, computes the vector of output weights

(step 3).

The optimal solution can be found, then, by the smallest least-square solution

of the linear system (see Eq. (11)) as follows

β̂ = H†Y (15)

where H† stands for the Moore-Penrose generalized inverse of matrix H .35

Figure 2 illustrates the ELM training structure, where the output matrix is

generated using the input matrix and the hidden layer matrix. The hidden layer

parameters can be generated randomly, independent of the input matrix and, thus,

decrease considerably the training time of the model.
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1

n

1

ixj ε R
n

yj 

β1 

βi

βp

n input neurons p hidden neurons

(ω1, b1)

(ωi, bi)

(ωp, bp)

output neurons

p

Fig. 2. Extreme learning machine model topography.

4. Experimental Results

The proposed prognostic scheme uses the ELM predictor and other state-of-the-

art methods, including GMDH, NF, RF and ESN, in a set of experiments for

one-step and multi-steps ahead predictions. Results are compared in terms of root

mean square error (RMSE), prediction error (ERUL), prognostic horizon and alpha-

lambda accuracy. RMSE calculates the difference between the target and predicted

values. ERUL indicates the error in the prediction at the end of life that can be

calculated as the difference between the actual and predicted cycle numbers at

which the battery reaches the end of life, when the value of capacity crosses a

predetermined threshold. For these experiments, the threshold values for batteries

B5, B6 and B7 are 1.299V , 1.424V and 1.41V , respectively. Prognostic horizon

indicates the difference of the battery end of life cycle and the cycle where the

prediction first reaches a specified performance criteria.51 For these experiments,

the alpha for the prognostic horizon is set at 10%. Alpha-lambda accuracy indicates

the quality of estimations by checking if the estimations are within a specified range

at particular cycles.51 For these experiments, the alpha for the accuracy is set at

20%. The fleet-based prognostics scheme utilizes the combined datasets of batteries

B5, B6 and B7 to form the training subset in a set of experiments for one-step

and multi-steps ahead predictions of the battery B18. The threshold value for the

battery B18 is set at 1.4V . Only iterative strategy is used for the multi-steps ahead

predictions using the fleet-based prognostics.

4.1. One-step ahead predictions

Various one-step ahead predictions are performed on all battery datasets by varying

the number of input lags from two to five. Besides, the size of the training set is

also varied between 40%, 60% and 80% of the total set.
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Fig. 3. Prediction results for the test with two input lags and the use of first 40% of the obser-
vations for training.

Figure 3 depicts the prediction result generated by each predictor along with the

target for the test 40% — 2 on the B5 data. This indicates that the first 40% of the

observations are used for training and the input contains two lags. This figure shows

that all methods perform well in predicting the target over a one-step prediction

model, since sufficient samples are available for training.

Our experiments indicate that increasing the number of lags does not improve

the performance of the predictors.

Figure 4 depicts the distribution of the RMSE for each OS predictor for different

tests on all the battery datasets. The boxes represent the distribution range of the

RMSE values (dots) between the first and third quartiles, the solid line represents

the median value of the RMSE for each OS predictor, the dash lines show the

outlier range, the crosses represent the outliers and the solid square represents

the mean of the RMSE values for each OS predictor. Presence of the solid line

in the middle of the box indicates that the values are uniformly distributed. The

predictors are ranked w.r.t. the mean values as ELM, ESN, NF, RF and GMDH.

ELM has the smallest box, which indicates the least variation among the RMSE

values and the most stable predictions. GMDH produces the biggest window and

also has the maximum number of outliers, i.e., the most unstable results.

Figure 5 depicts the distribution of ERUL values for each OS predictor for

different tests on all the batteries’ datasets. A negative (positive) value for ERUL

indicates an early (late) prediction, which means that the prediction profile passes

through the threshold sooner (later) than the actual target profile in terms of cycles.
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Fig. 4. Box-plots representing the distribution of the RMSE values calculated by each OS pre-
dictor, for all performed tests on all battery datasets.

Prediction Techniques
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Fig. 5. Box-plots representing the distribution of ERUL values calculated by each OS predictor,
for all performed tests on all battery datasets.
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This figure indicates that ELM and NF accurately predict the end of lifecycle.

GMDH has several early predictions. The predictors are ranked in terms of ERUL

as ELM, ESN, NF, RF and GMDH.

The results for the OS predictions show that ELM is the best OS predictor in

terms of RMSE and ERUL, and, thus, it can be selected for OS prediction of the

RUL of the batteries.

4.2. Multi-steps ahead predictions

Various prediction techniques along with the MS prediction strategies (iterative,

DirRec and direct) are used to estimate the RUL of batteries over long horizons.

Figure 6 illustrates the MSP results generated by each predictor for all three

MSP strategies, along with the target for the test 40% — 3 on the B5 data.
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(b) DirRec Approach: 40% - 3
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(c) Direct Approach: 40% - 3

Target
RF
GMDH
NF
ELM
ESN

Threshold
40% Training

Threshold
40% Training

Threshold
40% Training

Fig. 6. Prediction results for three strategies using three input lags and the first 40% of the
observations for training.
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This indicates that the input has three lags and the first 40% of the observations

are used for training. Panels (a) and (b) in the figure show that the iterative and

DirRec strategies achieve large prediction errors for the small sequence of obser-

vations. The error generated at each prediction step propagates through the next

steps and leads to a significant deviation from the target. The direct strategy, on

the other hand, attains better prediction results for small sequences of observations

(see panel c). However, many of the predictors fail to quickly reach the threshold.

Figure 7 illustrates the MSP result generated by each predictor for all three

MSP strategies, along with the target for the test 60% — 3 on the B5 data. This

indicates that the input has three lags and the first 60% of the observations are

used for training. Increasing the length of the sequence of observations improves
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(b) DirRec Approach: 60% - 3
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(c) Direct Approach: 60% - 3
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Fig. 7. Prediction results for three strategies using three input lags and the first 60% of the
observations for training.
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Fig. 8. Box-plots representing the distribution of the RMSE values calculated by each MS pre-
dictor on all performed tests for all three strategies.

the prediction result for all three MSP strategies, especially for the iterative and

DirRec strategies.

Figure 8 illustrates the distribution of the RMSE for each MS predictor for all

three strategies on all the battery datasets. Figure 8 shows that ELM outperforms

all predictors and has the lowest mean, the smallest box and thus, the lowest range of

outliers. It also shows that the KELM predictors closely follow the ELM predictor.

These MS predictors are ranked w.r.t. RMSE as ELM, ESN, RF, NF and GMDH.

Figure 9 illustrates the distribution of the ERUL values for each MS predictor

on all the battery datasets. Figure 9 clearly illustrates that ELM outperforms other

predictors in estimating the remaining life for all the batteries and has a much

smaller box representing more stable results for all MSP strategies. The predictors

are ranked w.r.t. to ERUL as ELM, RF, ESN, NF, GMDH.

The attained results can also be studied in terms of multi-steps ahead prediction

strategies, which are not presented here due to space limitation. The rank of these

strategies, when the predictions generated by the strategies are compared in terms

of RMSE and ERUL, is direct, DirRec and iterative.

Figure 10 illustrates the prognostic horizon and alpha-lambda accuracy plots

for the distribution of ERUL values attained by each MS predictor on all the bat-

tery datasets for the iterative strategy. The prognostic horizon plots show that

ELM, closely followed by ESN, generate predictions which are always within the

boundaries of the prognostic horizon for all battery datasets. In the alpha-lambda

accuracy plots, ELM makes the earliest estimation within the accuracy level for
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Fig. 9. Box-plots representing the distribution of the ERUL values attained by each MS predictor
on all performed tests for all three strategies.

battery datasets and the generated predictions outnumber all other competitors

to fall within the accuracy boundaries. The figure shows that ELM can generate

accurate and reliable predictions, even with a smaller training subset.

The attained results for the MS predictions show that ELM is the best MS

predictor in terms of RMSE, ERUL, prognostic horizon and alpha-lambda accuracy

and thus, it can be selected for MS prediction of the RUL of batteries.

4.3. Fleet-based prognostics

For the purpose of fleet-based prognostics, the combined datasets of the batteries

B5, B6 and B7 are used to generate an overall training subset, which is then used

to estimate the RUL of the battery dataset B18. Both OS and MS predictions

are performed on the battery dataset B18. Only iterative strategy has been used

for the MS predictions, as other techniques are either not suited for a fleet-based

prognostics or computationally challenging.

Figure 11 illustrates the OS prediction result generated by each predictor along

with the target on the B18 data. This indicates that the entire 100% of the ob-

servations from B5, B6 and B7 are used for training and the input contains five

lags. This figure shows that the ELM produces predictions close to the target. Both

GMDH and RF show spikes in the predictions, instead.

Figure 12 illustrates the distribution of the RMSE and ERUL values calculated

by each OS predictor for fleet-based prognostics. The figure shows that ELM pro-
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Fig. 10. Prognostic horizon and alpha-lambda accuracy plot representing the distribution of the
ERUL values attained by each MS predictor on all performed tests for iterative strategy.
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Fig. 11. OS prediction results for battery B18 using three input lags and the entire observations
of the three batteries for training.
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Fig. 12. Box-plots representing the distribution of the RMSE and ERUL values calculated by
each OS predictor for fleet-based prognostics.

duces lower RMSE, accurate RUL predictions and more stable results, indicated by

the smaller box size. The predictors are ranked w.r.t. to RMSE as ELM, NF, ESN,

GMDH and RF and w.r.t ERUL as ELM, ESN, GMDH, RF and NF.

Figure 13 illustrates the MS prediction result generated by each predictor along

with the target on the B18 data using the iterative strategy. This indicates that the

entire 100% of the observations from B5, B6 and B7 are used for training and the
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Fig. 13. MS prediction results for battery B18 using iterative strategy, three input lags and the
entire observations of the three batteries for training.

input contains three lags. This figure shows that all predictors, except NF, produce

predictions close to the target.

Figure 14 illustrates the distribution of the RMSE and ERUL values calculated

by each MS predictor for fleet-based prognostics. The figure shows that, similar to

OS predictions, ELM produces lower RMSE, accurate RUL predictions and more

stable results, indicated by the smaller box size. The predictors are ranked w.r.t.
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Fig. 14. Box-plots representing the distribution of the RMSE and ERUL values calculated by
each MS predictor for fleet-based prognostics.
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Fig. 15. Prognostic horizon and alpha-lambda accuracy plot representing the distribution of the
ERUL values attained by each MS predictor for iterative strategy.

to RMSE as ELM, NF, ESN, GMDH and RF and w.r.t. ERUL as ELM, ESN, RF,

GMDH and NF.

Figure 15 illustrates the prognostic horizon and alpha-lambda accuracy plots

for the distribution of ERUL values attained by each MS predictor on the battery

B18 dataset for the iterative strategy. The prognostic horizon plots clearly show

that ELM is the only predictor whose predictions are always within the boundaries

of the prognostic horizon for all battery datasets. In the alpha-lambda accuracy

plots, ELM makes the earliest predictions within the accuracy level for battery

datasets and on aggregate, predicts EOL within the accuracy boundaries more than

other predictors. This indicates that ELM is an excellent predictor for fleet-based

prognostics, producing accurate and reliable predictions.

5. Conclusions

This paper proposes an efficient prognostic scheme for one-step and multi-step

ahead predictions of the remaining useful life of Lithium-ion batteries. An Extreme

Learning Machine-based prediction technique has been devised along with various

one-step and multi-step prediction strategies to estimate the RUL of Lithium-ion

batteries. The primary goal of the paper is to deliver a fast and efficient data-

driven prognostic scheme to predict the remaining life of batteries over short and

long time horizons, even when insufficient observations are available. The attained

results show that ELM prediction techniques are fast when compared to other

competitors and generate accurate prediction profiles. The ELM predictive model

outperforms other competitors for the one-step ahead and the multi-step ahead
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RUL predictions. The ELM predictive model also outperforms the competitors for

the fleet-based prognostics.

The implementation of an effective prediction model can often be challenging.

The performance of data driven prediction models highly depend on the availability

of observations. However, excessive amount of information can often lead to over-

fitting of data. Observations for a time-series data, similar to the ones used in

this paper, often generates different predictive models for different time intervals.

Hence, using the entire set of observations as a training dataset may not be ideal

to generate a prediction model. The proposed scheme in the paper is designed for a

prediction model in a standard batch environment. It could be easily transformed

into an online just-in-time environment using online variants of the ELM algorithm.

An online prediction model for estimating the remaining useful life of the battery,

where new observations are fed into the system, one at a time or in batches, would be

an interesting direction for the future research in order to improve the prognostics

of battery life.
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modeling of transient heat transfer in circular duct air flow, Int. J. of Thermal
Sciences 43(11) (2004) 1075–1090.

40. J.-S. Jang, ANFIS: Adaptive-network-based fuzzy inference system, IEEE Transac-
tions on Systems, Man, and Cybernetics 23(3) (1993) 665–685.

41. A. Ivakhnenko, The group method of data handling in long-range forecasting, Technol.
Forecast. Soc. Change 12(2-3) (1978) 213–217.

42. L. Breiman, Random forests, Machine Learning 45(1) (2001) 5–32.
43. H. Jaeger, The echo state approach to analyzing and training recurrent neural net-

works, Technical Report GMD Report 148, German National Research Center for
Information Technology 148 (2001).

44. B. Saha and K. Goebel, Battery data set: Nasa ames prognostics data repository,
in http://ti.arc.nasa.gov/project/prognostic-data-repository (NASA Ames, Moffett
Field, CA, 2007).

45. S. Lee, H. Cui, M. Rezvanizaniani and J. Ni, Battery prognostics: SOC and SOH
prediction, in Proc. of the ASME Int. Manufacturing Science and Engineering Conf.
(Notre Dame, Indiana, USA, 2012), pp. 1–7.

1850036-21

In
t. 

J.
 A

rt
if

. I
nt

el
l. 

T
oo

ls
 2

01
8.

27
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
01

/0
8/

19
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



December 5, 2018 14:20 IJAIT S0218213018500367 page 22

1st Reading

R. Razavi-Far et al.

46. T. Chow and C. Leung, Nonlinear autoregressive integrated neural network model
for short-term load forecasting, in IEE Procs. — Generation, Transmission and
Distribution 143(5) (1996) 500–506.

47. S. Taieb, A. Sorjamaa and G. Bontempi, Multiple-output modeling for multi-step-
ahead time series forecasting, Neurocomputing 73(10-12) (2010) 1950–1957.

48. V. T. Tran, B.-S. Yang and A. C. C. Tan, Multi-step ahead direct prediction for the
machine condition prognosis using regression trees and neuro-fuzzy systems, Expert
Systems with Applications 36(5) (2009) 9378–9387.

49. R. Gouriveau and N. Zerhouni, Connexionist-systems-based long term prediction ap-
proaches for prognostics, IEEE Transactions on Reliability 61(4) (2012) 909–920.

50. Y. L. He, Z. Q. Geng and Q. X. Zhu, A data-attribute-space-oriented double parallel
(DASODP) structure for enhancing extreme learning machine: Applications to re-
gression datasets, Engineering Applications of Artificial Intelligence 41 (2015) 65–74.

51. A. Saxena, J. Celaya, B. Saha, S. Saha and K. Goebel, On applying the prognostic
performance metrics, in Int. Conf. on Prognostics and Health Management (PHM )
Annual Conf. of the Prognostics and Health Management Society (San Diego, USA,
2009).

1850036-22

In
t. 

J.
 A

rt
if

. I
nt

el
l. 

T
oo

ls
 2

01
8.

27
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
01

/0
8/

19
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.


	Introduction
	Problem Statement
	One-step-ahead prediction (OSP) strategy
	Multi-step-ahead prediction (MSP) strategies
	Fleet-based predictions

	Predictor Models
	Extreme Learning Machine (ELM)

	Experimental Results
	One-step ahead predictions
	Multi-steps ahead predictions
	Fleet-based prognostics

	Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 841.680]
>> setpagedevice




