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Abstract

An accurate battery model is essential for battery management system (BMS) applications. However, existing models either don’t
describe battery physics or are too computationally intensive for practical applications. This paper presents a non-linear equivalent
circuit model with diffusion dynamics (NLECM-diff) which phenomenologically describes the main electrochemical behaviours,
such as ohmic, charge-transfer kinetics, and solid-phase diffusion. A multisine approach is applied to identify the elements for
high frequency dynamics, as well as a distributed SoC dependent diffusion model block is optimised to account for long time
dynamics. The model identification procedure is conducted on a three-electrode experimental cell, such that NLECM-diff models
are developed for each electrode to then obtain the full cell voltage. Results imply that the NLECM-dift reduces the voltage
root mean square error (RMSE) by 49.6% compared to a conventional ECM in the long duration discharge and has comparable
accuracy to a parameterised SPMe in the NEDC driving cycle. Additionally, the variation of diffusion-related characteristics of the
negative electrode under different currents is determined as the primary reason of the battery models’ large low-SoC-range error.
Furthermore, the diffusion process is determined as the dominant voltage loss contributor in the long duration discharge and the
ohmic voltage loss is identified as the dominant dynamic under NEDC driving profile.

© 2011 Published by Elsevier Ltd.

Keywords: Battery modelling, System identification, Multisine excitation, Surface state of charge, Non-linear equivalent circuit
model

1. Introduction

Lithium-ion batteries (LIB) have gained increasing attention as storage for electric energy in a variety of fields,
including portable devices, electric vehicles (EVs), and power grids, due to their high energy density and long cycle
life [1]. In larger systems, a battery management system (BMS) is responsible for assessing various battery state

variables, such as state-of-charge (SoC), state-of-power (SoP), and state-of-health (SoH), to determine the energy,
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Nomenclature
Vo Measured over-potential H,... Excited harmonics
z Average state of charge Hupp.even Even suppressed harmonics
D Voltage loss caused by diffusion Hg,ppoda Odd suppressed harmonics
R Non-linear voltage loss caused by charge- o Exchange current
transfer kinetics K Highest harmonic number
T Time constant N Number of samples
i Scaled multisine signal P Total periods of multisine signal
% Phase of signal [0) Capacity-related parameter
A Amplitude of signal R Molar gas constant
1 Linear coefficient of sigmoid function Ro Internal ohmic resistance
c Non-linear coefficient of sigmoid function R, Polarisation resistance
C, Polarisation capacitance T Temperature
F Faraday’s constant U Open circuit voltage
fs Sampling frequency Y Modelled over-potential

power capability, and “health’, respectively [2—4]. Also, efficient optimization and safe charging strategies to prolong
battery service life are the BMS’s responsibility [5-9].

State-estimation and optimization algorithms are based on mathematical models, to higher or lower degrees of
complexity, of a battery. By interpreting the electrochemical behaviours in the electrodes and electrolyte, physics-
based electrochemical models have been proposed to describe the lithium-ion battery over the past few years. New-
man et al. firstly designed the porous electrode theory to describe models for lithium-ion cells, now known as the
Doyle-Fuller-Newman (DFN) model [10]. Non-linear electrochemical processes, such as mass transport and charge-
transfer kinetics, are considered in this model, which enables the DFN model to maintain a high degree of accuracy
under a majority of operational cases. Furthermore, the separate electrode and electrolyte dynamics offer the ability
to couple parasitic reactions for ageing and capacity fade modelling [11, 12]. However, due to the partial differential
equations (PDEjs) utilized in the porous electrode theory, the practical application of the DFN model is restricted by the
heavy calculation load for solving PDEs. In addition, a total of around 35 parameters are required in the DFN model
and some of these parameters must be identified by complicated physical chemical experiments, which increases its
difficulty of parametrization [13]. To reduce the complexity of the electrochemical model, several simplifications of
the DFN model have been proposed in recent years. In Ref. [14], the authors reviewed the simplified electrochemical
models such as the porous electrode model with the polynomial approximation (PP) and the initial single particle
model (SPM). The key idea of the SPM is that the solid phase of each electrode is assumed as a uniform single spher-

ical particle and concentration changes in the electrolyte are neglected. The results show that the computational time
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and cost of simplified model are significantly less than those of the rigorous DFN model. However, due to the lack
of Li* concentration distribution and the potential distribution of the electrolyte phase, the model accuracy cannot
be maintained for large current inputs. In addition, an improved SPM, named as SPMe, was derived in Ref. [15],
which comprises of the solid phase and the electrolyte phase dynamics and requires a total of 29 parameters. The
additional terms, which represent ohmic potential drop due to electrolyte conductivity and the electrolyte concentra-
tion overpotential, allows this model to retain accuracy for large input currents. Despite the fact that these simplified
models require less calculation cost than the DFN model, microprocessors in a practical BMS cannot run the electro-
chemical models in a high resolution as resolving concentration and potential gradients in the solid phase commonly
requires finite difference or finite element numerical schemes to solve PDEs [16]. In recent years, to support on-broad
applications, model order reduction techniques, such as residue grouping [17, 18], balanced truncation [19], Padé
approximation [20], have been used to further reduce the order of the SPM, SPMe or DFN model while retaining the
appropriate level of accuracy. However, the SPM, SPMe or reduced order model is essentially a physics-based elec-
trochemical model, and determining their physical parameters during model development (e.g. electrode thicknesses,
porosities, etc.), still pose as an obstacle for practical onboard applications.

A different category of battery models, termed as conventional linear equivalent circuit models (ECMs), utilizes
a number of simple electrical circuit components, such as resistors, capacitor and inductors, to imitate the current
and voltage relationship of a lithium-ion battery. To identify such models, the nature of battery’s dynamics must be
extracted from data collected during specially designed characterization tests. For example, traditional ECMs are
commonly identified by Hybrid Pulse Power Characterization (HPPC) [21], Pulse Charge (PC) and Pulse Discharge
(PD) tests [22, 23], and multisine tests [24, 25]. Unlike the parameterization for physical models which requires re-
lated background and physical chemical experimental skills, data-driven identification approaches do not require any
prespecified knowledge of the battery system. The model’s structure and parameters are determined using measured
input current and output voltage signal, which is advantageous for battery researchers and engineers. Taking ad-
vantage of the lower computational load and easier parameterization than electrochemical models, the ECM is widely
applied in battery management systems for model-based state-estimation methods [26-28]. However, there are several
limitations. A ECM is a phenomenological description and cannot directly associate an electrical circuit component
to a certain battery physical phenomena, which limits the detailed insight of lithium-ion battery behaviours. ECMs
are also linear parameter varying models. The model parameters (ohmic resistance, time constants), can vary with
SoC and temperature, but for a given SoC and temperature, the current to voltage relationship is linear. In addition,
ECMs are typically at most 2nd order (2 RC pairs) and usually parameterised via HPPC pulses. The voltage losses an
ECM model accounts for are the ohmic loss (via the series resistor) and the polarisation loss (via the 2 RC branches).
However, the RC branches in an ECM represent the short time constant (~ 10s of seconds) polarisation but do not
reflect the polarisation due to diffusion dynamics - long time constant (~ 1000s of seconds).

In recent years, to improve model accuracy by accounting for battery non-linearity explicitly, a non-linear equiv-

alent circuit model (NLECM) composed of a distinct linear and non-linear block has been developed using frequency
3
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domain approaches. Rather than extrapolating parameters at various SOC levels, the NLECM explicitly interprets bat-
tery nonlinearity by nonlinear function to improve model accuracy. Widanage et al. designed pulse-multisine signals
as the identification excitation to capture the battery linear and non-linear dynamic behaviour in real-world driving
[29]. Furthermore, based on the experimental data obtained via the pulse-multisine input, a NLECM for a lithium-ion
battery was developed which exhibits lower root mean square error (RMSE) and peak error than a conventional linear
ECM [24]. However, the accuracy of the NLECM over the entire state-of-charge (SoC) range was not investigated
in [24] and the energy type battery used in the study only exhibits weak non-linearity in the room temperature case.
Authors in [30] developed and parametrized a Hammerstein-Wiener structure non-linear model for all-solid-state bat-
teries. However, only the low frequency range (f < 1Hz) for capturing the diffusion dynamic was considered in
this work. An advantage with a NLECM is that the physics phenomena of batteries can be related to its linear and
non-linear parts, which may provide valuable information that a conventional linear ECM cannot contain [24]. For
instance, in a NLECM, the linear block represents the electrical behaviour on the internal ohmic resistance and the
non-linear block describes the non-linear dependence of the voltage on the current due to charge-transfer kinetics.
Meanwhile, since the NLECM can also keep calculation load to a minimum and a low parameter identification effort,
it is qualified as a suitable candidate for practical BMS applications [31].

On contrary to electrochemical models, the effect of solid-phase diffusion process in a lithium-ion battery is
seldom considered in the ECM modelling approach, which leads to poor accuracy at long time (low frequency)
operational cases [32]. To the best of the authors’ knowledge, only a handful of literatures have taken into account
the diffusion process in ECM modelling, and the interpretation of the diffusion process is thought to improve model
precision. Wang et al. proposed to incorporate the effect of diffusion as a resistance into an one resistor-capacitor
(RC) pair model to improve the power prediction [32]. However, the diffusion resistance is assumed as an additional
conventional resistance in the RC pair and is not considered during the ECM parameter estimation. To enhance the
model accuracy at low SoC range, Ouyang et al. proposed an extended equivalent circuit model (EECM) to represent
the effect of diffusion process to terminal voltage by the SoC difference in electrode particles which is calculated
from two RC branches [33]. Unfortunately, the nonlinear charge-transfer kinetic has not been explicitly interpreted
by the two RC branches and the number of EECM parameters that needs to be estimated increases from six to ten
for addressing the diffusion effect only. In Ref.[34], the authors incorporated three distinct diffusion models, such as
using a common Resistor-Capacitor (RC) circuit element or using a diffusion equation in an idealized particle with or
without the parameter indicating the open circuit voltage curve dependency on SoC, into conventional linear equivalent
circuit models, respectively. The results show that the diffusion models improved voltage prediction compared to an
ECM not including any diffusion. But the performance evaluation of ECM with diffusion was only compared with
convention ECMs under dynamic current loads, rather than including the physical-based electrochemical models, and
the performance during long time operation is not taken into account. In Ref.[35], a fractional-order model is proposed
to interpret dynamics in a lithium-ion battery including an electrochemical impedance spectroscopy (EIS) sub-model

for mid-high frequency dynamic, however, transformation of EIS model elements into the time domain for onboard
4
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applications is not trivial. Thus, a high computational efficiency and readily parameterisable model, which also can

describe battery physical meaning and nonlinearity, is required for the real-world application.

1.1. Contribution of the paper

In this paper, we propose an advanced non-linear equivalent circuit model with diffusion dynamics, termed as
NLECM-diff, established by a data-driven system identification approach, which can explicitly interpret the essen-
tial physical phenomena in a lithium-ion battery such as ohmic, charge-transfer kinetics, and diffusion dynamics.
In the NLECM-diff model, a non-linear equivalent circuit model (NLECM) encompassing a linear ECM for ohmic
impedance with polarization and a non-linear sigmoid function for charge-transfer kinetics is identified by applying
a multisine-based non-linear characterization method using a three-electrode cell where the electrodes have been ex-
tracted from the 21700 cylindrical LG M50 cell [36]. In addition, for improving model accuracy, especially at low
SOC range, a simplified SoC-dependent diffusion model solved by using a Chebyshev pseudo-spectral method is
incorporated into the NLECM-diff model to interpret the contribution of diffusion dynamics to the terminal voltage
on the cell level. The NLECM-diff model is fully parameterizable with voltage and current data from both multisine
excitation and constant current discharge experiments, rather than the need to perform specific complicated experi-
ments to get geometric, transport and kinetic parameters. Additionally, taking advantage of the instrumented cell with
a stable reference electrode, NLECM-diff models are also developed for each electrode to estimate the internal poten-
tial variable. The accuracy of the NLECM-diff models are compared with the single particle model with electrolyte
dynamic (SPMe) and validation experiments including a long time discharge charge profile and a dynamic driving
cycle. The origin of low-SoC-range error for battery models as well as the dominant voltage loss caused by certain
electrochemical processes contributing to terminal voltage are unequivocally determined by applying the NLECM-diff

models.

1.2. Organization of the paper

In Section 2 of this paper, the multisine excitation signal designed and experiment setup for the model identifi-
cation are described. Section 3 explains the modelling approach of the non-linear equivalent circuit battery model
with diffusion dynamics, including a frequency domain identification method for the NLECM and a parametrization
process for the diffusion model. The advantage of the proposed model over the conventional NLECM is also evaluated
and analysed in Section 3. The model validation and comparison to electrochemical models are discussed in detail in

Section 4. Section 5 presents the conclusion and recommended future work.

2. Multisine excitation signal design and experiment setup

2.1. Odd random phase multisine signal design

In this study, an odd random phase multisine signal was designed as an excitation current signal for model iden-

tification. Compared to traditional HPPC tests, the multisine signal has been applied as an advanced characterisation
5
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method that can capture and separate the dominant linear response, nonlinear distortion (nonlinearity), and noise dis-
tortion of a lithium-ion battery [36, 37]. Such that, not only the traditional linear model, but also the nonlinear function
for interpreting the battery’s nonlinear voltage-current relationship can be built in accordance with the characterisation
data. Additionally, the multisine signal has a wider bandwidth, a greater amplitude, and a shorter test duration than
the conventional HPPC test [29]. As a periodic broadband signal (a signal that repeats), the multisine is designed by
the superposition of multiple sinusoidal waves with customized frequencies, which provides flexibility in the design
of its amplitude spectrum and harmonic content [38]. The expression of a general multisine excitation signal is as Eq.

(D.

K
u(n) = ZAk sin Qrnkfy/N +¢)  n=0,.,N-1 1)
k=1

Where N is the number of samples per period, K denotes the highest harmonic number of the signal, f; is the
sampling frequency, A; is the amplitude and ¢ is the phase of the k”* harmonic. The N of a multisine can be flexibly
determined and the frequency resolution is equal to fy = f;/N. According to the Shannon sampling theorem, the
highest possible harmonic K is then less than or equal to N/2. Thus, the highest possible frequency of the multisine
signal can be equal to the product f;x K and should span the characteristic frequency range for the battery experiment.
To ensure that there is no net change in SoC upon the application of the multisine signal during the characterization
tests, the DC frequency, which is k = 0 harmonic, is suppressed for obtaining a zero-mean current signal.

When a multisine signal is applied to a nonlinear system (battery included), some energy injected at the excited
current harmonics in the excitation signal will be transferred and observed at the other harmonic positions in the
output voltage spectrum, which indicates the system nonlinearities [39, 40]. To characterize the nonlinearity of a
battery for modelling the NLECM non-linear block, the harmonic content f;, harmonic phases ¢y, and amplitude
spectrum Ay, are the key components which require to be determined in the signal design procedure. The multisine
signal is designed as an odd multisine and suppresses all even harmonics within the bandwidth considered. However,
not all odd harmonics are excited, an odd harmonic in each group of three consecutive odd harmonics (e.g. 1,3,
5 or 7,9,11) is randomly selected and suppressed. All the suppressed even and odd harmonics act as non-linear
detection harmonics is the output voltage spectrum. The set of excited harmonics is denoted as H,,. and the sets
of suppressed harmonics are termed as Hyppods and Hgypp even With respect to the odd and even harmonics. The
motivation of suppressing harmonics is that the suppressed odd and even harmonics can be utilized for detecting the
odd and the even order nonlinearities, respectively [41]. The phases of the excited harmonics can be set to obtain
different amplitude distributions to excite the dynamics around a certain operating point [42, 43]. In this study they
are randomly sampled from a uniform distribution between 0 and 27 (hence the terminology of odd-random phase
multisine). In addition, the amplitudes A; are identical to unit across all the excited harmonics (a flat spectrum), and

the root-mean square (rms) value of the designed multisine signal can be scaled in the time domain to the desired
6
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value M for a specific amplitude. Let u(n) be the scaled multisine and is related to u(n) as follows:

u(n)

llalleo

in)y=M 2)

In Eq. (2), M is the desired maximum magnitude of the random-phase multisine signal and u = [u(0), ..., u(N - 1)].

In this study, the bandwidth of the odd random phase multisine signal was set as 10 Hz to include the low and
partial mid characteristic frequency ranges, such that the dominant nonlinearities caused by both diffusion and charge-
transfer kinetics behaviour can be characterized [36]. Given that the sampling frequency f; of the hardware is 50 Hz,
the number of sample per period N is set to N = 5000 giving a signal periods of 100s. The frequency resolution
is therefore fy = 1/100 Hz. A total 334 odd harmonics out of all K = N/2 = 2500 harmonics were excited giving
H... = {1,5,7,9,13,15,21,23,...,999} from 10mHz to 10Hz. To improve the robustness of the characterization
results, the periodic input multisine signal u(n) is repeated P = 10 times per SoC and thus the total duration will be
Tiotar = P X 100s = 1000 s at any given SoC. In addition, the designed random phase ¢, of the excited harmonics is
a uniformly distributed random variable between 0 to 2z. Finally, the factor M was set at 11.5 to scale the multisine
signal magnitude to 1C of the three-electrode configuration experimental cells that will be introduced later in order to
characterise any battery nonlinearity .

In this work, the designed multisine tests are conducted at five SoC points 10%, 30%, 50%, 70%, and 90%, for
the NLECM-diff identification. Fig.1 shows the performance of the designed multisine current signal recorded by
hardware when the battery is at 50% SoC and 25 °C. The measured and designed multisine input current in the
time domain have been shown in Fig.1(a) and the frequency spectrum of the measured current calculated by discrete
Fourier transform in Fig.1(b). Note that, due the feature of random phase in the multisine signal, the maximum current
amplitude may be larger than the desired RMS magnitude. In this work, the peak value of the current signal reaches
to 40.4 mA which is 3.5 times larger than 1 C-rate,11.5mA. Given that the limitation of hardware signal generator
in some cases, the signal optimization technique might need to be considered [38]. However, it’s out of scope in
this study. Furthermore, as can be seen in Fig.1(b), each excited sinusoidal wave (blue crosses with 7 dB) is larger
than the nonlinearity levels at around —65 dB and the noise level at around —80 dB. Fig.1(c) shows the current error
between measured and designed multisine signal. The large magnitude gap between the spectrum levels and the small
order magnitude (107*) of the current error indicate that the hardware platform was at a good condition which only
introduces neglectable environment and measurement noise. As multisine is inherently made as a zero-mean signal,
the SoC variation in one period was extremely small (less than 0.01%), as shown in Fig.1(d), such that the OCV

change can be neglected during the multisine test.
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Fig. 1. (a) Measured and designed multisine current when the battery is at 50% SoC and 25 °C, (b) Frequency spectrum of measured
multisine current, (c) Current error between measured and designed multisine, (d) SoC variation during multisine current.
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2.2. Experiment setup

The battery load and open circuit voltage (OCV) data were recorded on a three-electrode configuration experimen-
tal PAT-Cell (EL-Cell) which was comprised of a 21.6 mm FS-5P separator (EL-Cell), 100 ul of R&D281 electrolyte
(ethylene carbonate (EC) : ethylmethyl carbonate (EMC) 3:7 v/v + 1 wt% vinylene carbonate (VC) from Soulbrain),
and the extracted positive electrode and negative electrodes punched into 18 mm disks. The electrodes (anode/cathode)
were harvested from fresh 21700 LG M50 cylindrical cells following the teardown procedure [13]. Note the fresh
cylindrical cells were purchased from the manufacturer and stored in a fridge (5 °C) until they were discharged to 2.5
V and then disassembled. The reference electrode purchased from EL-Cell is comprised of a stainless steel ring that
had lithium metal deposited on it. The extracted NMC 811 cathode and bi-component graphite-SiO, anode had the
coating on one-side removed to allow testing in a small format cell. The nominal rated capacity of EL-Cell in this
study was 11.5 mA h, which also decides the magnitude of the 1 C-rate (1C) as 11.5 mA. Fig.2(a) shows the experi-
mental setup for battery testing, which includes the three-electrode experimental EL-Cell, a charge and discharge test
equipment (VMP3), a thermal chamber and a programmable upper computer. The battery was mounted in a thermal
chamber at 25 °C for maintaining the cell surface temperature, and a VMP3 hardware was utilized to control the cell
and record experimental data. The excitation current signals were programmed using the ‘Batch Mode’ function in

the EC-Lab software (Bio-Logic®).

3. Nonlinear equivalent circuit model with diffusion dynamics (NLECM-diff) identification

3.1. Data-driven identification procedure

A lithium-ion battery is a nonlinear system exhibiting a non-linear voltage response caused by electrochemical
behaviour when at different SoC levels and excitation input cases [36]. However, for conventional ECMs, any non-
linearity is commonly neglected and the interpretation of physical phenomena are discarded. This paper tries to
develop a unique model, as shown in Fig.2(b), to associate the electrochemical behaviours in a lithium-ion battery,
which consists of a linear equivalent circuit model for ohmic and polarization losses, a nonlinear sigmoid function
for the nonlinear current-voltage relationship caused by the charge-transfer kinetics, an OCV-SOC block, and a sim-
plified SoC dependent diffusion block for voltage loss caused by diffusion processes. The data-driven identification
procedure and corresponding battery tests presented in Fig.2(c) is performed to fully characterize and validate the
NLECM-diff model, including a OCV test for the OCV-SOC curve, multisine tests for the linear ECM and nonlinear
sigmoid function), and a fully constant current (CC) discharge test for the SOC dependent diffusion block). Following
that, three CC discharge and CC-CV charge tests, as well as a NEDC test, are performed to validate the proposed

model. The following subsections describe the identification steps of the corresponding model blocks in detail.

3.2. Impedance estimate and equivalent circuit transfer function
For a lithium-ion battery, its impedance is commonly recognized as the linear part of battery dynamics response

[24]. In the first step, an equivalent circuit model (ECM) is estimated by fitting the model parameters based on
9
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Fig. 2. Data driven identification approach and battery testing: (a) Experimental setup, (b) Lithium-ion battery NLECM-diff
structure. The overall model consists of a linear ECM followed by a non-linear overpotential function, a parallel OCV block, and
a parallel diffusion block, and (c) Flowchart of the data-driven identification procedure and the corresponding battery tests.
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the best linear approximation from the measured current and voltage dataset. With the assistance of the periodic
characteristic of multisine signal, a non-parametric function of battery impedance estimate can be obtained [43]. To
acquire an accurate impedance estimate under steady-state conditions, the first three periods of the measured dataset
are discarded to reduce the influence of any transient behaviour. Considering the discretized current and voltage

measurement data in the remaining P — 3 periods, we can obtain the averaged data over periods as:

P P
in) = % Z i"\(n),  ¥(n) = % ; Wy  n=0,1,.,N-1 3)

p=4
Where p indicates the pth period of the current i(n) and the voltage data v(n) measured at a given SoC.
As the thermodynamics will be accounted for by the OCV block and the diffusion process has no effect on voltage
output during each multisine test when the SoC change is minimal, the over-potential, denoted as Vo(n), can be

calculated by removing the mean voltage at the corresponding SoC from ¥(n) prior to estimating the impedance [24].

N-1
1
W) = 9(n) = = > () @)
n=0
Then, by the Discrete Fourier transform (DFT), the time domain measured data can be transformed to frequency

domain, termed as current and voltage spectra of pth period:

Ik), Vk) k=0,1,..N—1 %)

where I(k), V(k) in Eq.(5) denote the DFT of i(n), ¥(n) at the kth harmonic.
In the frequency domain, the relationship between DFT voltage V(k) and the DFT current /(k) through the battery

impedance Z(k) is

V(k) = Z(k) x I(k) + E(k) (6)

Where E(k) indicates the summation of error from any practical environment and distortion from non-linear battery
behaviour.

The spectrum of over-potential V(k) in the frequency domain at 10% SoC with 1C multisine current input is
presented in Fig.3(a). Odd random phase multisine enables us to separate and quantify the odd and even nonlinearities

through suppressed harmonics Hyyppods and Hg,pp even, Which can provide further insight about lithium-ion battery

11
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non-linear behaviour. Details on the non-linear characterization method can be found in Ref. [36]. As shown in
Fig.3(b), given V(k) in Fig.3(a) and I(k) in Fig.1(b), both the impedance Z(k) and standard deviation E(k) in the
excited frequency range (10 mHz to 10 Hz) can be estimated by minimising the error term using the local-polynomial
method (LPM) [24, 44]. The estimated impedance to standard deviation ratio is more than 25 dB, which indicates the

high confidence of this impedance estimation.
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Fig. 3. Spectrum of multisine characterised voltage and estimated impedance in the frequency domain: (a) Over-potential spectrum
in the full frequency range, and (b) Estimated impedance and standard deviation in the excited frequency range at 10% SoC of an
experimental cell.

Then, a transfer function is fitted to the estimated impedance.

bnb(jo.)k)nb + ...+ blja)k + b()
(ja)k)”b + ...+ ajjwy +a

Zn(k) = @)

Where Z,,(k) denotes a transfer function mode, w; = 27kf;/N is the discrete angular frequency at harmonic k,
and nb is the model order. The coefficients of Eq.(7) can be identified by minimising the error between the transfer
function output and the estimated impedance. In this work, the Frequency domain System Identification Toolbox in
Matlab® is applied to estimate transfer function coefficients [45].

Fig.4 shows the 1st and 2nd order transfer function fits of the impedance which indicates that the 2nd order model
has a better agreement between the estimated impedance and fit than the 1st order. Note that both fits cannot perfectly
match the impedance at few extreme low frequencies, which might be a limitation of the wide bandwidth multisine
excitation. Unlike the previous literature Ref. [24, 30] only focusing on the extreme low frequency range (< 1 Hz),
the bandwidth in this work was extended to 10 Hz to comprise characteristic frequency ranges of both diffusion
process and charge transfer kinetics. A rapid decrease in the impedance magnitude and a peak in the phase at low

frequency range are shown in Fig.4, which is a phenomenon which has not been found in previous work. Given that

12



C. Fan et al. / Applied Energy 00 (2022) 1-36 13

N
(o))
1

O Estimated impedance
2" Order Fit
1% Order Fit

N
N

Magnitude (dB)
N
N

20
18 1 1 1 1 1
0 2 4 6 8 10
Frequency (Hz)
10r

o

Phase (deg)
5

&
S

Frequency (Hz)

Fig. 4. 1st and 2nd order transfer functions for impedance estimated of the cell at 10% SoC.

its low characteristic frequency range, such a response might be attributed to diffusion process [46]. Although it leads
the difficulty to fit all frequencies using 1st and 2nd order transfer function, a diffusion block will subsequently be
introduced and coupled to compromise the influence caused by the phenomenon.

In addition, using orders greater than two generally generated better fits, however, the higher order model in this
work result in positive poles which indicates an unstable system, and conjugate negative poles which is not possible
to be implemented in practical applications. Therefore, the model order is selected as two in this work and the
corresponding ECM is shown in Fig.2(b). Furthermore, in order to get the circuit parameters of an equivalent circuit

model, the transfer function has to be expanded by a partial fraction expansion as shown in Eq.(8).

K K 8)
Tijwr+1  Tojwp + 1

Zyn(k) = —Ro —

where Ry denotes the internal ohmic resistance, R,; and R, the polarisation resistances and 7, and 7, the time
constants. The capacitances shown in Fig.2(b) can be obtained as C,; = 71/Rp; and C» = 72/R .

Thus, the linear voltage losses v;(f) due to the ohmic and polarisation can be simulated with the corresponding 2nd

order ECM with respect to a time-dependent current load i(f) as Eq.(9).

vi(t) = ECMIi(?)] 9
13
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3.3. Non-linear over-potential function

The non-linear over-potential function f(v;) shown in Fig.2(b) is inspired by the charge-transfer reaction in elec-
tromechanical kinetics. The Butler-Volmer equation, which relates the over-potential 7., of an electrode to the current
density Ip.(f), is commonly utilized to represent the charge-transfer kinetics in electrochemical models [10, 15], as

shown in Eq.(10).

2RT
e = —f sinh™'(

[batt(t)

7o) (10)

where R is the molar gas constant, F is Faraday’s constant, T the temperature and ij the exchange current. Eq.(10)
represents the non-linear relation between current and over-potential, which is seldom interpreted in conventional
battery ECMs. By plotting the measured over-potential vy against the modelled ECM output v;(¢) at each SoC, the
presence of any non-linear deviations can be examined and captured through a non-linear function [24].

The over-potential data points and non-linear function fitting of the battery at 10% SoC are plotted in Fig.5. The
blue “curve” formed by compact data points represents the non-linear characteristic of over-potential which shows
a weak non-linear dependence in this study. Such a phenomenon is expected because, refer to Ref.[24], the strong
non-linear dependency is only shown at low temperature (i.e. 0°C) while a linear dependence is observed at 25 °C,
which might be the reason that many conventional ECMs neglect the non-linearity during modelling. A non-linear
function is used to estimate such phenomena, and the good agreement between the data points and the fit indicates
non-linear deviations are well captured.

Given that the “S”-shape characteristic of the ideal Butler-Volmer kinetics (using symmetry anodic and cathodic
charge-transfer factors equal to 0.5), a sigmoid function is used to model the non-linear characteristic as its bounded
and differentiable features can ensure the function convergence. Note that, refer to recent research Ref.[47], the
anodic and cathodic charge-transfer factors may be not symmetrical in a practical lithium-ion battery, which leads to
more possibilities including the polynomials and logistic functions that should be considered to model the non-linear
phenomena. Impact of model function selection is still an open question and will be studied in the future work.

In this study, the non-linear voltage loss ng(V;), caused by ohmic, polarisation and possible non-linear effects is
obtained by the following sigmoid function, which is used to fit the measured (7)) against modelled average linear

over-potential 7; data

C1Vy
A1+ Cz\_/lz

where c; is the linear and c; is the non-linear sigmoid coefficients in Eq.(11). The Isgcurvefit function from the

nr(V) = an

Matlab® Optimisation Toolbox is used to estimate two sigmoid coefficient at each SoC. Then, a linear look-up table
14
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Fig. 5. The non-linear characteristic and non-linear function fitting at 10% SoC and 25 °C.

of the estimated coefficients at each SoC is built up for model simulation.

3.4. Open circuit voltage (OCV) block

From electrochemical point of view, the battery open circuit voltage Ugcy accounting for thermodynamic is related
to the potential of the cathode U.(¢.) and anode U,(c,), as shown in Eq.(12), which depends separately on the bulk

average lithium concentration of individual electrode particles (¢, and c,).

Uocv = Uc(C.) - Ua(Ea) (12)

For modelling purposes, the SPMe model assumes the size and dynamics of electrode particles to be identical
within an electrode; Consequently, the cathode and anode can be treated as two electrode particles [15]. Thus, the
battery macroscopic SoC is defined as the ratio of the average usable lithium ion concentration ¢ to the maximum

usable lithium ion concentration in the electrode particle in Eq.(13)

- E'c - E'c,O% Ea - Ea,O%
7= - — = — — (]3)
Ce,100% — Cc,0% Ca,100% — Ca,0%

where €109 indicates the battery is full (100% SoC) and ¢y, indicates the battery is empty (0% SoC). Then, the

open circuit voltage Upcy can be related to the average SoC z which is represented as a Z-Ugcy curve in battery
15
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models.

In the battery modelling procedure, an extreme low current (usually C/25), which theoretically can minimise any
battery polarization, is applied to fully charge and discharge the battery, and the z-Ugcy curve, termed as pseudo-OCYV,
can be estimated by averaging the measured charge and discharge voltage curves [48]. In this work, the three-electrode
cell is employed to record not only the OCV of the full-cell (Upcy) but also that of the cathode and anode (U, U,).
Then a Look-Up Table is used to archived each OCV curve to act as the open circuit voltage block in the model.

Up to this point in the paper an NLECM similar to that proposed in Ref.[24] consisting of a linear ECM block, a
non-linear over-potential block, and an OCV block with respect to the macroscopic SoC achieved by current integra-
tion method, has been identified and parametrized by applying a multisine excitation at each SoC, and the performance

of the NLECM will be reported and used for comparison in Section 3.6.

3.5. SoC dependent diffusion block

When a battery is in operation, due to the diffusion processes, the distribution of lithium ion concentration in the
particle is not uniform [49]. Thus, the open circuit voltage U(¢) is directly reflected by the lithium ion concentration at
the particle surface (c gy and ¢, srf), 1.€. cathode surface potential U, (cyrs) and anode surface potential U,(cy,surf),
in which the potential subtraction is noted as AU, s. Refer to Ref.[33], in order to design the proposed model more
suitable for BMS applications, the relationship between the potential subtraction AUy, and the particle surface
lithium concentration cy,,s during operation can be approximated by the Z-Uocy curve with the surface SoC, noted as

Zsurf» as the input. Thus AU, can be represented as shown in Eq.(14)

A[]surf = Uc(cc,surf) - Uu(ca,surf) = UOCV(Zsurf) (14)

Furthermore, the diffusion voltage loss np related to the difference of average concentration and surface concen-

tration in solid-phase diffusion process could be written as Eq.(15).

o = Uocv(@) = Uocv(Zsurf) (15)

However, the conventional ECM commonly neglects the diffusion processes inside particles and only represents
the open circuit voltage by using a simple DC power source which results in poor model accuracy over the whole SoC
range, especially at low SoC range [50]. Therefore, a simplified SoC dependent diffusion block is introduced in this
section to account for the diffusion voltage loss np. It is noted that the aforementioned ECM and nonlinear function
are identified by multisine characterisation testing that is designed to minimize battery SoC change to a minimum

during operations, thus no voltage loss caused by the diffusion process is taken into account. Such that the large time
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constant dynamics associated with the diffusion process and the small time constant dynamics associated with ohmic
and charge-transfer kinetics are decoupled for easy identification.

To interpret the variation in average and surface SoC caused by diffusion process using a simplified mathematical
representation, the diffusion equation solving SoC variable z for a battery particle, refer to Ref.[34], is defined on a
one-dimensional geometry, using a dimensionless variable x ranging from O (centre of the particle) to 1 (surface of

the particle) according to the following partial differential equation

0z 0%z

TdE - ﬁ =0 (16)

where 7 is a time constant which is related to the diffusion coefficient determined by battery chemical materials
and manufacturing process.

The boundary conditions are

9z 0 Oz _ 7qi(r)

il = hiad = 17
Oxlx=0 ’ Oxlx=1 (0] an

where Q is the parameter corresponding to the battery capacity. The diffusion block is only implemented in the
Cartesian coordinate system in this work, and the other coordinate dimensions are not studied here, but, refer to
Ref.[34], only a minor impact is shown when using different coordinate systems.

To solve Eq.(16) with low computational cost, a Chebyshev pseudo-spectral method, termed as the discrete
Chebyshev-Gauss-Lobatto (CGL) orthogonal collocation method, is applied in this work [51]. Unlike the finite dif-
ference method in Ref.[52] and the finite element method in Ref.[53] which require very high spatial resolution, the
pseudo-spectral method is a global method which uses all available function values to construct the necessary ap-
proximations to simplify calculation while retaining interpretability [54], making it well-suited for our case and BMS
applications. With the orthogonal collocation method, it is possible to find the SoC variable z(¢,0 < x < 1) at the grid
points x; = (1 + cos(jn/N))/2, j = 0,..., N, which distributes in the battery particle from the centre to the surface, by

solving the following system of (N + 1) differential algebraic equations (DAEs):

6Zj(t) =4 % bijk(t)’ j: ,.,N-1

ot k=0
20@) =0 "
() = ngt)

<JSNV,USK<
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this study. Details on the CGL orthogonal collocation method are found in Ref.[55], while a brief description of the
procedure is presented in Appendix A.
In the diffusion block, the surface SoC zy,r can be directly obtained from Eq.(16) while the grid point at surface

is selected, as well as the average SoC 7 of the battery particle in this work can be obtained by

1
Z=f 20x 19)
0

The voltage loss of SoC dependent diffusion block 7 in Eq.(15) is now available for the NLECM-diff model.

To estimate Q and 7, of the diffusion block, a global optimization method, named simulated annealing algorithm
(SA) proposed by Kirkpatrick [56], is applied here for the model parametrization. The approach of the SA to estimate
the optimum parameters is minimizing the cost function (J) defined as the sum of the weighted squared error between

voltage measurement and the NLECM-diff model output voltage.

2

V(1) = vin(0)

Tv(r)

)

In Eq.(20), v(?) is the voltage measurement, v,,(¢) is the model-calculated voltage, and the o, is the standard

(20)

deviation of the voltage measurement. Given that the diffusion process is a long time operation [32], a parametrization
process under a long time profile (separate and in addition to the multisine characterisation experiments) is required
for the NLECM-diff. Thus, the optimisation is based on a 5.75 mA (0.5C) constant current (CC) discharge experiment
(from 4.2V to 2.5 V) followed by a 4 h relaxation at 25 °C, and the optimized model fit will be reported in Section 3.6.
During the optimization process, the results show that the voltage response during the discharge period, especially the
ending estimated voltage value, depends on the diffusion-related time constant 7,, which is determined as 1350 for
the full cell model. Note that, refer to [13], the diffusion coefficient is a SOC-dependent parameter, however, to keep
the simplicity of the parameterisation process, 7, is assumed to be a constant over the whole SOC range in this work.
Furthermore, the final estimated voltage value in the relaxation is strongly related to Q, and the Q is determined to
equal to 0.0113 which is close to the rated capacity of the battery 0.0115 Ah .

By coupling the identified NLECM and the SoC-dependent diffusion block, the NLECM-diff, which accounts
for key battery dynamics, including the ohmic response, the charge-transfer kinetics, and the diffusion process, is
accomplished. The model defines the time-dependent voltage Ej,,; when subject to a time-dependent battery current

load using the Eq.(21), and all nine parameters of the proposed model are listed in Table 1.

Epar = Uocv(Z) + g + 1D 2D
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Table 1
Summary of NLECM-diff model parameters and related characterization methods.

Parameters Description Characterization methods  Unit
Ry Ohmic resistance Multisine test Q
Ry Resistance of the first polarization process Multisine test Q
T] Time constant of the first polarization process Multisine test S
R, Resistance of the second polarization process Multisine test Q
) Time constant of the second polarization process Multisine test S
c Linear coefficient of sigmoid function Multisine test -
() Non-linear coefficient of sigmoid function Multisine test -

U Open circuit voltage pseudo-OCV test \Y%
0 Parameter corresponding to the battery capacity =~ C/2 discharge test Ah
T4 Time constant of diffusion process C/2 discharge test S

3.6. Comparison between NLECM-diff and NLECM

To quantify the advantage over an NLECM, the accuracy of the proposed NLECM-diff and the NLECM is com-
pared under different load profiles in this section. Note that, as the accuracy of the NLECM is demonstrated to be
superior to that of traditional ECMs [24], only the NLECM is taken into consideration in this work.

Fig.6(a) and Fig.6(c) show the voltage estimation and voltage error results under a multisine excitation current
when the battery is at 50% SoC. Note that the measured multisine dataset here is not the one used for the model
identification. The results show that the voltage estimation of the two models almost overlap the experimental data
and that most of voltage error is smaller than 0.02 V. Furthermore, the goodness-of-fit R?> and voltage root mean
square error, which are widely used metrics for model performance evaluation, of the NLECM and NLECM-diff
under the two testing profiles are listed in Table 2. The R? value of the NLECM-diff result is 99.67% which is 0.01%
higher than the NLECM, while the RMSE value of NLECM-diff is 0.0006 V less than that of the NLECM. The high
R? and small RMSE value indicate both the NLECM and the NLECM-diff have great precision under the multisine
test, while the minor difference between these two metrics imply that the accuracy of two models are really close.

Furthermore, the accuracy of two models is evaluated using a 0.5C constant current discharge with relaxation
profile, as illustrated in Fig.6(b). Compared with the significant deviation of the NLECM results, a good agreement
between the NLECM-diff results and the experimental data is clearly observed. Moreover, when the discharge profile
ends, the NLECM-diff can smoothly transit into the relaxation status (as black array shown), however, the NLECM
voltage response directly changes to a flat straight line after an instant ohmic voltage recovery. Additionally, as
shown in Fig.6(d), although the voltage error slightly increases at the low SoC range during the discharge profile,
the maximum voltage error is less than 0.15 V and the final voltage value converges to the experimental result in the

relaxation process, which indicates the high accuracy of the NLECM-diff through the whole SoC range. In contrary,
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Fig. 6. Comparison between NLECM and NLECM-diff under when subjected to a different load profiles. (a,c) Voltage estimation
and voltage error results under multisine current at 50% SoC, and (b,d) Voltage estimation and voltage error results under a 0.5C
constant current discharge followed by a 4 h relaxation.

the NLECM results deviated from the experimental data from the beginning of discharge and the error increases to
around 0.75V, which illustrates the drawback of the NLECM, especially in the low SoC range. Such phenomena
demonstrate the NLECM-dift’s advantage of capturing diffusion dynamics and the importance of a diffusion process
block in a battery model for long time discharge operation. In addition, according to Table 2, the NLECM-diff could
reduce the voltage RMSE by more than 49.6% and improve the R? values by 4.6% when compared to NLECM, which
indicates the significant accuracy improvement of NLECM-diff compared to the traditional NLECM in the 0.5C CC
discharge test.

From a parametrization point of view, only two extra parameters (Q and 7,) are added in the NLECM-diff, resulting
in relatively limited increase of the cost in parameter identification. No experimental methods and chemical analysis
are involved in the identification of the NLECM-diff which provides a promising modelling pattern for the battery
management system (BMS) developers without specific electrochemical techniques. Furthermore, the introduction
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Table 2
Goodness-of-fit (R?), voltage RMSE, and maximum error comparison of NLECM and NLECM-diff in the multisine and 0.5C CC
discharge tests.

Multisine Test CC Discharge

R? [%] RMSE [V] Maximum Error [V] R? [%] RMSE [V] Maximum Error [V]
NLECM 99.66 0.002 0.026 94.05 0.093 0.504
NLECM-diff  99.67 0.001 0.025 98.65 0.047 0.076

of the diffusion process block accounts for the potential variation inside the battery electrode particles, such that an
evident accuracy improvement under long time operation profiles could be made by the NLECM-diff, in contrast to

the NLECM and even the traditional ECM only contains the OCV block with respect to the average SoC.

4. Model validation and results discussion

In this section, the voltage estimation accuracy of the NLECM-diff model, which is identified using the method-
ology presented in Section 3, is validated under various load profiles. Taking advantage of the reference electrode
instrumentation, the NLECM-diff model is developed not only for the full cell to emulate the battery terminal volt-
age dynamics, but also for the individual electrodes, labelled as NLECM-diff (PE) for the positive electrode and
NLECM-diff (NE) for the negative electrode. Section 4.1 presents that the applicability of the NLECM-diff model
on the prediction of the electrode potential response, which is compared to the single particle model with electrolyte
dynamics (SPMe) proposed in Ref.[15] with a constant current (CC) discharge and constant current-constant volt-
age (CC-CV) charge tests. Furthermore, to validate the model effectiveness for a full cell in a variety of operational
scenarios, the aforementioned CC discharge CC-CV charge tests and the New European Driving Cycle (NEDC) ex-
perimental test are conducted in the validation procedure to examine and compare the accuracy of the NLECM-diff
model and the SPMe in Section 4.2 and 4.3, respectively. Note that, in this study, the partial differential equations in
the SPMe are solved by the finite difference method, as well as the parameters in the SPMe are from a published paper
which utilizes experimental methodologies to obtain the related parameters of the same NMC chemistry cell and their
accuracy and validity have been discussed in Ref.[13]. Lastly, the dominant battery phenomenological behaviours in

terms of voltage losses under different load profiles are found by the NLECM-diff and reported in Section 4.4.

4.1. Results under CC discharge and CC-CV charge profiles - Individual Electrodes

An essential feature of electrochemical models is that the dynamic response of individual electrodes can be pre-
dicted, which can be employed to estimate internal potential variables for practical applications, such as charging
strategy optimization. For instance, the cells’ current can be controlled during charging in a way to maintain the
potential of negative electrode above 0V vs. Li/Li* to prevent lithium plating [57]. However, the extensive parame-

terisation procedure, related to the geometrical and kinetic dynamics, of electrochemical models introduce difficulty
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for practical applications. Using three-electrode configuration experimental cells with a lithium reference electrode,
the positive and negative electrode potential can be measured simultaneously. On the basis of the measured electrode
potential and excitation current signal, the NLECM-diff model can be more easily developed (as discussed in Sec-
tion 3) for individual electrodes to achieve same objectives by using electrochemical models. This section evaluates
the potential response accuracy of de-coupled electrode NLECM-diff models in comparison with the experimental
measured data and the potential estimation from the SPMe.

The performance of the NLECM-diff is evaluated under a set of constant current (CC) discharge and constant
current-constant voltage (CC-CV) charge profiles. The profile is determined as a two-period cycle, in which the
battery experiences constant current discharge until the lowest cut-off voltage followed by a relaxation for 4 h in the
first period, and, in the second period, a 0.3C constant current charge is applied at the beginning and when the voltage
reaches a threshold value, the battery will be charged by the CV charging method until the charge voltage limit. The
long constant-current discharge period is used to simulate stable driving conditions with relatively constant speed and
demand, the rest period is used to verify the accuracy of the voltage estimation during the depolarization process, and
the CC-CV charge period is used to evaluate the model’s performance under a widely used battery charging strategy.
Three different current discharge tests were conducted, that include 3.83 mA (0.3C), 5.75mA (0.5C), and 11.5mA
(1C), to discharge the battery from 4.2V (Max rated voltage) to 2.5V (Min rated voltage) in order to examine the
impact of discharge rates on model accuracy throughout the whole voltage window, and the other parts of the profiles
remain consistent.

Fig.7 shows the results of the model voltage and voltage error of the SPMe and the NLECM-diff models for the
positive electrode (PE) and negative electrode (NE) in comparison with experimental measurements in CC discharge
and CC-CV charge tests with different discharging current rates. It is worth noting that the model simulations use
the same excitation current signal as recorded in the experiments. The measured experimental data (black line) of
the positive electrode potential for 0.3C, 0.5C, and 1C discharging scenarios are plotted in Fig.7(a), 7(b) and 7(c).
Both SPMe (PE) in blue line and NLECM-diff (PE) in red line can obtain a high degree of agreement with the
experimental PE potential over the entire validation profiles. In the relaxation periods with no current excited, the
gradually increasing potential of the positive electrode is observed in both models, and the model estimations at steady
state are overlapped on the measured results. Furthermore, Fig.7(d), 7(e) and 7(f) present the model estimations and
measured data of the NE potentials under the various discharging profiles. It can be observed that the NLECM-diff
(NE) model in green dash line is consistent with the SPMe (NE) in yellow dash line among the three scenarios, there
is however an overestimation from the SPMe (NE) at the end of discharge in 7(e). The voltage error of the NLECM-
diff model is in good agreement with the SPMe results for each electrode and is mostly within the boundary range,
which indicates that the accuracy of the NLECM-diff model is as high as the SPMe for electrode potential estimation.
However, contrary to the accurate potential estimations obtained for positive electrode, the model estimated results of
the negative electrode potential show the relatively large error in comparison with the experimental data.

The estimated voltage error of the positive and negative electrode models are plotted in Fig.7(g), 7(h), and 7(i).
22
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Fig. 7. Positive electrode (PE) and negative electrode (NE) potential estimations and voltage error results of SPMe and NLECM-
diff (Electrode) in CC-CV discharge and charge test with different discharge current values: (a, d, g) under 0.3C discharge current;
(b, e, h) under 0.5C discharge current; (c, f, 1) under 1C discharge current.

Note that the error is determined by the measured value subtracted by the model estimated value under the same
current input, such that a positive error indicates that model overestimate the voltage while a negative error implies
underestimation. The black dashed lines in the voltage error figures reflect the 0.03 V and —0.03 V error boundaries.
The results show that, when the cell discharges, the estimation error increases as the discharging current rate raises.
The model results only show comparable small voltage error in the 0.3C and 0.5C cases, however, in the 1C case, a
significant error comparing to experimental data can be noticed in the result of each model. It’s worthy to note that
the accuracy of the parameterised SPMe model has been validated in previous work [18]. Such that the NLECM-
diff model can achieve a high degree of accuracy as SPMe model. During the CC-CV charge duration, all models

can maintain a good accuracy within the boundary. In addition, Fig.7(g) presents the underestimation of estimated
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positive and negative electrode potential during the discharge period, except the positive electrode potential at end of
the period. It is worth to note that, during discharging, the larger voltage error of PE models is found in the middle
of SoC range, as well as the significant voltage error of NE models is shown in the low SoC region. Furthermore, the
error value of NE models is greater than that of the PE models in the low SoC area. The similar phenomena can be
more obviously observed in Fig.7(h) and 7(i). The largest voltage error of positive electrode reaches around —0.09 V
in the 0.5C case and —0.11 V in the 1C case at 65% SoC, and then, the voltage error gradually decreases until the end
of discharging. For the negative electrode, it is shown that when the SoC decreases, the voltage inaccuracy increases.
The voltage error can reach to —0.5 V at end of discharging in Fig.7(i), where the voltage error of positive electrode
is almost negligible. Moreover, the NE potential in the SPMe with validated parameters also exhibits as large voltage
error as the NLECM-diff (NE) model. Such results illustrate that the dominant voltage error source, which leads to
poor accuracy of battery models in the low SoC region, is from the negative electrode rather than from the positive
electrode.

In addition, the goodness-of-fit (R?), voltage RMSE, and maximum error of electrode models under the long time
discharge and charge profiles are compared and then listed in Table 3. It can be seen that, for two PE models, the
maximum difference of R? is less than 0.15% and the maximum difference of RMSE values is less than 0.0054 V in
all three validation scenarios, which indicates that the PE models can maintain high accuracy under various current
density loads. Furthermore, the NLECM-dift (PE) model shows higher R? and lower RMSE than SPMe (PE), which
suggests the proposed model is marginally more accurate than SPMe in the positive electrode case. On the other hand,
the results describe that, in the negative electrode case, the NLECM-diff (NE) model accuracy is difficult to maintain
under high current condition, as the R? value significantly drops from 96.82% in 0.5C test to 56.78% in the 1C test, as
well as approximately 0.0349 V RMSE value 0.381 V maximum error increment exists while the 1C validation profile
is applied in comparison with the 0.5C test. Moreover, the minor accuracy difference between the NLECM-diff (NE)
model and the SPMe (NE) suggests that the fidelity of these two models is still comparable and the estimation error

may be not due to the model inaccuracy.

Table 3
Accuracy of SPMe (PE), NLECM-diff (PE), SPMe (NE), and NLECM-diff (NE) in comparison with experimental results in long
time CC discharge and CC-CV charge tests.

Goodness-of-fit (R?) [%] RMSE [V] Maximum Error [V]

0.3C 0.5C 1C 0.3C 0.5C 1C 0.3C 0.5C 1C
SPMe (PE) 99.43 9931 9946  0.022 0026 0.020 0.145 0.180  0.128
NLECM-diff (PE) 99.66  99.65  99.58  0.017  0.018 0.018 0.116  0.064  0.096
SPMe (NE) 97.68  96.15  59.23  0.038  0.039  0.068  0.099 0.184  0.450

NLECM-diff (NE) 97.52 96.82 56.78 0.040 0.035 0.070 0.157 0.131 0.512

In this section, the modelling methodology presented in Section 3 is employed to develop the NLECM-diff model
for both electrodes, and the performance of the electrode NLECM-diff models is compared with the SPMe. The results
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indicate that these two models have comparable fidelity, to the point where the NLECM-diff model may be used in
place of the SPMe for estimating the battery internal potential variable. Additionally, in comparison to the minor error
associated with positive electrode models, both negative electrode models exhibit relatively large low-SoC-area error
when is subjected to a high current load, which demonstrates that the negative electrode dynamic response may be the

primary reason resulting in the inaccuracy of battery models in the low SoC region.

4.2. Results under CC discharge and CC-CV charge profiles - Full cell

To fulfil the requirement of general practical applications where access to the individual electrode potentials is not
possible, a NLECM-diff model for a full cell is developed based on terminal voltage of the three-electrode experi-
mental cell for simulating the dynamic response of commercial cells. The performance of the full cell NLECM-diff
model is evaluated using the CC discharge and CC-CV charge profiles described in Section 4.1, and the NLECM-diff
model’s voltage response is compared to the SPMe’s terminal voltage in this section.

Fig.8 presents the voltage estimation and error of the SPMe and the NLECM-diff model for a full cell in the
various validation loads. The results under 0.3C discharge current are shown in Fig.8(a) which suggests both models
provide minor voltage error at the high and middle SoC range with the errors less than 0.03 V. For SoC lower than
30%, the voltage error surpasses the the boundary, which indicates the model voltages are overestimated. During the
discharge period, the voltage error of the NLECM-diff model is comparable to the SPMe results. Furthermore, when
the battery transits to the relaxation period, the largest deviation from the measured voltage gradually decreases due
to the battery diffusion process. It is also noticed that, the voltage error of the NLECM-diff model follows closely the
SPMe results which indicates that the NLECM-diff model maintains a comparable fidelity as the SPMe. Moreover, in
the 0.3C CC-CV charging period, both models underestimate the terminal voltage. Compared with the around 0.03 V
error of SPMe during charging, the NLECM-diff model exhibits poorer accuracy with maximum 0.11 V estimated
error. It might be caused due to the fact that the lumped SoC diffusion block, which is calibrated at 0.5C constant
current discharge profile, is not suitable for the charge process. At the end of the validation test, the estimated voltage
can converge to the measured value with less than 0.007 V error. Furthermore, the estimated voltage and error under
the 0.5C CC discharge and CC-CV charge load are demonstrated in Fig.8(b). Similar to the electrode model results
in the previous section, the error of the two models increases in the discharge period, especially in the low SoC range.
The NLECM-diff model overestimates the terminal voltage, and its error is greater than that of SPMe (Max. 0.118 V
versus Max. 0.087 V). However, the voltage error during relaxation are minor, even less than that in the 0.3C case,
which might because the models were calibrated under the 0.5C discharge case. Same as the 0.3C case, the NLECM-
diff voltage error in the relaxation period has a good agreement with that of the SPMe at around 0.002 V. Lastly,
Fig.8(c) shows the estimated results of two models in the 1C discharge case where the voltage error remains within
the boundaries at the start of discharge, but the large deviation from the experiential data appears from 64% SoC in
the discharge process. Not only the NLECM-diff model, the SPMe exhibits a significant voltage error in the low SoC

range. Furthermore, it is to noticed that, according to the average SoC (purple line) obtained by current integration
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Fig. 8. Voltage estimation and voltage error results of the SPMe and the NLECM-diff model for a full cell in CC-CV discharge and
charge test with different discharge current values: (a) under 0.3C discharge current; (b) under 0.5C discharge current; (c) under
1C discharge current.

method, when the experimental battery voltage is discharged to the minimum limit 2.5 V under 1C constant current,
the average SoC only reaches to 22.8% rather than to around 0% in expectation. The dominant battery process which
results in a significant error in the low SoC range as well as the unexpected SoC variation will be discussed in Section
4.4. Interestingly, the error magnitude of the full cell models is consistent with that of the negative electrode models
and the error appears at the same SoC level. Such results may support the conclusion mentioned in the last section
that the negative electrode dominantly contributes to the low-SoC-area error.

In addition, the goodness-of-fit (R?), voltage RMSE, and maximum error under the discharge and charge profiles
are compared and then listed in Table 4. According to the R? results, although the NLECM-diff model has a slightly
worse accuracy, the difference between NLECM-dift and SPMe are minor in the 0.3C (0.78%) and 0.5C (0.79%)
cases, however, there is a 2.74% reduction than SPMe in accuracy of the NLECM-diff model during the 1C discharge.
Likewise, the RMSE and maximum error results report that the NLECM-diff model has larger voltage error than
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SPMe in the long time discharge and charge tests. Furthermore, Table 4 presents computational time of two models
using the same PC hardware with the CPU of Intel Core i7 and 16.0GB RAM for simulating the 1C discharge working
condition, and the result indicates that the computational cost of the NLECM-diff model is substantially lower than

the SPMe model.

Table 4
Accuracy and computational time comparison of SPMe and NLECM-diff in long time discharge and charge tests.

Goodness-of-fit (R?) [%] RMSE [V] Maximum Error [V] Computational Time [s]
0.3C 05C 1C 0.3C 0.5C 1IC 0.3C 0.5C 1IC 1C
SPMe 99.48 99.56 97.05 0.037 0.035 0.062 0.157 0.107 0.514 270.76

NLECM-diff 98.70 98.77 94.31 0.058 0.054 0.087 0.219 0.117 0.531 3.93

Overall, by comparing the estimated voltage and error, it is shown that the model estimation error increases as the
excitation current enhances and the SoC decreases. Furthermore, the accuracy of the NLECM-diff model is slightly

lower than the SPMe under CC discharge and CC-CV charge profiles.

4.3. Results under NEDC profile - Full Cell

A further model validation is carried out under the New European Driving Cycle (NEDC) load profile. The NEDC
is a typical dynamic experiment cycle to test the performance of light-duty vehicle models in the European Union,
which consists of periods of constant acceleration, deceleration and speed [58]. As shown in Fig.9(a), the test is
performed starting from fully charged until the terminal voltage reaches the cut-off voltage 2.5 V. The zoom-in figure
corresponds to the current with average SoC in the 10th cycle, where the SoC changes from 55.9% to 51.3% in a
NEDC cycle within 0.33 h. In addition, the estimated voltage of the SPMe and the NLECM-diff model are compared
with the measured voltage under the NEDC test as well as the detailed 10th cycle results in Fig.9(b). A total of
nineteen complete plus a partial NEDC cycles are accomplished in this test, and the 10th and 19th cycles are analysed
in detail. According to the zoom-in figure in Fig.9(b), the NLECM-diff model can capture the cell voltage response
and has a good agreement with the SPMe, however, the voltage amplitude estimated by the NLECM-diff model is
smaller than the SPMe at peak values. Note that, in the end of the NEDC test, the model voltage value, which is less
than 2.5V, is the limitation of mathematical models caused by the extrapolation, which requires to set saturation to
avoid.

Fig.9(c) illustrates the voltage error in the 10th cycle with the black dashed lines as the +£0.05 V boundaries. Most
of the voltage error is within the +0.05 V range, but an underestimation is noticed for the estimated voltage in the
NEDC cycle. Fig.9(d) is related to the 19th cycle in low SoC range with SoC 13.6% — 8.9%. Compared with the
results in the 10th cycle, a obvious underestimation, which is out of the boundaries, can be noticed and the largest error
appears at the end of each NEDC cycle caused by 22 mA (about 2C) current discharge. Furthermore, the NLECM-diff

model shows a better performance (smaller error) than the SPMe in this cycle.
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Fig. 9. Comparison of SPMe and NLECM-diff in NEDC test: (a) Current and SoC variation; (b) Voltage estimation results; (c)
Voltage Error in the 10th cycle; (d) Voltage Error in the 19th cycle.

The accuracy and computational time of models under the NEDC test are compared and then listed in Table 5.
The goodness-of-fit R? results illustrate that the NLECM-diff model has 2.78% higher accuracy than the SPMe in
the NEDC dynamic profile. According to the RMSE voltage results, the NLECM-diff model shows a 0.11 V RMSE
higher accuracy than the SPMe. The maximum error is observed in the two models when the SoC reaches low stage
(close to 0%). Such error is likely from the error of negative electrode OCV measurement, which requires further
investigation in the future work. Additionally, similar to computational cost results presented in Section 4.2, Table 5
indicates that the NLECM-diff model has a significantly lower computational burden than the SPMe model.

In this section, the NEDC driving cycle test is carried out for validation and the estimated voltage of two models are
compared. The results show that the estimated voltage error increases as the SoC decreases, which is consistent with
the results in previous sections. Additionally, the accuracy of the NLECM-diff model is demonstrated to be superior

to that of the SPMe, which indicates the NLECM-diff model may be more suitable for use during the dynamic driving
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Table 5
Accuracy and computational time comparison of SPMe and NLECM-dift in NEDC test.

Goodness-of-fit (R?) [%] RMSE [V] Maximum Error [V] Computational Time [s]

SPMe 92.83 0.085 0.930 514.75
NLECM-diff  95.61 0.074 0.780 6.02
cycle.

4.4. Dominant electrochemical process under different load profiles

In this section, the fundamental rationale, which leads to the higher accuracy of the NLECM-diff model in the
NEDC test rather than in the 1C constant current discharge, is discussed according to the variation of surface SoC
and average SoC obtained by the diffusion block. Furthermore, the dominant electrochemical process in a lithium-ion
battery under different profiles is determined by analysing voltage losses of the NLECM-diff model.

Fig.10(a) and Fig.10(b) show the comparison between the surface SoC and average SoC under the 1C constant
current discharge and the NEDC profile, respectively. It’s clear to observe that the difference between surface SoC
and average SoC appears in these tests when the excitation starts and the battery equilibrium state no longer exists. In
Fig.10(a), the surface SoC is always less than the average SoC at the same moment during the discharge. According
to the purple line, which indicates the difference between the surface SoC and average SoC, termed as ASoC, it’s
shown that the absolute value of ASoC gradually increases from 0 to the maximum value of 22.8% when the battery is
discharged to 64% average SoC, and maintains the maximum value until the discharge ends, then gradually decreases
to 0 through the relaxation process. Recall the estimated voltage results in Fig.8(c), it is reported that the start of the
deviation of estimated voltage also appears at 64% average SoC, and when the measured voltage reaches the cut-off
voltage, the remaining 22.8% SoC is exactly same as the maximum difference between the surface SoC and average
SoC. Such results illustrate a strong dependence between the large estimated voltage error at 1C discharge and the SoC
difference ASoC caused by the diffusion process. As described in Section 3.5, Q and 7, are two parameters which
requires to be identified in the diffusion block. In Fig.8(c), when the battery relaxes to the equilibrium state after
1C discharge, the estimated voltage of the NLECM-diff model is overlapped on the measured experimental voltage
data, which indicates the released capacity estimated by the NLECM-diff model is identical to the actual extracted
capacity from the cell in the test, thus it can be confirmed that the parameter Q, which is related to the cell capacity, is
accurately identified. On the other side, because the NLECM-diff model is optimised at 0.5C, the significant voltage
error observed during discharging could be caused by the fact that the variation of the diffusion-related characteristics
results in the identified diffusion-related time constant 7, is inappropriate for the case of the 1C discharge. Taking into
account that the voltage error and the maximum ASoC concurrently appear, the reason may be attributed to the value
of 7,4 in adequately simulating the greater ASoC caused by the diffusion process under large current loads. Note that,

as described in Section 4.1, the negative electrode is determined as the origin of the low-SoC-area error, the dominant
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Fig. 10. Comparison between SoCs and between voltage losses under different load profiles: (a) Comparison between surface SoC
and average SoC under 1C discharge; (b) Comparison between surface SoC and average SoC under NEDC profile; (c) Comparison
between ohmic and diffusion process voltage loss under 1C discharge; (d) Comparison between ohmic and diffusion process voltage
loss under NEDC profile.

factor is thus determined as the diffusion-related characteristic changes of the negative electrode, which leads to the
considerable error in the low SoC region under high current load. In addition, Fig.10(b) reports the variation of
the surface SoC and average SoC in the NEDC test and the 10th cycle shown in detailed. It’s demonstrated that
the variation of surface SoC is more drastic than average SoC in the whole test, and the maximum 12.4% SoC
difference is found within a single NEDC cycle. Given that the maximum SoC difference that the NLECM-diff model
parameterised at 0.5C discharge case can provide is 22.8% greater than 12.4%, the diffusion block with the identified
parameter 74 is sufficient to provide the dynamic response caused by diffusion processes, which may be the reason
that the NLECM-diff shows high accuracy under the strong dynamic NEDC profile.

In order to understand the role of electrochemical processes inside a lithium-ion battery, the dominant battery

losses under different current loads is determined using the NLECM-diff model. Fig.10(c) and Fig.10(d) exhibit the
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variation of the ohmic voltage loss with charge-transfer reaction effect ng and the voltage loss caused by diffusion
process n7p under different load profiles. During the 1C constant current discharge, it’s noticed that both ng and 7p
exist when the discharge starts. The 7z is shown as the dominant voltage loss contributor at the beginning, then, as
the discharge duration increases, the np replaces 7 to contribute most voltage loss in the estimated voltage output.
At the end of discharge process, the voltage loss contributed by the 7p is 4.93 times than that by the ng. Contrary
to the constant current discharge, it’s obviously shown that the 7z is the dominant voltage loss contributor in most
of the NEDC test in Fig.10(d), except for several peak current moments within the low SoC range. It can therefore
be concluded that the diffusion process is the behaviour dominating the battery voltage under the large current load
profile, but in the strong dynamic load profile, e.g. NEDC, the ohmic voltage loss with charge-transfer reaction effect

becomes to the dominant contributor.

5. Conclusion and future work

This paper presents a non-linear equivalent circuit model with diffusion dynamics, termed as a NLECM-diff,
which is identified with a multisine-based nonlinear characterisation method and a constant current discharge method.
The NLECM-diff model is able to account for the battery electrochemical processes, in which a 2nd order linear
equivalent circuit model (ECM) presents the battery impedance, a sigmoid function accounts for any non-linearity,
and a lumped SoC dependent diffusion block accounts for the solid-phase diffusion process. Furthermore, the surface
SoC and average SoC are calculated by the proposed model, thus the diffusion process voltage loss and the open
circuit potential can be determined correspondingly. Taking advantage of the three-electrode cell used in this work,
not only the NLECM-diff model for a full cell but also for individual electrodes are developed. The accuracy of the
NLECM-diff models is validated in two types current load experiments as well as compared with the widely-used
single particle model with electrolyte dynamics (SPMe).

In this paper, the conclusions are listed as follow:

(i) By introducing the diffusion block at the cost of adding two extra identifiable parameters, the voltage estimation
error in the low SoC range is significantly reduced by the NLECM-diff model and the RMSE value decreases

by more than 49.6% in comparison of the conventional NLECM.

(i1) In comparison to the SPMe which necessitates extensive experimental characterisation for a total of 29 parame-
ters, the NLECM-diff model requires only 10 easily-identifiable parameters, as listed in Table 1, but can achieve
comparable accuracy with the electrochemical model. In addition, as the computational cost is low (See Table

4 and 5), the NLECM-diff model is a suitable candidate for accurate voltage estimation in BMS applications.

(iii)) The dominant behaviour contributing to the voltage loss is determined by using the NLECM-diff model in

different current load cases, in which the diffusion process is the dominant voltage loss when under the long
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time current discharge and the ohmic voltage loss is the dominant dynamic when under a dynamic NEDC

profile.

(iv) The de-coupled electrode NLECM-diff models are established for the three-electrode cell using the potential
data of positive and negative electrodes measured in the same identification tests. The validation results suggest
that, during discharging, the larger estimated error of the positive electrode NLECM-diff model is observed in
the middle SoC range, whereas the negative electrode NLECM-diff model has a considerable voltage error in
the low SoC region. In addition, by comparing with the SPMe electrodes response under the identical current
load, the variation of the diffusion-related characteristics of the negative electrode is determined as the primary

reason of the battery models’ large low-SoC-area error under different current intensities.

The future work will focus on the SoC estimation method design based on the NLECM-diff model, as well as the
model identification and performance evaluation at various working conditions, such as temperature, SOC intervals
and discharging rates, especially at the low temperature when the strong nonlinearity appears.
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Appendix A. Discrete Chebyshev-Gauss-Lobatto orthogonal collocation method

Refer to [55], in the orthogonal collocation method, the grid points are defined by

yj =cos —, j=0,..,N (A.1)

where j is the index of grid points. Mathematically, y; represents the locations of the extrema of the first kind
Chebyshev polynomials, Tx(l) = cos(N arccos(/)). The (N + 1) X (N + 1) Chebyshev derivative matrix D at the

quadrature points is:

D= (djk)0<j<NO<k<N (A2)
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If v is the vector formed by the values of the function u(y) at the locations y;, j = 0,...,N, the values of the

approximations v and v of the derivates u’ and u” of u at the grid points y; are calculated as follows:

where D is the differentiation matrix. .
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