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Abstract

A physics-based equivalent circuit model (ECM) is derived by applying the finite volume method to a pseudo-
two-dimensional (P2D) model of lithium-ion (Li-ion) batteries. Only standard passive components are used
to construct the equivalent circuit, which reflects the fact that a Li-ion battery is an energy storage device.
Voltages across and currents through the circuit elements in the ECM are identified with the respective
internal electrochemical processes in the battery, thus allowing the parametric values of circuit elements
to be expressed as functions of the Li-ion concentrations and temperature. Variations in the parametric
values across the thickness of the battery lead to a distributed-parameter ECM amenable for a wide range of
applications. Furthermore, in contrast to existing reduced-order models of Li-ion battery which are described
by differential-algebraic equations, the ECM is governed by ordinary differential equations wherein all the
circuit components are expressed as explicit functions of the state and input variables. Hence, the developed
model allows the solution to be found directly using matrix algebra, resulting in rapid simulation study
suitable for the development of computationally efficient real-time battery control algorithms. Results of
simulation based on the developed distributed-parameter ECM show close agreement with those obtained
from a partial differential equation based P2D model under a wide range of applied current rates, but at a
much reduced computational burden.
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1. Introduction

Due to their relatively high cell voltage, low self-discharge, wide temperature operating range, and an
excellent trade-off between power and energy densities, lithium-ion (Li-ion) batteries have become ubiquitous
energy storage devices in recent years for use in both mobile applications, including electric vehicles and
consumer devices, and stationary applications such as to provide uninterrupted power supply in the form of
large-scale, grid-connected, battery energy storage systems (BESS) [1]. As a result of this, advanced battery
management systems (ABMS) have been developed using sophisticated physics-based Li-ion battery models
that are capable of producing superior battery performance compared to traditional management systems
which are based on empirical models [2]. While the empirical models are intuitive and relatively simple to use
in control system design and implementation, they do not provide any insights into the internal behaviors of
the battery. These internal behaviors furnish important information, such as the internal physical limitation
and state of health of these batteries, which needs to be considered for both the short- and long-term
battery operations [2]. In contrast, physics-based battery models provide the mathematical description of
the electrochemical and thermodynamic processes of the cells [3, 4, 5, 6, 7, 8, 9, 10]. These models are defined
by complicated, nonlinear, partial differential algebraic equations (PDAES) from which the internal behaviors
of the battery can be predicted accurately. However, as these PDAEs are not amenable to analytical or
computationally efficient numerical solutions, various reduced-order models have been developed, which
are either distributed-parameter models [11, 12, 13, 14] or lumped-parameters models [15, 16, 17]. The
distributed-parameter models are normally expressed in the form of ordinary differential algebraic equations
(DAESs), although to obtain a DAE solver that is computationally efficient and numerically stable for a wide
range of battery parameters and operating conditions can still be challenging for real-time applications. The
lumped-parameter models are simple and require minimum computational effort. However, they must be
fine-tuned according to the electrolyte properties in thick electrodes and/or at high current rates [18].

Another approach to battery modeling is to use equivalent circuit models (ECMs). These have the advan-
tage of ready implementation in well-accepted circuit simulation and control system design software packages
such as MATLAB/Simulink [19]. In these packages, various numerical solvers have been incorporated and
can be selected to solve the circuit model to facilitate the design of the control system. Conventionally ob-
tained from system identification, the parametric values of such empirical models shall be adjusted regularly
to fit the measurement data from tests carried out on-site [20]. However, this approach to battery model-
ing has limited applicability for long-term battery performance prediction under the ever-changing system
dynamics. To address this shortcoming, the ECMs with the capability of describing the internal electrochem-
ical behaviors of Li-ion batteries have been developed in recent years. Based on the single-particle concept,
the quantitative linkage between electrochemical models and lumped-parameter ECMs has been studied

in [21] and [22], using Pad approximation and polynomial profile approximation techniques, respectively.



Unfortunately the developed models can only be applied to relatively low current rate applications. In [23],
the mass and charge transports in the Li-ion battery have been analogized using separate sub-circuits based
on the finite difference method (FDM). These sub-circuits have different units and thus cannot be readily
implemented in circuit simulation software for the purpose of circuit analysis and control system design.
This FDM technique has been used and improved in [24] where an integrated network with the incorporation
of double-layer capacitance, thermal behaviors, and the phenomenon of cell degradation is developed. A
non-standard circuit component has to be predefined to represent the chemical reactions that occur at vari-
ous interfaces that govern the conversion between the different species, including electrons, lithium ions and
intercalated lithium. The energy and charge conservation is not explicitly exhibited from the perspective
of circuit theory. In [25], a semi-empirical multi-particle ECM is developed by considering the non-uniform
behaviors along the cell thickness. The transport of lithium ions in the electrolyte is represented by an
assumed resistance network with fixed parametric values. The resistance values need to be identified using
the electrochemical impedance spectroscopy technique, subject to a large set of experimental data. This
method adds complexity to model implementation and it is only verified based on a specific type of Li-ion
battery. Similar to the electrochemical models [11, 12, 13, 14], the above-mentioned distributed-parameter
ECMs [23, 24, 25] are normally expressed in the form of DAE systems which contain certain algebraic
constraints and require a stable and fast DAFE solver to ensure accurate results using iterative numerical
methods. These DAE solvers can greatly increase the solution time, especially under ever-changing dynam-
ic operating conditions [26]. Also, the degraded performance of the battery under the real-time charging
profile has not been evaluated in existing literature where only constant current or pulse current profile are
used for model validation. There is no evidence to show these models and the corresponding DAE solution
algorithms are sufficiently efficient for use in the context of advanced model-based real-time control schemes
operating under realistic fast-dynamic load conditions.

In the current work, a novel computationally efficient physics-based distributed-parameter ECM is devel-
oped using finite volume method (FVM). Compared to the existing physics-based ECMs, the ECM presented
contains only standard, passive circuit components, a feature that is consistent with the fact that Li-ion
batteries are energy storage devices rather than active sources. The conservation of energy of such standard
circuit components is well-explained in circuit theory [27]. The use of the standard passive elements means
that the model can be analyzed and implemented in readily available circuit simulation software and incorpo-
rated battery control schemes in real-time. Each of the components in the ECM presented here is related to
a specific, internal, electrochemical process of the Li-ion cell which therefore allows the internal states of the
cell to be determined. Furthermore, the proposed ECM is defined by ordinary differential equations (ODEs),
without algebraic constraints. Direct solution approaches can therefore be applied and the time-consuming
iterative solving procedures for DAEs used in existing literature are avoided. The direct numerical procedure
applied here is complemented by taking advantage of the high sparsity of the resulting matrix system [28].
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Simulation results obtained based on the developed ECM are shown to agree closely with those produced
using the well-established PDAE-based, electrochemical, pseudo-two-dimensional (P2D) model described
in [4], but at significantly reduced computational times. Finally, the developed ECM is of a general form
that other important cell dynamical processes such as temperature variation [29] and cell degradation that
have been well-studied in existing literature can be readily incorporated, while the proposed direct solution
method can still be applied.

The rest of the paper is organized as follows. Section 2 proposes a PDAE-based distributed-parameter
ECM from the P2D model of Li-ion battery. Section 3 develops the discretized ECM using FVM. The
concept of an elementary section (ES) of the equivalent circuit is used. An ES is the basic unit in the ECM
and describes the electrochemical behavior in each control volume associated with the discretized ECM
model equations. The complete discretized ECM and its solving technique is presented to achieve improved
computation efficiency without sacrificing much of the model accuracy. The method to incorporate the
impacts of the thermal and side reaction processes is also presented and discussed. Model validation and

comparisons are given in Section 4 while the main findings are concluded in Section 5.

2. Electrochemical model of Li-ion battery

2.1. Pseudo-two-dimensional model

A schematic of a 1D-spatial model of the Li-ion cell is shown in Fig. 1. It shows that the cell between
the two current collectors has been divided into three domains in the horizontal axis (z-direction), including
the positive electrode (denoted by the symbol +), the negative electrode (—), and the separator (sep)
compartment in-between them. The separator provides electronic insulation but allows ionic conduction.
The physical boundaries of the three domains are denoted as 07 /L*, 0~ /L~ and 05°P/L5°P, respectively.
According to the porous-electrode theory and concentrated solution theory, the lattice structure of the
electrode can be treated as particles immersed in the electrolyte, and the intercalation process can be
modeled by moving lithium ions in or out of the solid particles during charging or discharging. For example,
in the charging process as shown in Fig. 1, lithium ions diffuse to the surface of the active material particles
(solid phase) within the positive electrode where the electrochemical reaction occurs. Then the lithium
ions travel across the separator towards the negative electrode through the electrolyte via diffusion and
ionic conduction. Another electrochemical reaction occurs at the particle surface in the negative electrode
and lithium ions further diffuse towards the inner regions of the particles until the charging process ends.
A similar reverse process occurs when the battery is being discharged. The Li-ion diffusion in the radial
direction (r-direction) of the assumed particle exists everywhere along the z-direction, which treats the solid

and electrolyte phases as superimposed continua without regard to microstructure/mesostructure [12].
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Figure 1: 1D Schematic of P2D model of Li-ion cell during charging. X represents a space- and time-dependent variable.

Such pseudo-2D concept has been adopted to develop various Li-ion cell models with well prediction
performance and used in many applications such as [12, 13, 14, 30, 31]. A P2D model of Li-ion cell which
consists of a set of coupled, nonlinear PDAEs are presented in Table 1, while the physical meanings of each
of the symbols used in the equations are given in the Nomenclature section or explained in [3, 32].

Additional equations of the P2D model pertaining to the parameters Ugs, K, D, D, and kg are given
in Appendix A. These parameters are expressed as functions of Li-ion concentrations and temperature, and
can be experimentally determined. The detailed expressions may vary based on the materials used for the
electrodes and electrolyte. In this article, LiCoOs and LiCg are assumed for the positive and the negative
electrodes, respectively, and the expressions are taken from [33].

For example, Equation (10) shows that the equilibrium potential Uy of the electrode is a nonlinear
function of the stoichiometry Oss = css/Cs max at the surface of the assumed particle as well as the temperature
T. On the RHS of (10), the first term UJ is the equilibrium potential of the electrode at a reference
temperature 7™ whilst the second term represents the variation of Uy due to temperature change, with the

coefficient OUss /0T

7~ being the entropic variation of Uy. Both UZ and OUs /0T

7+ are functions of O,
and these relationships are generally denoted by the functions fs and fr respectively, given by (A.1)—(A.4).
Next, electrolyte conductivity & in (1) and electrolyte diffusivity D, in (5) are functions of the Li-ion

concentration c. in the electrolyte, and the relevant expressions are (A.5) and (A.6).



Table 1: P2D model governing equations

PDEs of P2D Model

Boundary Conditions

Charge conservation in electrolyte phase (domain = +, —, sep)
+ 9%, _
R G leeor = 05
0P, (z,t) _  de(z,t) 2R, T (z,t)t lnc.(x,t) 9P, sep OP,
ox — Tk + : F ox (1) KT E;I)z' z=L+ Iisep% x=0seP’
kSep 0% — 9%
Ox |x=Lsep Ox lo=L—
iE(xat)Lc:oi =0,
di.(x,t . 3e, 12 _ . } }
Za(: ) = akj(z,t) = RL,,FJ(‘T’t) = J(x,1) (2) ie(®,t)]pops = Ze(mat”xe[osep,mep] = dapp (1),

j(ﬂ?, t) ‘g;e[osep7Lsep] =0

Charge conservation in solid phase (domain = +, —)

(4)

i —aFj(z,t) = —%Fj(x,t) = —J(z,t)

Ui aaq;s r=0%t = 7iapp(t)7
a<1>56(;,t) = _ZS(;M) 3) ot aaq:)cs z=L+ — Usep% =05¢P)

USGP% =L U_% rz=L—"
Dis(wst) _ is(x,t)|m:0i = dapp(t);

i8($7t)|a::Li = iS(%t)'xe[()sepyLsep] =0

Mass conservation in electrolyte phase (domain = +, —, sep)

D %c; —
fefpld = L (Do) o g Ot 6) | Driel,_p. = DEvde] e
D:ep% z=Lsp De_% z=L—
Mass conservation in solid phase (domain = +, —)
Dgt %LTS r=0t 0,
805(891;,7‘,15) _ 7%0% (DST2 85559:1;’:7",15)) (6) D;t %C; - _ —j(]j,t),

Cs |T:R1j,: = csis(x7 t)

Algebraic Equations in P2D Model

Jjlx,t) = Qiogf’t) sinh( Frs(2,t) )

2R, T(z,t)
io(x,t) = Fk:o\/ce(av7 t)(Cs max — Css(T, 1)) Css(, )

Ns xat) = (I)s(l'vt) - (be(l'vt) —Uss — M

Uss (05, T)= U + 2| (T(2,t) — T*)

= [s(Oss) + fr(0s)(T(z,t) —T%)

o

Output equation of P2D Model

Viar (1) = @5(0%,) = @4(07, 1) + (1) + reo))iapp(t) (11)

Furthermore, local temperature T'(z,t) will also affect k, D., Ds, and kg. Thermal model of Li-ion

cell that governs T'(x,t) can be readily incorporated into the presented P2D model (1)-(11) and treated as
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a state variable, as will be shown in Section 3.7. In this article, the quantities obtained at the reference
temperature will be indicated with a superscript “*”.

Note that the presented P2D model provides a generic framework to develop other physics-based Li-ion
battery models for the purpose of real-time control. The developed model balances a trade-off between
accuracy and computational complexity. The effective properties of the P2D model are assumed known
parameters for simulation, and they can be experimentally determined or estimated by using more sophis-

ticated models with the capability to describe the mesostructure of the Li-ion cell [34, 35, 36].

2.2. Approzimation of solid phase diffusion equation

PDE (6) is the Fick’s law of diffusion equation and it describes the diffusion of lithium ions in the solid
phase. The concentration profile in r-direction can be simplified using various techniques [37], among which
the polynomial profile approximations establish the relationship between the surface concentration cgg, the
volume-averaged concentration c; ave, the average concentration flux ¢, ave and the ionic flux j [11]. Such
approximation methods reduce the order of the P2D model by removing the radial coordinate r, yielding
a PDAE model system in z and ¢, and have been shown to be accurate for various ranges of applied
current while satisfying the boundary condition (6) [11]. In this article, (6) will be approximated using a
two-parameter polynomial approximation (12), following which the technique to develop the ECM in the

following sections will be presented.

a's,av ( 7t) _ 3 .
s = — (@) (12)
%[css(m,t) - Cs,avg(xat)] = —j(z,1)

Given approximation (12), the governing equations for the variables of the P2D model become (1)—(5)

and (7)—(12).

2.8. Model reformulation

The presented approximate P2D model will be reformulated into a distributed-parameter electrical ECM
described by PDAEs in this subsection. As (2)—(4) and (11) are already in pure electrical form, only the
equations associated with concentration and mass transfer, including (1), (5), (7)—(10), and (12), will be
reformulated.

First, Equation (1), which describes electronic conduction in the electrolyte, can be rewritten as

0! (x,t) io(x,t)  0Pc(w,t) B OVe(x,t)

ox K Ox ox (13)

Here V. is a voltage term representing the overpotential due to the diffusion of lithium ions in the

electrolyte. @, is the voltage difference between electrolyte potential ®, and V.. They are defined as

Ve(z,t) :== YT (z,t) Infc.(x, t)/cg] (14)
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O (2,1) = Ce(,t) — Ve(w,1) (15)
where T = 2R,t0/F in (14) is a constant.
Next, following the detailed derivation process in Appendix B.1, the electrolyte diffusion equation (5)
can be reformulated to

ACE) a( AV, (z,1)
Od—~

Ca—5r— = o= o ) + J(,t) (16)

Here, J(z,t) is the local volumetric intercalation current density, as presented in (2) and (4). The overbar
in (16) and hereafter is used to denote the values that are specified in per unit volume. The volumetric
capacitance (in the unit of [F-m~3]) and the conductivity o4 (in the unit of [S-m~1]) are given as

= Fe, ce(z,t) o FD.(x,t) ce(z,t)

0 YT(z,t)’ ¢ 0 YT(z,t)

Similarly, following the detailed derivation in Appendix B.2, the equivalent circuit equations for the

(17)

solid phase diffusion equation (12) and the temperature-dependent equilibrium potential equation (10) are

obtained as (18) and (19) respectively:

Cr g = J(a,t)

(18)
Gl(Us*s($7t) - ‘/;*(x7t)) = J(x7t)

A dVer(zt) _

C(sT Et - J(Jf, t) (19)

l]SS(:E7 t) = Us*s(x’ t) + VST(zv t)
where the volumetric capacitances and volumetric conductance (in the unit of [F-m~3]) are expressed as
FESCS max ~ ngcs max 15D5 ~ 1 f;(es avg)
,7)7 Gl = 7 ) 2 CST = . £/ :
—f5(0s.ave) —fi(Osave) Rp T =T f7(0s.ave)

Note that in (20), f. and f} represent the derivative functions of f; and fr in (10), respectively.

o (20)

_
Cc; =

Furthermore, the activation overpotential ns due to the main electrochemical reaction described by the

Butler-Volmer equation (7) can be considered to be the voltage across a polarization conductance G,.

Substituting j = J/(aF') into (7) yields the expression of s, i.e.,

2R, T (z,t) . . 1 ( J(=,)
(1) = e D gt (8 21
s (2, %) F S 2aio(z,t) (21)
Dividing local volumetric current density J(x,t) by (21) allows the definition of the conductance G,:
~ J(x,t Fai
G (w,t) aig T (22)

T me(z,t)  RyT(x,t) sinh ™! (1)
where 7 = J(x,t)/(2aip), and the exchange current density g is given by (8).
Finally, the volumetric conductance for the solid electrolyte interphase (SEI) film resistance in (9) can
be defined as
Gy i=afrs (23)
With (23) and considering j = J/(aF’), Equation (9) becomes
ns(w,t) = 4(w,t) — O (x,t) — Uss — J(,1) /Gy (24)
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Figure 2: Discretization method.

3. Physics-based ECM of Li-ion battery

3.1. Spatial discretization using finite volume method

For the purposes of computer simulation and model-based control algorithm design, the PDAE-based
ECM (2)—(4), (11), (13)—(24) of Li-ion battery needs to be reduced into DAEs so that it can be solved
in a real-time environment. This can be achieved by spatial discretization in the z-domain. The FVM is
preferred in this article because it is robust, computationally efficient, and capable of preserving the law of
mass conservation [38].

In order to correctly carry out the spatial discretization, a mesh structure is first defined by subdividing
the z-domain into N = N+ NP + N~ non-overlapping control volumes (CVs) with geometrically centered
nodes. The notation (N, N3P N~) will be used to represent the number of CVs. Every CV is associated
with a center node zj and spans the interval [z_0.5, Zx+0.5] as shown in Fig. 2. To facilitate the treatment of
boundary and interface conditions, the edges of each CV are aligned with the domain boundaries and internal
interfaces. The width of the CV with index &k (CV k) is denoted as lj,. Define the central variable X (¢) :=
X(x,t)|x = zg, left edge variable X;_o5(t) := X(z,t)|x = xk_o.5, and right edge variable Xy 05(t) :=
X(z,t)|r = xpro05. Also, the following integer sets are defined: ST = {k:1 < k < NT}, S5 = {f :
NT+1<k<Nt4+ NP} G ={k: Nt + NP4+ 1<k<N},and S={k:1<k<N}L

One can use the method of lines [39] to obtain the approximate values of the gradient of the variable
X(x,t) at the central node and the edges of CV k. However, this discretization approach requires the use
of the values of variables in the neighboring CVs. As shown in Fig. 2, in order to develop an equivalent
circuit for each CV for easy model implementation, the discretization equations for method of lines will be
modified into the following form, i.e.,

Gradient of central variable:

0X (z,t) ~ Xit0.5(t) — Xie—o.5(t) _ |CE|
ox Uy |BE|




Gradient of left edge variable:

0X (z,t)  Xg(t) = Xi—o05(?) _ |CD| (26)
or  |,_,. .. 0.50x |AD|
Gradient of right edge variable:
X (1) ~ Xkt05(t) = Xp(t) _ |AF] (27)
05 |y 0.5l BF|

Based on this method, the spatially-discretized equations for the distributed-parameter ECM are ob-
tained and shown in Table 2. Amongst them, (29)—(33) are obtained by applying (25)—(27) to the PDEs
(13), (2)—(4), and (16). The other equations (34)—(37) correspond to (22), (24), (18), and (19), respectively,
which only describe the cell behaviors at the central node (z = xj). The units of all the quantities have
been converted into [A] (current), [Q2] (resistance), [F] (capacitance). Specifically, Io = Aiek, Is s = Ais s
Rep = li/(kkA), Rog = li/(0kA), Lionick = AlxJy, CF) = AlCYy, Corg = AlpCor g, Cap = AlpCay,

Ry = 1/(AlkGy), Rix = 1/(AlkG1y), Ry = 1/(AlkG, k). Special attention has to be paid to the

resistance Ry k105 and Rqk k—o.5 in (33). They are expressed as

(28)

05lk 05lk < tg TTk:tOf,) 05Tt2 lka 8111 Ce,k+0.5
Ry k+05 = = ~

Aogk+os A \FD¢r+0.5 Cek+0.5 AF D.yj Ocer+os

Note that in the separator, as there is no ionic flux j, the term Iionic x in (30) and (33) shall be set to
zero when it is applied to a CV in the separator domain.

Taken together, the FVM ECM equations describe the dynamic behavior of the CV k in the cell.

3.2. Elementary section

With the spatially-discretized ECM equations derived in Section 3.1, the equivalent circuit of each CV,
denoted the elementary section (ES), will be developed. First, the equivalent circuit to (29)—(32) and (35),
which shows the principle of charge and energy conservation, is obtained according to Kirchhoffs circuit laws
and is shown in Fig. 3(a). This circuit describes electronic and ionic conduction processes in a CV and it is
referred to as an ES of the main circuit. Note that Fig. 3(a) is only valid for a CV in the electrode domain
(k€ StUS™). It is reduced to Fig. 3(b) for a CV in the separator domain (k € S%°P), taking into account
the fact that there is no ionic flux (i.e., fionic,x = jr = 0) in the separator.

Consider the controlled voltage source (CVS) of the equilibrium potential Uy i, in Fig. 3(a). It is associ-
ated with the diffusion of lithium ions in the solid phase governed by (36) and (37). According to (36) and
(37), the equivalent circuit associated with Uss i is obtained and it is shown in Fig. 3(g). It can be seen that
Uss,; consists of three components:

1) V' represents the open-circuit potential (OCP) of the electrode at reference temperature T*;

2) Vit i, represents the variation of OCP due to the temperature change;
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Table 2: FVM ECM equations

FVM ECM Equations Boundary Conditions
, (be,O.o = (b/e 13
Pe rt05(t) — Pp 1 (t) = FO5Re e kx0.5(t) + Ve k+o.5(t) (29) ’

/
PN = Pe,Nto5

Ieos =1Icnyos5 =0,
Ie,k+0.5(t) - Ie,k70.5(t) = Iionic,k(t) (30) Ie,N++O.5 = Ie7N++Nsep+0_5

= Ie,k|kessep = Lapp

(PS,N+ = q)s,N++0.57

D, 1 (t) — Ps a0.5(t) = £0.5Rs 1 Ls k10.5(t) (31)

Q. nv- =P Nn-—05

IS,O.S = 1s,N4+0.5 = Iappa
Is,k+().5(t) - Is,kf(].f)(t) = _Iionic,k(t) (32) Is,N++O.5 = IS7N++Nsep+0_5

= IS,k:‘k.eSsep = 0
Veos = Ve,

Od,k Ve () _ Vertos5®)—Ver(®)  Ver(t)—Ver—05(t) +Iionic,k(t) (33)

dt Rk, k+0.5 R k,k—0.5

Ven = Ve ntos

s,k (t) = Ry i Lionic,k () (34) | -
Dy (1) — Pe i (t) = Uss,k + 05,1 (t) + Ry xLionic,k (1) (35) | -
Cr ™ =Lomie(t), UZu(t) = Vi(t) = RugFionien(t)  (36) | -
CsT,de&T;likt(x’t) = Lionic,k(t);  Ussk(t) = UZ p(8) + Vara(®)  (37) | -

3) AUy, = Ug, ), — V), = R kLionic,k Tepresents the overpotential due to the diffusion of lithium ions in
the solid phase.

As mentioned earlier in Section 2.2, there are many methods to approximate (6), instead of the two-
parameter polynomial approximation method adopted here. Different methods can result in different RC
equivalents to CVS Ug. As another example, Appendix B.2 gives the derivation of RC equivalence using a
higher-order polynomial approximation which is more accurate for higher current application [11], and its
equivalent circuit is shown in Fig. 3(h). The study on the other methods of approximation has been left for
future work and is expected to bring fruitful outcomes.

Fig. 3(c) shows the electrical circuit for (33), which describes the mass transfer in the electrolyte in
the electrode domain. It is denoted the ES of the supplementary circuit. Again, for the separator domain
(k € 5%P), as Lionic,k = 0, the corresponding ES can be reduced to Fig. 3(d). Next, it can be seen that the
CVS V. in Fig. 3(a) and the controlled current source (CCS) Iignic r in Fig. 3(c) are coupled components
and they constitute a lossless two-port network component, as shown in Fig. 3(e). This component represents
an ideal transformer with turns ratio of 1:1, as shown in Fig. 3(f). As the two terminals have equal terminal

powers V¢ i Lionic,k, this ideal transformer component clearly embodies the principle of conservation of energy
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Figure 3: (a) ES of the main circuit of the electrode; (b) ES of the main circuit of the separator; (c) ES of the supplementary
circuit of the electrode; (d) ES of the supplementary circuit of the separator. (e) Coupled CCS and CVS; (f) Ideal transformer
equivalence of coupled CCS and CVS. (g) RC equivalence to equilibrium potential Us j using two-parameter polynomial ap-
proximation; (h) RC equivalence to equilibrium potential U j, using higher-order polynomial approximation; (i) R equivalence

to main reaction overpotential 7 .

between the charge transfer (main circuit) and mass transfer (supplementary circuit) processes. This feature
has not been explicitly exhibited in existing literature from the perspective of circuit theory.
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3.8. Construction of the full ECM
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Figure 4: (a) Three ESs connected in series; (b) Simplified equivalent circuit for (Nt , NP N~) = (2,1,2). Note that
+ _ £
R, =r2,/A.

col

According to FVM, the right edge variable of CV k is identical to the left edge variable of CV k + 1.
This requirement of continuity can be automatically satisfied by cascading different ESs. As an example,
Fig. 4(a) shows part of the circuit consisting of three cascaded ESs: ES k — 1 and ES k are at the interface
of the separator and the negative electrode, while ES k + 1 is at the end terminal of the electrode.

After cascading, it is possible to simplify the ECM by reducing the number of circuit components. Firstly,

the capacitors and resistors connected in series can be combined:
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With this combination, the ODEs that govern the capacitor voltages are changed from (36), (37), and
(33) to

dVs 1 (t)
s - = Iionic t
Cs gt k(1) (38)
dV, . (t Ve t) — Vor(t Ver—1(t) — Vor(t
Cun k() _ Verrr(t) = Ver(t) | Ver-1(t) = Ver(t) + Tomer(t) (39)
dt Rak+o05 Ry k—o0s5

In (38), the capacitor voltage V; , = VS* .+ Vet .1 Tepresents the temperature-dependent OCP as indicated
in Fig. 3(g). Secondly, certain floating branches can be deleted if no current flows into them. This can
be investigated from the boundary conditions. For example, according to boundary conditions of (32),
Ie+1.5 =0and I ;o5 = 0. Thus, the bottom-right branch of the ES k 4 1 and the top-left branch of ES
k of the main circuit can be removed. Similarly, according to boundary conditions of (33) Ve x+1 = Ve k+1.5,
the extra branches on the right-hand side terminal of the supplementary circuit can also be deleted. Thirdly,
the two series-connected CVSs on the same branches at the bottom of the main circuit effectively cancel
each other out, as the pair have equal but opposite polarities. As an example, Fig. 4(b) shows the complete
equivalent circuit of Li-ion battery for (N*, NP, N~) = (2, 1,2) by applying the above circuit simplification
steps.

3.4. State-space representation of physics-based ECM

The complete distributed-parameter ECM of Li-ion battery cell denoted DAE-OCM has now been de-
rived. It can be observed that only standard passive circuit components consisting of resistors, capacitors,
and ideal transformers are used to form the circuit. Hence, according to conventional circuit theory, the

ECM can now be readily expressed in a compact state-space form, namely,

Axo(t) = Acxc(t) + Beu(t)

(40)
y(t) = Cex.(t) + Dcu(t)

Here, the input variable u(t) is the applied current I, () = Aiapp(t), the output variable y(t) is the

terminal voltage Va1 (t), and the state vector x.(t) consists of all the capacitor voltages in the ECM, viz.,

Xc (t) = Vz_
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where

i Vs,l ] _Vs,N++Nsel>+1_
Vs,2 VS7N++NSGD+2
Vj = ,V;
Ve n+-1 Vs N1
L ‘/SfN+ J L V@,N
[ ‘/671 ] [ Ve,N++1 ] -Ve,N++NseP+1-
Ve2 VeN+t42 Ve, N+ £ Nsep 42
Vo= S I : Vo =
Ven+-1 Ve N+ Nsep—1 Ve, n—1
| Ven+ | | Ve N+tnser | | Venw

The equations in (40) represent a continuous-time single-input single-output (SISO) state-space model.
The elements in the matrices A., B., C., and D, are functions of the RC parameters and the detailed

derivation of them are given in Appendix C.

3.5. ODE-ECM

For implementation as a real-time control system, (40) has to be discretized in time and solved numeri-
cally. In order to perform the numerical integration to obtain the state vector x.(t + At) at the next time
step, the values of A., B., C,., and D, must be updated within each time step At. The RC parameters
that determine A., B., C., and D., according to (17), (20), (22), and (23), depend on the following vari-
ables: ¢ k(t), Os avg,k(t), Oss k(t), and 73, (t) (which is proportional to lionic,x(t)). Amongst them, c. 1 (t) and
05 ave,k(t) can be directly calculated from the state variables x.(t) using (14) and (B.4), respectively. To
obtain the remaining two variables g 1 (t) and ionicx(t), a highly nonlinear algebraic equation system has

to be solved:
0 = g(Tionic(t), Oss(t), u(t)) (41)

where Iionic(t) and O (t) are vectors of Tionic k(%) and 8y 1 (t), respectively. Together, (40) and (41) represent
a system of DAEs that govern the differential variables x.(t) and the algebraic variables Tionic(t) and Oss(t)
for the DAE-ECM. This algebraic equation imposes an implicit algebraic constraint to the model (40). Due
to the fact that (41) is highly nonlinear, an iterative method must be used within each time step At to
calculate the value of Iionic(t) and O (t)with known w(t) = ILpp(t). Such a process would increase the
solution time significantly and may even lead to numerical instability, especially in situations where the
input current, I, (t), varies dramatically [40]. In fact, O 1 (%), Tionic,k(t) are only used in (22). In order to
remove the constraint (41) of the DAE-based model, an approach is now proposed to approximate ionic,x ()

and 0sg 1 (t) so that (22) can be expressed as a function of state and input variables.
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First, the profile of ionic flux j(z,t) in the z-direction will be estimated by a quadratic function for each
electrode. For the positive electrode, assuming the gradient of j at x = 0 is zero, the estimated ionic flux is

expressed as

j(z,t) = yTa? (42)

A “*” symbol will be used to denote the estimated quantities. Integrating (4) from 07 to LT gives
Lt Lt o-
. Dig(x,t ) . )
/ ot F(, ) dat = / %d@« ()] e — s ()]s = —iupp(?) (43)
0+ 0+ €
Substituting (42) into (43) yields
3
+ _ .

- a+F(L+)SZapp(t) (44)

The relationship between central node index k and spatial position z is
2k —1
=Lt 4
T N+ (45)

Substituting (44) and (45) into (42), and using lionic,x = AlgarFjr = A(LY/N7T)ayFji, the relationship

between fionic,x and I,pp, is obtained:

. 3 (2k-1)°
e (®) = 7 () Tonl®) (46)

A similar approach can be applied to the negative electrode, which yields

- 3 (4N—2N—2k+1

Iionic,k(t) e IN-

> ) Lnlt) )

Next, considering (36), the surface stoichiometry 6 1 (f) can be estimated using

Oss 1 (8) = £ (U (1)) = f3 (Vi () + RupTionic i (£) (48)

Hence, using (47) and (48), (22) can be estimated based on input variable I,,,(t) and state variable
V1. (t), and the resulting model is denoted as ODE-ECM. Table 3 summarizes the expressions that determine
the R and C parametric values of the ODE-ECM. All the RC parameters as well as the matrices A., B,
C., and D, have been expressed as explicit functions of the state variables x.(t) and input variable I,,, (1),
and thus the derivative of the state variables can be rapidly calculated without using an iterative method.
The physical meaning of each component and their dependence on state and input variables are also shown

in Table 3.

Note that in obtaining the expression of R4 0.5, the following approximation is used:

Olncepros  Inceppr —Incer 1 In(ceppi/cer) 1 Xk+1,k (49)
0Ce. k405 Celit1 — Cek Ceo Ceit1/Cek — 1 Ceo €XP(Xtt1,k) — 1
where
Vert1 Ve

Xitd = (e /cer) = xpp— =
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Table 3: Expressions and physical meanings of circuit components of ODE-ECM

Dependent state

Sym. Expressions Physical Meanings
and input variables
1 Capacitance due to the transport
X
ST s ave, k) « i1 . . .
Cs i 1+ 7 g il (T =T) of lithium ions in the solid phase Vi k(0s,avg k)

Al Feg 1 Cs max,k .
AT with temperature effect

Local virtual resistance
R2
p,k

’
—fe(0s,ave, . .. .
Ry Alkl‘ifg(s,k,csinii,k T representing the dissipation due to Vi (0s,ave, k)
Li-ion diffusion in solid phase
1 . . .
R rt05 % ((lf—’z + :TJ:) Local resistance in solid phase None
Ve,r(Ce,k)
! . ) e.k(Ce k)
Re k+0.5 0A+5 (}i—’; + K’;—:ll) Local resistance in the electrolyte
Vek+1(Cek+1)
0.5+ (lka lk+1Tk+l) y Local virtual resistance representing Vo blen)
AF \D D C .. ek\Ce,k )
R k+0.5 ) in’lkk ekt the dissipation due to Li-ion

Ve k+1(Ce k41)

Cerk exPOxk+1,k) =1 diffusion in the electrolyte

Capacitance due to the concentration

Al Fe, gee

Ca 7%02{{ - Ve k(Cee)
anr in the electrolyte

1 R, T Vek(Cek)s
R Algar F2ko pCs max,k X L 1 st due to th . t
0,k 1 sinh =1 (%) ocal resistance due to the main reaction I/’M(es’avg’k),
\/Ce,késs,k(lféss,k) Tk I,
app
Ry LIk Local SEI film resistance None
? Alkak

As (49) has a removable discontinuity at xx+1,5 = 0, one can redefine its value by recognizing that

W e =1 o

One can use the steady-state values, when I,,,(0) = 0, to initiate the time-domain simulation. At steady
state, initial Ve x(0) = 0, and the initial values of V", can be calculated using the initial state-of-charge
(SOC) and T. The SOC at node k is defined here as the portion of total stored charge in the main capacitor

V... As the volume-averaged concentration 8 .y, is proportional to the charges stored in the main capacitor,

one obtains
_ Gsya\'g-,k(t)*e;—% _ 1 _ f:'(V;k(t))*eg% k c S+

SOC}g(t) — QEU%_Q(;A 9:100%_93% ’ (52)
es‘avgyk(t)feo_% — fs_(v:k(t))fe(;% I{J c S—
0;00%_05% 0;00%_0[;% ’
where 0?00% and 93% are the corresponding stoichiometry for the fully-charged and the fully-discharged

positive electrode, and 6., and 6, have similar meanings for the negative electrode. Next, the ODE-
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ECM can be discretized in the time domain and solved by various well-established numerical methods for the
purposes of computer simulation and real-time control. The system order of the ECMs equals to the number
of the capacitors: this is 2N+ + 2N~ 4 N5°P if the two-parameter Li-ion concentration approximation model
is used to represent the transport process of the Li-ion in the solid phase. As can also be seen in Appendix C,
the matrices of the state-space model of the developed ECM are sparse. Well-established numerical methods
for dealing with sparse matrices can be used to reduce solution time [29].

It should be pointed out that when (N, N*P N=) = (1,0, 1), the resulting ECM represents the single-
particle model (SPM), which is a lumped-parameter model relevant in low current rate applications. This
ECM for SPM has been reported in [22]]. When (N*,N%P N~) = (1,1,1), the ECM represents the
equivalent circuit for an extended single-particle model, as proposed in [41] where diffusion of Li-ion in the
electrolyte is considered. These models are valid for low current rate applications where the distributed

effect of variables along the cell thickness is ignored.

3.6. Conservation of mass

One important feature of the developed ECM is that the law of mass conservation is preserved. This
can be proven in the following way. The mass of the lithium ions in the CV k in the solid phase can be

calculated using the concentration, cs x(t), and the effective volume, Alyes 1, as

ms}k(t) = Alkf‘:s,kcs,k:(t) (53)

Using (53), (36) and (B.5), it can be readily shown that the sum of the rate of change in the mass of the

lithium ions in the solid phase is zero, that is,

dmsp(t) 1 L AV 1 1
> —u F > Cix % F > Lionick + Y Tionick | = 7 Happ + (=Lapp)] = 0

keStus— keStuS— kesS+ keS—
(54)

Hence, the mass of the lithium ions in the solid phase is conserved. On the other hand, the mass of the

lithium ions in the CV k in the electrolyte is given by

me,k(t) = Alkge,kce,k(t) (55)

Similarly, using (33) and (55), it can be readily shown that

Z Ln;f ZlkAEekdcek Z ddeEk

keS keS kES

to t0
- ( Z IlOIllC k + Z Lonlc k) = _f [Iapp + (_Iapp)] = 0 (56)

kesS+ keS—

Equation (56) indicates that the mass of the lithium ions in the electrolyte is also conserved at all times.
The proposed ECM establishes a relationship between charge conservation and mass conservation, as the
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lithium ions are charged particles. This feature of mass conservation is a welcome benchmarking outcome
for the physical credibility of the developed ECM. Its importance is also realized, for example, when it is
necessary to estimate the state-of-charge of the battery where the selection of control parameters for the

state estimator is constrained by mass conservation, as is reported in [42].

3.7. Equivalent circuits for thermal model

Table 3 shows that various R and C parameters are affected by the temperature T;. As mentioned
earlier, the proposed ECMs assume that the value of T} is given. A thermal model can be incorporated to
describe the heat transfer process that governs the variation of Ty in the cell. In this subsection, a technique
to incorporate the thermal model to the developed ECMs is shown. The equations and the boundary

conditions that describe the heat transfer phenomenon in the Li-ion cell is given as [29]

oT(x,t) 0O oT (z,1)
il ek AP A ) Wl Sk A t 57
PP ¢ Ox ( ox +ar(@.t) (57)
qT(fE; t) - qT,ohm (1'7 t) + qT,rxn(xv t) + qT,rev (1'7 t) (58)
T (x,t
)\ﬁ = h(Tend - T(l‘, t))| =0+,0— (59)
9z o+ 0- T
2 xX 0 ncCelx
0T omm (2, 1) = 0(6<1>3(mw,t)) 4 K6<I>€6(;:,t) (&bg(f,t) + 2RT(F7t)ta a1 Bez( ,t))
QT,rxn(I7 t) = Fa.] (‘Ta t)ﬁs (.’,E, t) (60)
AT ev (1) = Faj(z, )T (2, 1) G5 1.

where Tonq is the temperature at the end of the electrode. p, ¢, and A are the density, the specific heat
and thermal conductivity, respectively. The heat flux g7 consists of three components: 1) the heat ¢r ohm
generated due to the movement of the electrons in the conductive pass; 2) the heat g ,xn generated due to
the main chemical reaction which is an exothermal reaction; 3) the heat ¢r ey generated due to reversible
entropy of reaction.

Using the FVM equations (25)—(27) to discretize (57)—(60), one obtains an equivalent thermal circuit

form
dT;.(t T t) —Ti(t Tw(t) — T t

OT,k k( ) — k+0.5( ) k( ) _ k( ) k 0.5( ) +QT,k(t) (61)

dt Ry k. k+0.5 Rt k05
Qri(t) = lkAgr k() = Qr.ohm k() + QT rxn k() + QT rev, i (t) (62)

Tryos5(t) = T(t)  Tona — Tr(t)
= (63)

Rak kt0.5 R ena

Q1 obm k(1) = (0.5Rs 1) (124 5(1) + 12 10.5(8) + (05Re k) (12,0 5(8) + 12410 5(1))
Hlek—05t)Ver—05) = Ver(t)) + Lekr05(t)(Ver(t) — Ve kros(t))
QT rxn b (t) = Ry I3 i 1 ()

Q1 vev.k(t) = Var i (t) Iionic,k (t)
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where the circuit parameters are defined as

0.5 1

mv RT,end - hj (65)

Cri = prcpilcA,  Rrprtos =

As shown in (62), heat flow rate Qr x(t) consists of the heat rate Q7 ohm, r due to the resistive loss in
R, 1 and R, j; heat rate Q7 rxn r due to the reactive loss in R, ; and heat rate Q7 rev,r associated with the
reversible entropy of reaction Cst . They can be calculated from the ODE-ECM developed in Section 3.
Note in the ODE-ECM, the resistances Rq and R, j, which are derived from the diffusion equations, do
not produce any heat. They only represent the dissipative effect in the irreversible diffusion process. With
the temperature T} as additional state variables to capacitor voltages, the RC parameters are still explicit
functions of the state variables, and the resulting model remains an ODE system although the system order
is increased by N. The corresponding state-space representation of (61) is in the form

d
Zxr(t) = Arxr () + BrQr(t) (66)

Qr(t) = Hx.(t) + Gu(t) (67)
where
T T
xe() = |Ti(t) To(t) - Tw(®)] » Qr)=[Qra(t) Qra(®) - Qra(®)] (68)
The matrices Ar and By, H, and G can be obtained using (61) and (64), although for reason of brevity,

the derivations are not given explicitly here. With the temperature state equations (66) and (67) and

ODE-ECM (40), the complete state-space equation can be written as

% x(t)| _| A 0l x| | Be| )
xp(t) BrH Ar| |xr(t) BrG

3.8. Equivalent circuits for side reactions
This subsection briefly discusses the method to incorporate the degradation model into the developed
ECM. Various causes of Li-ion battery degradation have been investigated and identified, see e.g., [43,
44], based on which numerous degradation models have been developed in recent years for the behavioral
prediction of Li-ion battery [5, 7, 8, 10, 45, 46]. In the present study, attention is only directed towards
the most common and significant degradation mechanism encountered during the normal operations of the
Li-ion battery: that due to the irreversible side reactions between the lithium ions and solvent species in the
negative electrode of the battery cell. This side reactions process causes the capacity fade and the growth
of SEI film in the negative electrode, and it has been widely considered in the design of ABMS [5, 43, 44].
In the P2D model presented in Table 1, the intercalation current density J(z,t) in (2), (4), and (9)
shall be replaced by the total local volumetric current density Jiot(2,t). Jiot(,t) consists the intercalation

current density J(z,t) and the side reactions current density Jg (z,t), i.e.,

Jiot (@, t) = J(x,t) + Jo (2, t) (70)
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The kinetics of the side reactions are described using the Tafel equation, by assuming the side reactions

are irreversible, i.e.,

_ . 7F775r(1'a t)

Jsr(z,t) = —ip sraexp < 2R, T(x,1) ) (71)

Ner(,1) = Dy (,1) — Do (2, 1) — Usgrof — Jror(®,t) ri(x,t) (72)
a

where g g, Nsr, and Uy rer are the exchange current density, the activation overpotential, and the equilibrium
potential of the side reactions, respectively.
Furthermore, the increase of SEI film resistance due to side reactions current density Jy, is described by

"My

2 (e, )T+ 73
o oy Frga O Tr0 (%)

re(z,t) = —

Here, My, p¢, k¢, and 75 are the average molecular weight, the density, the conductivity, and the initial
value of the SEI film, respectively. Based on the FVM and method of electrical analogy, the equivalent circuit
that represents the side reactions model (69)—(71) in an ES can be obtained. It is also shown in Fig. 3(a),
in which the local side reactions current is defined as Iy = AlgJs k. An extra equation derived from (72)
shall be used to update the SEI film resistance Ry, i.e.,

1 My 1
(Alyay)? ps Fry

t
Rf’k(t) = — /0 Isr’k(T)dT + Rfﬁo (74)

It should be pointed out that existing works show that the side reactions can also affect other elec-
trochemical parameters, e.g., the volume fraction of solid active material e, porosity €., and the effective
diffusion coefficient of electrolyte D., amongst others [8]. Extra equations can be added to dynamically
update the associated resistances and capacitances in the ECM.

As the purpose of the current work is to provide a generic numerical methodology based on existing well-
developed electrochemical models, the detailed studies on various degradation models will not be elaborated

and they are left as part of future work.

4. Results and discussion

The P2D model (1)-(11) of a Li-ion battery given in Section 2.1 has been experimentally validated in
various studies such as [33]. Therefore the P2D model shall be used herewith as a benchmark for val-
idating the developed physics-based ECMs. The P2D model was implemented and solved in COMSOL
Multiphysics® Modeling Software. The developed DAE-ECM and ODE-ECM were implemented in MAT-
LAB R2016a/Simulink 8.7 software, and the variable-step solver ode23tb (stiff/TR-BDF2) was selected.
To demonstrate the effectiveness of the proposed ECMs, the results were also compared with those ob-
tained from a MATLAB code of P2D model named LIONSIMBA [31]. LIONSIMBA uses IDA package

[47] to solve the set of DAEs with a good trade-off between accuracy and computational time based on
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FVM. As LIONSIMBA and the proposed ECMs are all based on FVM, the same number of CV or ES
(NT,N%?_ N~) = (10,5, 10), maximum step-size of 0.5 s, and two-parameter polynomial approximation
(12) were used for consistency. All the simulated results were obtained on a 64-bit Windows 7 on a Dell
OptiPlex 9020 PC, with Intel Core i7-4790 CPUQ@ 3.60 Hz and 16GB RAM. All the parametric values

adopted for this study and the relevant references for these values are given in Appendix D.

4.1. Constant current discharge — isothermal condition

0.1
421 (a) (b)
> 4R 0.08
&
g 38 S 0.06
o =
S 56
g o 0.04
=1 )
‘2 3.4 E
B g
)
& 39 0.02
3 D 0 &
0 1000 2000 3000 0 1000 2000 3000
Time o Time (s)
|
1 g 2000
3
)

o
o0

& 1500

o

o
_
o
S

o
.

500 &

Surface stoichiometry O (-)
o
o

0 k=25
0 1000 2000 3000

0 &,
0 1000 2000 3000
Time (s) Time (s)
——P2D (COMSOL) —6— Approx. P2D (LIONSIMBA) s ODE-ECM —— DAE-ECM

Electrolyte Concentration

Figure 5: Simulation results under 1C discharge current from COMSOL, LIONSIMBA, ODE-ECM, and DAE-ECM. (a)
Terminal voltage; (b) Voltage error compared with COMSOL results in percentage; (c) Surface stoichiometry of Li-ion in the

solid phase of electrodes; (d) Li-ion concentration in the electrolyte.

Fig. 5 shows a comparison of the results from different models for a 1C constant current discharge. The
simulated cells were initially fully charged at 4.17 V, and discharge was stopped at 3.0 V. In this case, a
large value, h = 1000 W - m~2 - K~ !, of the heat transfer coefficient was selected in order to simulate an
isothermal condition on the left and the right external boundaries (z = 0%) of the cell. The computational
performance of each model and the root mean square error (RMSE) relative to the COMSOL P2D model
output is given in Table 4. It can be observed in Fig. 5(a) that the outputs from the two ECMs compare very
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Figure 6: Simulation results under 3C discharge current from COMSOL, LIONSIMBA, ODE-ECM, and DAE-ECM. (a)
Terminal voltage; (b) Voltage error compared with COMSOL results in percentage; (c) Surface stoichiometry of Li-ion in the

solid phase of electrodes; (d) Li-ion concentration in the electrolyte.

favorably to that of the P2D model implementations. Indeed, the RMSE of the DAE-ECM and ODE-ECM
are 0.0093% and 0.0082%, respectively, indicating that both have achieved similar accuracy under this test
condition. Fig. 5(c) and Fig. 5(d) show the comparison of the Li-ion stoichiometry in the solid phase and
the Li-ion concentration in the electrolyte, respectively. Again, it can be seen that the results from the
two ECMs compare very well to those of the P2D implementations. It is noted that the execution time for
the ODE-ECM is 1.82 s, compared to the 1.15 s for the LIONSIMBA code on the same computer. The
DAE-ECM takes a significantly longer time (29.3 s) to complete the simulation than the other models.

Fig. 6 shows the same comparisons as given in Fig. 5, except for a 3C constant current discharge rate.
In this instance, the RMSE for the voltage increases for each implementation. This is due to the poorer
performance caused by the two-parameter approximation (12) at a higher current level. Nevertheless, the
performance of ODE-ECM still compares favorably to the DAE-ECM and the P2D models, as the execution
time is 1.25 s and the overall RMSE is only 0.18%.
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Table 4: Comparison of different models under constant discharge current (using two-parameter parabolic approximation of

solid-phase diffusion equation)

1C Discharge 3C Discharge
Model
Execution Time | RMSE | Execution Time | RMSE
P2D (COMSOL) 21.6 s - 19.3 s -
Approx. P2D (LIONSIMBA) 1.15s 0.0143% 0.86 s 0.21%
DAE-ECM 29.3 s 0.0093% 12.38 s 0.15%
ODE-ECM 1.82s 0.0082% 1.25 s 0.18%

The distribution of Li-ion concentration in the electrolyte is shown in Fig. 7 and Fig. 8 for the 1C and
3C discharge cases, respectively. The vertical dotted lines at k = 10.5 and k = 15.5 represent the interface
between the electrodes and the separator domains. It can be seen that the boundary conditions and the

continuity of the concentration are handled well by the ECMs.
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Figure 7: Simulation results under 1C discharge current: Distribution of Li-ion concentration in the electrolyte across the

z-domain at three time points.

4.2. Constant current discharge — non-isothermal condition

Next, the capability of the proposed ECM to incorporate the thermal model is examined. Fig. 9(a)
shows the temperature profile in time at the right end of the negative electrode (x = 07) for the same 1C
discharge test in Section 4.1. However, the heat transfer coefficient was decreased to 0.01 W -m=2 - K1,
0.1W-m2-K ' and 1 W-m2-K™!, respectively, to simulate three different non-isothermal conditions.
Only profiles at x = 0~ have been shown as it has been observed that there is very little difference in
these profiles for other values of = (temperature difference between different nodes < 0.05 K). The voltage
differences of the ECMs compared to that from LIONSIMBA are shown in Fig. 9(b). It can be seen that
the cell temperature and voltage from the two ECMs are close to LIONSIMBA results. In this case, both
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z-domain at three time points.
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Figure 9: Comparison of simulated temperature and voltage error of 1C discharge current with different heat transfer coefficients.

ECMs accurately predict the thermal behavior of the battery. However, as noted above, the execution time

of the ODE-ECM (2.3 s) is much shorter than that of the DAE-ECM (34.7 s).

4.8. Model comparison under UDDS dynamic current profile

Fig. 10 shows the comparison between ODE-ECM and LIONSIMBA P2D model under a dynamic UDDS
drive cycle current profile [48]: a standard test profile adopted in many studies to evaluate the performance
of batteries used in electric vehicles. Three UDDS drive cycles are concatenated, and the magnitude of the
current has been doubled to create a longer and more dynamic scenario: the maximum discharge current

rate is about 4.3C, and the total test period is one hour. Fig. 10 shows that the maximum voltage difference
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between the two models is about 0.2% and the RMSE is less than 0.01%. The execution time using the
developed ODE-ECM is about 3.7 s, while LIONSIMBA takes 942.5 s to complete the simulation. It can be
seen that compared to the previous cases of constant current discharge, in which the ODE-ECM has similar
performance to LIONSIMBA, but the improvement on simulation speed is significant for the ODE-ECM
without the loss of accuracy. It is noted that the performance of a DAE-based ECM proposed in [24], where
the execution time for a 25-min real-world load-cycle, was given as 42.57 s with the maximum voltage error

of 0.2% compared to the experimental results.
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Figure 10: Simulated results under revised UDDS current profile using P2D model (LIONSIMBA) and ODE-ECM.

5. Conclusion

This paper proposes a distributed-parameter equivalent circuit model for Li-ion battery cells based on
electrochemical principles using the finite volume method. Compared to the existing Li-ion cell model, the

algebraic equations that require iterative solution methods have been removed, and the resulting ODE-

26



based system can be solved rapidly using the proposed method with high accuracy, making it superior
to the existing physics-based Li-ion cell models, especially in the real-time dynamic environment, while the
important features such as charge/mass and energy conservation are preserved. Other internal phenomena of
the cell, such as thermal effects, can be readily incorporated into the developed ECM with low computational
requirements. The model can be used in computer simulation and real-time control system design for
advanced battery management schemes. As the performance of the proposed ECM also depends on the
selection of the number of elementary sections and approximation methods of the solid-phase diffusion
equation (6), the relevant study has been left for future work which can be expected to bring fruitful

outcomes.

Appendix A.

The equations given below describe the material-dependent electrochemical characteristics of the elec-

trode and electrolyte for LiCoOs positive electrode and LiCg negative electrode.

| —4.656 + 88.669(6%)° — 401.119(6%)" + 342.909(6%)° — 462.471(65)° + 433.434(64) ™

fj (eng) 2 4 6 8 10 (Al)
—1+18.933(6%)" — 79.532(0s5)" + 37.311(0s5)" — 73.083(0s5)” + 95.96(6%)
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0.2808 exp(0.9 — 1560 ;) — 0.7984 exp(0.44650 — 0.4108) (A.2)
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Appendix B.
Appendiz B.1. Derivation of ECM for Li-ion diffusion in electrolyte
According to (14), the electrolyte concentration can be expressed as
Ve(x,t)
Ce(.'lf,t) = Cg exp (W) (Bl)
Taking time derivative of (B.2) gives
Oce(x,t)  ce(w,t) OVe(x,t) (B.2)
ot " YT(x,t) Ot '
Similarly, taking derivative of (B.1) with respect to z yields
Oce(x,t)  ce(w,t) OVe(x,1) (B.3)

or YT(x,t) oz

In obtaining (B.2) and (B.3), it is assumed that the relative rates of change of temperature T with
respect to time and space are both much slower than those of V.. This is normally valid because temperature
variation is a relatively slow process. Substituting (B.2), (B.3), and (2) into (5), and rearranging the resulting

equation gives (16).

Appendiz B.2. Derivation of ECM for Li-ion diffusion in solid phase

Define a voltage term V* as a function f, of the average stoichiometry 6 ave = Cs ave/Cs,max, 1-€-,
Ve = fo(Boas) (B.4)

Function fs is given in (A.1) and (A.2) for different electrodes. The time derivative of the average
concentration 6 ave(,t) can be calculated by

Ocsavg(@:t) _  savg(@,t) _ savg OV (@, 8) _ Comax OV (2:t)
ot = Cs,max ot = Cs,max oV * ot o f/s(es,avg) ot

S

(B.5)

where f! denotes the derivative function of f.

Next, denote the second term of the RHS of (10) as Vir(z,t) := fr(0ss)(T(z,t) —T*), its time derivative

is thus
OVir(x,t) B o Ofr(0ss) OT (x,t)
at - (T(l‘,t) -T ) 8t + fT(ass) 6t
N . Ofr(Osavg)  T(x,t) —T% 005 avg(z,1)
~ (Tl t) T =5~ = o) o (B.6)
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where the effect of temperature variation is again assumed negligible. Using (C.5) and (C.6) to eliminate
085 ave(x,t)/0t, one obtains the first equation of (19).

Substituting (B.5) into (12), and considering a = 3¢,/R, and J = Faj, equation (18) is obtained.
Similarly, if a three-parameter polynomial approximation introduced in [11] is used instead of the two-

parameter approximation, (12) can be replaced by

OcCs avg (T,t .
c.,agz(z ) _ _Rip](x’t)
0gs,ave (T, 30D, .
g, [ﬁ(z t _ 7525)2 s,ave (T, 1) — 72(;4;)2](%0 (B.7)

3}5225 [Css<.'17a t) — Cs)avg(.’li, t)] — 8Dst,avg(t) = —j(z,t)
With the similar procedure to obtain the ECM for two-parameter approximation, and using the FVM

for spatial discretization, the ECM for the three-parameter approximation (B.7) can be derived, i.e.,

AV, (t
C;k gd:( ):Iionic,k(t)
Cak dv?(;';(t) = - ngyf) + Tionic,k (1) (B.8)

k() =V @) + [Vai(t) + %Iionic,k(t)]

where
—8Ry [’ (0s,ave,k)
35Cs,max7k

Vs k(t) ~]

s

6 7
QS,avg(t); RQ,k ~ ?Rl,ka CQ,k ~ E s,k (Bg)

Appendix C.

Appendiz C.1. lonic flux current

For a mesh structure in the main circuit in the electrode, according to KVL and KCL, one obtains a

linear system with N+t 4+ N~ equations:

Vs + Bs i Lionic.k + Ve e + Re k0.5l k+0.5 = Vs or1 + Bs k+1Lionic k+1 + Ve k1 + Rs k0.5l k105 (C.1)

where
k k
Iapp - Z Iionic,i, ke S+ Iionic,i ke S+
Is v05 = L , Tepros =14 L k (C.2)
- Z IiOIliC,i) k S S~ Iapp + Z Iionic,i7 k S S~
=1 i=1

Substituting (C.2) into (C.1) and then solving the resulting equation gives the expressions of Lionic,k,

IiJgnic = Rfl [R3Iapp + El(Vj + V:)] (Cg)
Ii;nic = _R2_1 [R4Iapp + E2(Vs_ + Ve_)] (C-4)

where
N T T
Lionic = [Lionic,t  Tionic,2 -+~ Iionic,N+:| v Lionic = [Iionic,N++NSep+1 Lionie, N+ 4 Nsev g2 - Iionic,N} )

29



Rs 1+ Ree 15
Rse,245

Rse,3.5
R,

Rse,N+—0.5
1

Ry

—Rg,g 0
Rs o+ Ree25 —Rs 3
Ree 35 Ry 3+ Rse35
Rse,N+—0.5 Rse,N+—0.5
1 1

Rs; N+ nser g1 + Roe N+ 4 Nser 415
Rye N+ Nsept2.5

Rse,N++NSCP+3.5

Rse,N—0.5
1

0

— Ry Nty Nser g3

Ry, N+ 4 nsevy3 + Roo N+ Nsepy3.5

R
Rsas

R3

E;

Rse,N70‘5
1

R N+ Nsevy1.5

Re N+ Nsevy25

Ry n+-1 + Ree,n+—0.5
1

—Rs N+ Nsev g2

Ry N+ 1 Nsevy2 + Rse N+ 4 Nser 2.5

Rse,N++N5°P+3.5

Rse,N—O.5
1

0

0

0

Ry N—1+ Ree,N—05
1

) R4 -
Ren_o05
1
4 (N+x1) - 4 (N—x1)
0 0 0 1 -1 0 0
1 0 0 0 1 -1 0
-1 0 0 0 0 1 0
B E2 -
0 -1 1 0 O 0 1
0 0 0 0 0 0
4 (vt xN+) L

30

0
0
0
_RE,NJF
1
(Nt xNT)
-
0
0
—Rs N
1
4 (N-xN-)

v Rsektos = Rs k105 + Re kt0.5,

(N—xN-)



Appendiz C.2. State equation

Rewriting (38) and (39) in state-space form yields

v 00 0 0 of]|VrF B, 0
A% 00 0 0 O A% 0 B>
d Ii—t)nic
% V;‘r =10 O A1 AQ 0 V:'_ + B3 0 I- (05)
Vsep 0 0 Ay Ay Ag| |Veer 0 o Ll
V; 0 0 0 A A- V; 0 B,
where
_—F1,1 Fi 0 0 0
Fio —(Fi2+ Fap) Fs 0 0
A, A, O
0 I3 —(Fa3+ F33) 0 0
As; Ay A5 = .
0 As A,
0 0 0 —(FN—2o N1+ Fn_1n—1) Fn-in-1
| 0 0 0 Fy_1n —Fn_1nN |
Fij:=1/(Rait05Ca;),
1 1 1 1 1
B, = dia , PN ,B = dia, ) y Ty ’
! g(C's,l Cs.2 CS,N+) ? g(CS,N++Nser)+1 Cs,N+4Nwp42 Cs,N>
1 1 1 1 1 1
B, — dia LI By = dia , .
? g(Cd,1 Ca2 Cd,N+) ! g(Cd,N++Nsep+1 Ca,N+4Nsepy2 C’d,N)

Substituting (C.3) and (C.4) into (C.5), the state equation of the state-space model is obtained, i.e.,

'vi| [BiR;E, 0 B,R;'E, 0 0 1 [v+]
A% 0 -ByR; 'E, 0 0 -B3R; 'E, A\
% Vi | = |BsR{'E; 0 A, +B;R;'E; A, 0 Vi |+
VP 0 0 As A,y As Vsep
A% 0 ~-B,R;'E, 0 Ag A7—B4R2_1E2_ Vo

Appendiz C.3. Output equation

B:R;'R;
-B;R; 'Ry
B3:R,'R;

0

-B,R; 'Ry

According to the structure of the equivalent circuit, the terminal voltage can be expressed as

Voat = (Vs,1 + Ve + Rs 11ionic1) — (Vs,n + Ve n + Rs N ionie, N )+

N-1

Z Re kt0.51c k0.5 + (R;LOI +R_,+0.5Rs 1+ 0.5Rs n)Iapp

k=1

31

(C.6)

Iapp



Substituting (C.2) into (C.7) gives the output equation of the state-space model,
Voat = {KlR;lE1 +M; KoR;'E; —M, K R'E;+M; 0 Ky;R,;'E; —M,| X

col

T
[Vj V; VI vse V| +(RL 4+ R+ Resep + KiR{'Rs + KoRy "Ry) Ly (C.8)

where
Nt Nt
K, = Reivos5+Rs1 > Reivos .- Ren+—o05+ Rentio5 Rentios
i=1 i=2
N—2 N-1
K, = l:Re,N++NseP+0.5 Re N+ynsevq0.5 + Be Nt pNserf15 - >, Reitos > Reitos +Rsn
i= N+ Nsep i=N+J.Nsep
1xNT 1IxN™
Nt NseP_1
MlZ[l 0 0 ... O], MQZ[O 0 0 ... 1|, Regep= E Reivos
=Nt 41
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Appendix D.

The following Li-ion battery electrochemical parameters used in this paper are obtained from [33].

Table D.5: Electrochemical parameters of Li-ion battery

Parametric value

Sym Physical meaning Unit
Pos. Sep. Neg.
R, | particle radius m 2x107° — 2x 1076
D; solid-phase diffusion coefficient m?.g7! 1.0 x 1071 - 3.9 x 107
a specific surface area of electrode m~? 8.85 x 10° - 7.236 x 10°
L thickness of the electrode m 8.0 x 1079 2.5 x107° 8.8 x107°
€s volume fraction of the solid phase - 0.59 - 0.4824
€e porosity - 0.385 0.724 0.485
o solid-phase conductivity S-m™* 100 — 100
brugg | Bruggeman coefficient - 4 4 4
Cs,max | Maximum concentration in solid phase mol - m~3 51554 — 30555
0o stoichiometry for an empty battery — 0.99174 - 0.01429
0100% | stoichiometry for a full battery - 0.4955 — 0.8551
k™ reaction rate constant A-m?% . mol™"® | 2.334 x 107! - 5.031 x 107!
density kg -m™3 2500 1100 2500
A thermal conductivity W-m™' K™! 2.1 0.16 1.7
cp specific heat J kg7t K! 700 700 700
EDs solid-phase diffusion activation energy J-mol™! 5000 - 5000
EF reaction constant activation energy J-mol™?! 5000 - 5000
rf SEI film resistance Q-m? 0 - 0
F Faraday constant s-A-mol™! 96487
T reference temperature K 298.15
Ry universal gas constant J-K™' - mol™! 8.314
o initial concentration in electrolyte mol - m~3 1000
tg transference number — 0.636
A electrode plate area m? 1
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Nomenclature

Symbol ko electrode rate constant (A - m?® - mol™ ")
n overpotential (V) L thickness of a domain (m)
K electrolyte conductivity (S-m™1) l width of a control volume (m)
A thermal conductivity (W -m~ - K1) M average molecular weight (kg - mol ™)
i) potential (V) m mass (kg)
p density (kg - m~3) N number of control volume
: —1
o solid-phase conductivity (S-m~1) 4 concentration fhux (mol - s7%)
9 stoichiometry Qr heat transfer rate (W)
heat flux (W-m™?
€ volume fraction of a phase ar cat fhux (W~ m™)
A lectrode olat (m?) R electrical resistance (§2)
electrode plate area (m
7 areal resistance (€ - m?)
a particle surface area to volume (m~1)
o lectrical " ) g universal gas constant (J-mol™" - K1)
electrical capacitance
R, particle radius (m)
c concentration (mol - m~3)

Ry thermal resistance (K- W)
Cp specific heat capacity (J-kg™'-K™1)

set
Cr thermal capacitance (J-K™1)
T temperature (K)
diffusion coefficient (m? -s—1) )
t time (s)
t0 transference number

electrical conductance (S)

D

F Faraday’s constant (C - mol™')

G .
Tomb ambient temperature (K)

h

heat transfer coefficient (W-m~2-K™')

U equilibrium potential of a reaction (V)
1 electric current (A) v voltage (V)
. . . 72
i electric current density (A -m™?) Viae  battery terminal voltage (V)
10 exchange current density (A - m~2) T macro scale index (m)
Lpp  applied current (A) Superscript
iapp  applied charging current density (A - m™?2) + positive electrode
J volumetric current density (A - m~=3) - negative electrode
j pore-wall molar flux (mol - m=2-s71) -1 inverse
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T transpose k + 0.5 right edge of the control volume k
¥ reference value at 25° k — 0.5 left edge of the control volume k
0 steady-state value s solid phase
sep separator
avg average
Subscript
col current collector
d diffusion in the electrolyte
e electrolyte/solution phase max  theoretical maximum
f SEI film ST side reaction
k central node of the the control volume k SS surface of solid phase
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