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Abstract

We consider in this article battery state of power (SoP) estimation, in particular, we propose
two algorithms for predicting voltage corresponding to a future current profile that is known
to be demanded by the battery load. The proposed algorithms belong to the class of data-
driven methods and are based on the Gaussian Process Regression (GPR) framework. In
comparison to conventional model-based approaches, datadriven approaches circumvent the
issue of observability of SoP from measurements, especially pronounced in batteries with flat
open circuit voltage (OCV) characteristic. In addition, the GPR framework admits accurate
modeling of a fairly complicated battery dynamics using training data. Finally, the considered
setup enables a relatively easy access to training data whenever the necessity for retraining
arises, such as due to battery aging. The proposed algorithms aim to handle diverse battery
operating conditions involving smooth and abruptly changing voltage/current measurements
with both relatively small and large training datasets. The algorithms are tested on two
such datasets, and the measured prediction performance and computation time verify their
viability for real-time industrial use. We conclude with a number of possible directions for
future research.

IEEE International Conference on Industrial Informatics (INDIN)

This work may not be copied or reproduced in whole or in part for any commercial purpose. Permission to copy in
whole or in part without payment of fee is granted for nonprofit educational and research purposes provided that all
such whole or partial copies include the following: a notice that such copying is by permission of Mitsubishi Electric
Research Laboratories, Inc.; an acknowledgment of the authors and individual contributions to the work; and all
applicable portions of the copyright notice. Copying, reproduction, or republishing for any other purpose shall require

a license with payment of fee to Mitsubishi Electric Research Laboratories, Inc. All rights reserved.

Copyright (© Mitsubishi Electric Research Laboratories, Inc., 2017
201 Broadway, Cambridge, Massachusetts 02139






Online Data-Driven Battery Voltage Prediction
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Abstract—We consider in this article battery state of power
(SoP) estimation, in particular, we propose two algorithms for
predicting voltage corresponding to a future current profile that
is known to be demanded by the battery load. The proposed
algorithms belong to the class of data-driven methods and are
based on the Gaussian Process Regression (GPR) framework.
In comparison to conventional model-based approaches, data-
driven approaches circumvent the issue of observability of SoP
from measurements, especially pronounced in batteries with flat
open circuit voltage (OCV) characteristic. In addition, the GPR
framework admits accurate modeling of a fairly complicated
battery dynamics using training data. Finally, the considered
setup enables a relatively easy access to training data whenever
the necessity for retraining arises, such as due to battery
aging. The proposed algorithms aim to handle diverse battery
operating conditions involving smooth and abruptly changing
voltage/current measurements with both relatively small and
large training datasets. The algorithms are tested on two such
datasets, and the measured prediction performance and compu-
tation time verify their viability for real-time industrial use. We
conclude with a number of possible directions for future research.

Index Terms—Battery management system, Gaussian process
regression, Lithium-ion battery, State of power, Voltage predic-
tion.

I. INTRODUCTION

Rechargeable batteries are nowadays widely deployed. For
example, they are used as a backup power supply in case
of power outages in hospitals, data centers, communication
base stations, government premises, to store energy in solar
panels, as well as to supply energy to electric vehicles, implant
medical devices, consumer electronic devices, etc. Battery
management system (BMS) manages the operation of a battery
and ensures its safety and proper functioning. The BMS
employs sensors which measure a variety of physical quantities
related to a battery, such as voltage, current, temperature, in-
ternal resistance, etc. These measurements are supplied to the
algorithms hosted in the BMS to estimate different measures
quantifying the state of the battery. The BMS further manages
the battery based on the algorithms’ outputs.

Traditionally, the state of health (SoH) and state of charge
(SoC) have been used to quantify the state of a battery. In some
literature, the battery SoH quantifies its maximum capacity,
i.e., the amount of charge it can hold, with respect to the rated
(nominal) capacity. The SoH of a newly fabricated battery
without defects is 100%. However, as the battery ages, its
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capability to store energy diminishes and the SoH decreases.
On the other hand, the SoC quantifies battery’s capacity at
a given time with respect to its maximum capacity. The
SoC is between 100%, when the battery is fully charged,
and 0%, when the battery is fully discharged. A number of
algorithms for battery SoH and/or SoC estimation have been
proposed in the literature. Most of them are based on a battery
equivalent circuit model [1], [2], or electrochemical model [3],
and embed some form of Kalman filtering. On the other hand,
data-driven SoH/SoC estimation algorithms started to emerge
with the developments of machine learning and data analytics
methods [4], [5]. In comparison to conventional models, the
models revealed by the data-driven methods can, in general,
describe a wider class of battery models, thereby providing
better estimation performance. However, due to battery aging,
the battery model parameters become inaccurate after a certain
time period, and hence require retraining. A major difficulty
with retraining is the lack of an easy access to the true SoH
and SoC values over a range of operating conditions. This
is especially an issue in the data-driven SoH/SoC estimation
methods.

In addition to the SoH and SoC, the battery state of power
(SoP) is also used as a metric to assess its functionality.
Essentially, the SoP indicates how much power a battery can
provide at a given time. Compared to the SoH and SoC,
the SoP estimation has been less explored in the literature,
although the SoP is a metric that can actually be measured.
Model-based approaches for the estimation of SoP [6] and
peak power [7], [8] prevail. There, the SoP is estimated from
the SoH and SoC (as well as resistances) and therefore the
estimation accuracy depends on the quality of the SoH/SoC
estimators. However, achieving accurate SoH/SoC estimation
is difficult for batteries with “flat”-OCV characteristics, such
as LiFePO4, SCiB, NiMH, because of poor observability of the
SoH and SoC from the measurements. The direct estimation
of the SoP from the measurements can have stronger observ-
ability, nevertheless there are no models which are physically
understandable.

In this paper, we study the problem of SoP estimation.
In particular, we consider a problem of predicting battery
voltage corresponding to a future current profile, assuming it
is known and available to the BMS. This is a realistic setup in
a number of applications, for example, in the uninterruptible
power supply (UPS) systems. Assuming the present time is ¢,
we propose two algorithms to predict voltage corresponding
to future time ¢ + 7', assuming the current demand at ¢t + T’
is known. The proposed algorithms are data-driven for the
following reasons. First, in comparison to the model-based
SoP estimation, data-driven SoP estimation does not require



SoH and SoC estimation and thus circumvents the issue
of observability. Second, given that the true value of the
quantity being estimated is available immediately after the
time period 7T, this setting enables a relatively easy access
to the training data at any time of operation. Thus, the
training data is easily available when the utilized model needs
to be retrained because of the battery aging, unlike in the
SoH/SoC estimation. Finally, the models learned from data-
driven methods are able to more accurately fit the actual
battery dynamics than the conventional models. As an aside
note, the proposed data-driven algorithms can be relatively
easily cast to solve an alternative problem of predicting the
current corresponding to future voltage demand. Also note
that once the voltage is predicted, the battery SoP is given
as the product between the predicted voltage and the current
demand. The voltage prediction has already been studied in
the literature using conventional battery models [9], [10].
However, we were unable to find a data-driven battery voltage
prediction algorithm in the literature.

The proposed voltage prediction algorithms are based on
the Gaussian process regression (GPR) framework [11], which
is a Bayesian non-parametric technique suitable for modeling
highly complicated input-output relations with relatively small
training datasets. The GPR models unknown quantity as a
Gaussian distributed random variable whose predicted mean
is a point estimate, while the predicted variance is used to
quantify the uncertainty in the point estimate. This uncer-
tainly quantification, which naturally follows from the GPR
framework, is one of the GPR advantages over other methods.
The GPR framework has been successfully applied for battery
SoH [12], [13], and SoC estimation [14], [15].

The rest of the paper is organized as follows. Section II
presents two proposed voltage prediction algorithms. Section
IIT validates the performance of the algorithms on simulated
and experimental datasets. Section IV concludes the paper and
provides possible directions for further research.

II. VOLTAGE PREDICTION ALGORITHMS
A. Problem statement

The essence of the problem considered in this paper is
to predict battery voltage corresponding to future current
demand, assumed known and available. An equivalent problem
is to predict current given the future voltage demand. We focus
on the former problem, but note that the proposed algorithms
can also handle the latter problem.

We assume the measurements of battery’s physical quanti-
ties (such as voltage, current and temperature) up to the present
time are available and utilized for voltage prediction. Formally,
the measurements of the voltage, current and temperature
of a battery at discrete time t are denoted, respectively, V;,
I; and T;. The measurements are taken with the sampling
period AT'. The future current demand at M subsequent time
instants ¢ + 1,...,t + M, following the time instant ¢, is
Iivq1,..., 11 ar. Our goal is to predict voltage corresponding
to the future current demand, i.e., to estimate V1 1,..., Vigns
using the available data.

B. One-step voltage prediction

A simpler problem of predicting voltage corresponding to
time £+ 1 from the measurements at times ¢, ...,t— L and the
current demand corresponding to time t4-1, I;1, is considered
first. We refer to L as the memory size since it specifies the
number of previous measurements used for voltage prediction.

The measurements and future current are collected in an
input vector x;, of length 3L + 1, formatted as

Vice L Ty ]T-

(D
The output y; from the one-step voltage prediction algorithm
is the voltage corresponding to time ¢ + 1,

Yyt = Vig1. 2)

The proposed prediction algorithms are based on the Gaus-
sian process regression (GPR) framework [11]. The crux of the
method is in modeling the joint probability density function of
N outputs y;,, Yi,, ..., Yty as the joint Gaussian probability
density,

Xt:[ItJrl Vi It Ty

7ytN) NN(O72)7 (3)

where the zero mean is assumed without loss of generality.
The covariance matrix X € RV*V is given by

[2]71 - K’(xtiaxtj)? (4)

where r(x;,,X;,) is the kernel function measuring similarity
between inputs x;, and x;;. Intuitively, similar input vectors
should yield similar outputs, i.e., voltage values.

p(yt1>yt27 te

The selection of a kernel from a number of standard kernels
available in the literature, is driven by the specifics of a
particular problem. Conceptually, one ought to choose a kernel
that captures the insights in how output depends on the input.
In that sense, a problem specific kernel can be designed.
Alternatively, one may choose a kernel from several different
candidates which yields the best performance.

An example of a kernel function commonly used in the GPR
framework is the squared exponential (SE) kernel, defined as

K’SE(Xti ) th) = 012; eXP(—XZDth% (5)

where D is the diagonal matrix whose diagonal entries indicate
the relevance of each entry in the input vector. Those entries,
along with the kernel strength o2 are referred to as the hyper-
parameters, collectively denoted .

The hyper-parameters are estimated from the training data.
The training data D consists of N input-output pairs (x¢,, ¥z, ),
where ¢ = 1,...,N. The negative log-likelihood (NLL)
function of the training data follows directly from the joint
Gaussian distribution (3)

1 1 N
NLL(D, H) = 5 log det 3 + §yT271y +5 log(2m), (6)

T .
wherey = [ v, s, Yty | and the entries in 3 are
evaluated using (4) for hyper-parameters 7. The maximum
likelihood (ML) point estimate of the hyper-parameters is



obtained as the argument which minimizes the NLL,

H = arg rrf}_itn NLL(D, H). @)

The optimization problem (7) can be solved using a gradient
based method. We note that the gradient of the NLL (6) is
given in a closed form for most available kernel functions.
However, the NLL function is, in general, non-convex and the
optimization (7) may therefore converge to a local minimum.
To alleviate this issue, several optimization routines initialized
differently may be run in parallel, and once all of them
converge, the one resulting in the smallest NLL value yields
the point estimate 7. A flow chart of the training stage of the
one-step voltage prediction is shown in Algorithm 1.

The mean value of the inferred distribution is the point
estimate of the predicted voltage,

Vt+1 = WUt (15)

while the variance represents prediction uncertainly and can
be used, for example, to specify the corresponding 95%

confidence interval,

A flow chart of the one-step voltage prediction in the opera-
tional stage is shown in Algorithm 2.

Algorithm 2 Operational stage of the one-step predictor

Algorithm 1 Training stage of the one-step predictor

Input: Training data D = {(X¢;, Yty )y -« - Ktns Ytn )
Input: Kernel function «(.,.) parameterized by H

Run optimization: H = arg miny NLL(D, H)

Evaluate inverse covariance matrix X * for 7 using (4)
Output: Learned hyper-parameters H

Output: Inverse covariance matrix X!

AN A > o

The estimated hyper-parameters # and training data D are
used to infer the output y; corresponding to the input x; in
the testing/operation stage. To do so, we first recall that the

joint distribution of the training data outputs vy, , ..., Yy, and
the target output y, is Gaussian,
P(trs Ytas - > Yoo Ye) ~ N(0,5). 8
The covariance matrix ¥’ € RVTD*(N+1) 5 given by
¥ K
/ p—
¥ = [ KT g ] . )

Above, X is the covariance matrix corresponding to the
training data and obtained from (4), k € RN *1 is the vector of
kernel functions evaluated at each input x;, from the training
data D, and the test input x,

[k]i = k(x¢,,%¢),4=1,..., N, (10)

while kg is given by
(1)

Note that all kernels x in the covariance matrix X' are
evaluated using the estimated hyper-parameters #, obtained
in the training stage.

The unknown output y; is inferred from the joint distribu-
tion (8) by conditioning on the known training data outputs

Ko = K(Xt, Xt)-

Ytys- -5 Ytny- Since the joint distribution is Gaussian, the
conditional distribution is also Gaussian,
p(yt|yt1,-~-,ytw)NN(MJ?% (12)
where the mean y; and variance o7 are given by
m = "2y (13)
Ut2 = ko—kIZ k. (14)

1: Input: Training data D = {(X¢,,Yt,),- -, (Xens Ytn )}

2: Input: Kernel function «(.,.) and hyper-parameters #

3. Input: Inverse covariance matrix X!

4: Imput: Measurements Vi, I;, Ty, ..., Vi, I 1, Ty 1,

5: Input: Future current [y

6 y=1[ v Ut Yin | ;
rxp=[Liyn Vi L Ty Vicr e Tiop |
8 [k]; = k(xt;,%¢),i=1,...,N

9: Ko = I{(tht)

10: = kTS y
1: 02 = ko — kTS 'k

12: Output: Predicted mean i, and variance o7

As a final remark, the extension of the presented develop-
ment to the case of a non-zero mean vector in (3) is relatively
straightforward. In the stationary case, the non-zero mean is
estimated as the sample mean of the training data outputs.
The estimated mean is then subtracted from the training data
outputs and, upon performing all processing steps of the
training and testing stage, added to (13) to yield the final
voltage estimate.

In the following, we present two algorithms for multi-step
voltage prediction.

C. Parallel Multi-Step Voltage Prediction (P-MSVP)

The P-MSVP consists of M parallel branches, indexed by
m =1,..., M, where each branch m performs a separate m-
step voltage prediction. Thus, the basic routine of the P-MSVP
is the m-step voltage prediction, which is a generalization of
the one-step voltage prediction, described in Section II-B.

The input vector of the m-step voltage prediction routine at
some discrete time ¢, xim), is formatted by concatenating the
future current demand at ¢t + m, and the measurements of the
voltage, current and temperature at t,t —m,...,t —mL,

T
Xgm) _ |: [t+m V,EM) I]Em) T]Em) ’ (17)



where
Vi = [V View Viemr ]
™ = [ Ln. Iimr "
T, = [T Tim Tyomr |

The target output is the voltage corresponding to time ¢ + m,

(m)

Y = Vigm. (18)

The training stage of the m-step voltage prediction routine
learns the hyper-parameters (™) corresponding to the utilized
kernel function by minimizing the negative log-likelihood
(NLL) of the training data outputs, where the training data

D) consists of N("™) input-output pairs, (xgn),yﬁjn)) i=
1,...,N(™ 1In the testing/operational stage, the mean ugm')

and variance 0,52 (™) of the inferred Gaussian distribution of the
voltage corresponding to the future current I;,,, are evaluated
following the procedure described in Section II-B. The flow
charts of the training and operational stages are shown in
Algorithms 3 and 4, respectively. Note that the for loops
in the flow charts are executed in parallel.

Algorithm 3 P-MSVP: Training stage

Input: Training data D = {(X¢,, Y, )y - - Kty Yin )}
Input: Kernel function (., .) parameterized by H
for m=1:M do
Downsample D by m to obtain D(")
Run optimization: H (™ = arg miny NLL(D™), H)
Evaluate corresponding E;Ll using (4)
end for
Outputs: HM m=1,....M
Outputs: 27;1, =1,....,.M

R A A

)

Algorithm 4 P-MSVP: Operational stage

1: Input: Training data D = {(X¢,, Y1, ), - - -» (Xew» Yin )}
2: Input: Kernel function «(.,.) parameterized by H

3: Input: Measurements V;, I;, T3, . . .,

4: Input: Future current demand I;1q,..., lyypr

5: form=1:M do

6: Downsam(ple D by m to obtain D)

7:  Format xtm) as in (17)

8 [kl = /@(xgm),xti)J =1,...,|DM™)|, x;, € D™
9: ko = K(x; ,Xtm))

10: ,ugm) =k’ ly

11: af’(m) = ko —k'E K

12: end for

. Outputs: p\™, o7™

—_
(95}

D. Recursive Multi-Step Voltage Prediction (R-MSVP)

The main idea behind the R-MSVP is to treat the predicted
voltage corresponding to a certain time instant ¢ + m as the
measured voltage when predicting the voltage corresponding

to the following time instant ¢ + m + 1. More precisely, at
some time instant ¢, the one-step voltage prediction yields ugl) ,
evaluated using (13). To predict voltage corresponding to t+2,
the point estimate of the predicted voltage corresponding to
t+1, ugl), is treated as the measured voltage and used along
with the measurements of the voltage, current and temperature
at time instants ¢,¢t — 1,...,¢ — L, as well as future current
demands I;;; and I;; o in a one-step prediction algorithm to
obtain uﬁz). The process continues in this spirit until all M
voltage predictions are obtained. We note that one form of
recursion in the SoC estimation using the GPR framework
has been porposed in [16].

The basic routine of the R-MSVP is the one-step prediction
algorithm, described in Section II-B. The training stage of
the R-MSVP algorithm is the same as in Section II-B and
consists of learning the hyper-parameters of the kernel function
by minimizing the negative log-likelihood of the training data
D, consisting of N input-output pairs (x¢,, ¢, ), = 1,..., N.
The estimated hyper-parameters are used for voltage prediction
over the whole prediction time horizon.

In the testing/operational stage, the R-MSVP at time ¢
serially predicts voltages corresponding to t+1, ..., t+M. The
voltage corresponding to time instant £ + m is predicted using
the one-step prediction algorithm where the input is formatted
as

T
Xgm) = [ Itym ng) Igm) T, } , (19)

with

(m) (m—1) M g
Vt |: [y ,ut V;& ‘/t—L+m—1 :|
Igm) = [ Iiym Ly L It rym— ]T

T
T, = [T Tia T |

and where u?’ ) is the mean of the inferred Gaussian distri-

bution of the predicted voltage corresponding to ¢ + p. Note
that the formatting in (19) holds when L > m, while the case
when L < m is handled in an analogous manner.

A flow chart of the operational stage of the R-MSVP is
shown in Algorithm 5. Note that the flow chart of the training
stage of the R-MSVP is the same as for the one-step prediction
and is shown in Algorithm 2.

E. Discussion

1) Computational Complexity: The computational com-
plexity of the one-step voltage prediction in the operational
stage can be assessed from (13) and (14) noting that the
mean p; is given as a linear combination of the training
data outputs, with the coefficients given by the vector-matrix
product kX!, Assuming the covariance matrix of the
training data, 3, is inverted at the end of the training stage, the
computational complexity of the one-step voltage predictor is
O(N?) per prediction.

Since both P-MSVP and R-MSVP perform M one-step
voltage predictions at any time instant ¢, the overall computa-
tional complexity in the operational stage of either algorithm



Algorithm 5 Operational stage of the R-MSVP

1: Input: Training data D = {(X¢,,Yt, ), -+ » (Xtn, Ytn ) }
2: Input: Kernel function (., .) and hyper-parameters H
3: Input: Inverse covariance matrix X!

4: Imput: Measurements V;, I, Ty, ..., Vicp, L1, Ty 1,
5: Input: Future currents Iy yq,..., Ly pr

6y = [ Yt1 Yo Ytn }T

7: for m=1: M do

8:  Format xﬁ’”) as in (19)

9: [n]i:n(xgm),xti)J:l,...,N

10: ko = k(x; %)

i ™ =gTe"ly

12: end for

: Output: Predicted voltages VHm = ugm)

—_
[95]

,m=1,....M

is O(M N?). On the other hand, while R-MSVP relies on a
single one-step predictor, the P-MSVP employs M separate
one-step predictors. This implies that training the P-MSVP is
M times more computationally demanding than training the
R-MSVP.

While the P-MSVP and R-MSVP have the same computa-
tional complexity in the operational stage, the computational
times needed to output all M voltage predictions are different
because the former admits parallel implementation, while the
later performs predictions serially. This implies that the P-
MSVP is M times faster than the R-MSVP.

2) Online Retraining: Both proposed algorithms require
training data to learn hyper-parameters of the utilized kernel
function. However, the battery model changes due to aging
and the hyper-parameters should be re-estimated after a certain
time period. While this restriction poses significant challenges
in the data-driven SoC and SoH estimation, this is not so of
an issue in the battery voltage prediction. Namely, the current,
voltage and temperature of a battery are continuously being
measured and thus the training data is immediately available
as soon as the voltage prediction error (also easily available)
starts indicating that the need for retraining has arisen.

3) Possible Enhancements: The main disadvantage of the
P-MSVP algorithm is that its each parallel branch effectively
downsamples the incoming measurements, possibly introduc-
ing aliasing, which detrimentally impacts the performance.
Therefore, this method may not be suitable for the scenarios
where voltage and current exhibit abrupt changes. A possible
approach to alleviate this issue is to incorporate anti-aliasing
filtering in each parallel branch.

On the other hand, the R-MSVP can handle data with abrupt
changes as long as the sampling period AT of the measure-
ment system is appropriately selected. However, the R-MSVP
relies on voltage predictions corresponding to t+1,...,t+m
to predict voltage for ¢ + m + 1, implying that the estimation
error may accumulate over a relatively long prediction time
horizon. A possible way to overcome this problem is to
feed back not only the predicted mean u;, but a certain
number of samples (i.e., particles) taken from the predicted

Gaussian distribution. This approach is currently under our
active exploration.

III. RESULTS AND DISCUSSION
The proposed algorithms are validated using simulated and
experimental datasets. As a performance metric, we report the
maximum relative prediction error (MRE), defined as

‘/t-i-m - ‘/t—&-m

MRE(m (20

)= T
Although the simulated and experimental datasets are quite
different, we make no effort in optimizing the prediction
performance with respect to kernel function, so that the same
kernel is used in all tests for both algorithms. This kernel is
given as the sum of two squared exponential kernels and a
neural network kernel,
2
K(Xe,,Xe;) = Z o2 exp(fngsxtj)

s=1

2

o2 (1+x!xy,)

402 arcsin

)

\/(1 + 02+ o2xixy, ) (1402 + a%xg;xtj)

where H = {0{,03,03,07,D1,Dy} are the hyper-
parameters. Being the sum of three elementary kernels, this
kernel embodies a relatively rich space of nonlinear maps.

Since we are not aware of any data-driven voltage prediction
algorithms in the literature, this part validates the performance
of the proposed algorithms only.

A. Test on Simulated Data

The simulated data was generated with a battery model
based on equivalent circuit model, including thermal equation.
In particular, the simulated model consists of two RC circuits
(Rd1 = 0.72 IIlQ, Cdl = 2678.49 F, Rd2 = 0.08 mQ,
Cgo = 2678.49 F) and one resistance (R, = 2.04 m{2),
which are connected in series [17]. The simulated voltage,
current and temperature are shown in Fig. 1. The sampling
period is AT = 1 sec. The first 10,000 data points are used
for training, while the remaining data is used for testing.

The simulated battery data is used to test the accuracy of
the P-MSVP in predicting voltages 10 to 20 seconds (steps)
ahead. The P-MSVP predictor consists of 11 parallel branches,
such that each branch corresponds to a particular m, where
m = 10,11, ..., 20 steps. The m-th branch downsamples the
data by factor m so that the sampling period is mAT = m
seconds. A one-step predictor in each branch is trained, i.e.,
the corresponding hyper-parameters are learned. Note that due
to the downsampling, the number of data points used for
training the predictors is different across branches. Namely, the
m-th branch uses |10,000/m| data points for training. The
predictors in each branch, however, have the same memory
length L = 2. This relatively short memory length is selected
because the measurements exhibit relatively smooth variations.

Once the hyper-parameters of the predictors across branches
are estimated, the remaining portion of the data is used for
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Fig. 1: Simulated battery data (top: voltage in V, middle:
current in A, bottom: temperature in °C).

testing the predictors. As such, the predictor in the m-th
branch at some time instant ¢ takes the measurements of the
voltage, current and temperature at ¢, ¢ — m and ¢t — 2m,
as well as the future current at ¢ + m and performs one-
step voltage prediction to yield the mean and variance of the
inferred Gaussian distribution of the voltage corresponding to
time instant ¢ + m. The mean is the point estimate of the
predicted voltage, while the variance is used to compute the
95% confidence interval.

The predicted voltage, 95% confidence interval and mea-
sured (i.e., simulated) voltage are shown in Fig. 2 for m = 20
step ahead voltage prediction. The curves corresponding to
the predicted and true voltage are almost indistinguishable.
To give a better sense of the estimation error, the absolute and
relative estimation errors corresponding to this case are shown
in Fig. 3.

44

[ 195% confidence interval
4.2H — Measured voltage
— Predicted voltage

"1 125 15 175 2 225 25 275 3 325 35

Time (sec) x10*

Fig. 2: P-MSVP on simulated data: 20 step voltage prediction.

The MRE performance corresponding to all branches is
summarized in Fig. 4. As can be observed, the MRE’s for
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-0.01
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Time (sec)

Relative error (%)

-0.4 ; ;
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Time (sec) x 10*

Fig. 3: Absolute (top panel) and relative (bottom panel) error
in 20 step ahead voltage prediction on simulated data with the
P-MSVP.

all considered steps m are similar and below 0.5%.

In general, we expect the R-MSVP to yield better per-
formance than the P-MSVP because the R-MSVP does not
involve downsampling, which eliminates a high frequency
components in the time series. However, the MRE of 0.5%
is a fairly good prediction performance and we thus do not
test the R-MSVP on the simulated data. Instead, the R-MSVP
is tested in the following part on a more challenging dataset.
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Fig. 4: MRE for P-MSVP with simulated data.

B. Test on Experimental Data

The experimental data was collected from a
LiMn204/hardcarbon battery with a nominal capacity of 4.93
Ah in the Advanced Technology R&D Center, Mitsubishi
Electric Corporation. Five consecutive cycles of charging
and discharging with constant current were performed using
a rechargeable battery test equipment produced by Fujitsu
Telecom Networks. The obtained measurements of the



voltage, current and temperature are shown in Fig. 5. The
sampling period of the measurements is AT =1 sec.
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Fig. 5: Experimental data (top: voltage in V, middle: current
in A, bottom: temperature in °C).

The training data consist of measurements corresponding
to the first two charge-discharge cycles, which totals 721 data
points. The R-MSVP algorithm is tested for voltage prediction
m = 1,2,...,20 sec (steps) ahead. The same memory size
L = 27 (which optimizes the one-step predictor performance)
is used for all steps m.

The predicted and measured (true) voltage corresponding
to m = 20 are shown in Fig. 6. The corresponding absolute
and relative estimation errors are shown in Fig. 7. As can be
seen, the largest errors appear at the time instants at which
the voltage exhibits abrupt changes. This emphasizes that the
experimental data is a rather challenging one, despite the
constant charge-discharge current and pseudo-periodic pattern
of the measured current and voltage.
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Fig. 6: R-MSVP on experimental data: 20 step ahead voltage
prediction.

The MRE’s achieved for different time horizon lengths m
are summarized in Fig. 8. As can be seen, the MRE is below
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Fig. 7: Absolute (top panel) and relative (bottom panel) error
in 20 step ahead voltage prediction on experimental data with
the R-MSVP.

1.9% for all considered steps m. As with m = 20, the largest
errors in all cases occur at the instants of abrupt changes in
the current and voltage.
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Fig. 8: MRE for R-MSVP with experimental data.

The computation time needed to make 20 voltage predic-
tions in series (as the R-MSVP does) at each time instant
has also been measured using the tic and toc routines in
the Matlab implementation. The measured average time to
deliver all 20 predictions is 0.25 sec. We recall that the R-
MSVP is M times slower than the P-MSVP, implying that both
algorithms are viable solutions with respect to computation
time.

The P-MSVP has been also tested using the experimental
data. It is confirmed that it underperforms the R-MSVP. More
importantly, we note that the P-MSVP is less suitable in this
case because the experimental data exhibits abrupt changes in
voltage and current so that the downsampling causes aliasing.
In addition, the effective training data size used for training
one-step predictors in each parallel branch becomes fairly



small as m increases. For example, when m = 10, only 72
data points are available to train the corresponding one step
predictor.

Finally, we emphasize few remarks. First, both algorithms in
both datasets exhibit a fairly stable performance over the tested
prediction time horizon of M = 20 seconds. The expectation
is that the prediction performance will start to deteriorate as
the time horizon M increases. The study of how rapidly this
happens and at what M takes an effect is a possible future
research. Second, the temperature measurements have been
used in both tests. The impact of temperature on prediction
performance needs to be closely studied as using only the
measurements of the voltage and current might be a viable
option. Alternatively, the proposed methods may be cast to
predict battery temperature corresponding to future current
and/or voltage demand. Finally, an interesting question for
further investigation is how to select the memory size L. To
give an idea, it ought to depend on the time constant of the
battery dynamics (and, in turn, on the battery chemistry), and
the expected voltage/current patterns (i.e., sampling period,
presence or absence of the (pseudo)-periodicity).

IV. CONCLUSIONS AND FUTURE RESEARCH

The problem considered in this paper in concerned with es-
timating SoP of a battery. More specifically, two algorithms for
predicting voltage corresponding to a future current demand
have been proposed. Both methods are based on the main idea
behind the Gaussian Process Regression (GPR) framework.
The P-MSVP consists of multiple parallel one-step predictors
acting upon appropriately downsampled measurements. The
R-MSVP comprises of a one-step predictor which performs
multiple one step ahead voltage predictions recursively. While
the P-MSVP is better suited for larger training datasets with
relatively smoothly varying voltage and/or current, the R-
MSVP is suggested for smaller training datasets with abrupt
changes in voltage and/or current. The considered voltage
prediction setting is amenable to a relatively easy model re-
training, the necessity of which may arise as a result of battery
aging. Both methods can be recast to handle an alternative
problem of predicting current corresponding to future voltage
demand.

The proposed algorithms have been tested over future
time horizon of 20 sec using simulated and experimentally
measured battery data. The maximum relative prediction error
(MRE) on the simulated data is below 0.5%. The experi-
mental data with constant current charge-discharge is more
challenging in the sense that voltage and current exhibit
abrupt changes, while the training data size is relatively small.
Still, MRE of below 1.9% is achieved over the whole 20
sec future time horizon. While both algorithms have similar
computational complexities, the P-MSVP is faster since all
voltage predictions over the considered time horizon are done
in parallel. The measured average computation time of all 20
voltage predictions at each testing time instant with the slower
R-MSVP is 0.25 sec. Along with the performance, this further
confirms the viability of the proposed algorithms.

Possible directions for future research include incorporating
anti-aliasing filters in the parallel branches of the P-MSVP
algorithm with the goal to better handle abrupt current/voltage
changes. Also, the R-MSVP may benefit from feeding back
not only the predicted mean but also a certain number of
samples (particles) from the predicted Gaussian distribution.
Other items for future research include optimization with
respect to the memory size L, validation on experimental data
with dynamic charge-discharge profile, study of the impact of
temperature on the prediction performance and comparison to
other (if any) data-driven voltage prediction algorithms.
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