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Electrochemical models provide insights into the battery internal states and have become powerful tools for battery design and
management. These models consist of partial differential equations (PDEs) that are solved numerically. In this paper, we compare
two spatial discretization methods commonly used to numerically solve the governing PDEs in the context of Lithium ion batteries,
namely finite difference method (FDM) and finite volume method (FVM) in terms of model accuracy and mass conservation
guarantee. First, we provide the mathematical details to carry out the spatial discretization for both FDM and FVM to solve the
battery single particle model (SPM). SPM parameters are identified from experimental data, and sensitivity analysis is conducted to
study parameter identifiability under different current input profiles, followed by model accuracy and mass conservation analysis of
the two numerical schemes. Leveraging the third order Hermite extrapolation approach, an enhanced FVM scheme is proposed in
this paper to improve the model accuracy of standard FVM which relies on linear extrapolation. This paper shows that the FVM
scheme with Hermite extrapolation leads to accurate and robust control-oriented battery model while guaranteeing mass

conservation and high accuracy.
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Nomenclature
Acenn Cell cross-sectional area [m?]
Dy, Solid-phase diffusion [m2/s]
F Faraday’s constant [C/mol]
L; Electrode thickness [m]
Lpp Applied current [A]
R Universal gas constant [J/(mol-K)]
Ry Particle radius [m]
R, Lumped resistance [{2]
U; Open-circuit potential [V]
Qs Specific interfacial surface area [mfl]
Cyj Concentration in solid phase [mol/m®]
o Maximum solid-phase concentration [mol/m?]
c\‘;"f Surface solid-phase concentration [mol/m?]
c;fj”fg Electrode volume-average concentration [mol/m’]
io, Exchange current [A/m~]
k; Reaction rate constant [m?3/(mol®s)]
n; Overpotential [V]
g Active volume fraction of solid phase
61 Reference stoichiometry at 100% SOC
9;9 Reference stoichiometry at 0% SOC
gbuik Bulk normalized lithium concentration

J
Subscript j Cathode (j=p) and anode (j=n)

Lithium-ion battery (LIB) is one energy storage technology with
high specific energy density and long cycle life." A battery management
system (BMS) is a combination of software and firmware that monitors
and optimizes battery utilization to guarantee safety and longevity of the
battery system. BMSs rely on models, either in the form of empirical
models” or physics-based models,” to predict internal battery states that
are not measurable via physical sensors. Empirical models, in the form
of equivalent circuit models, simulate the battery electrical behavior*
and they are in the form of ordinary differential equations (ODEs).
Although, their mathematical simplicity makes them good candidates
for BMS implementation, they require a high calibration effort. In
recent years, more attention has been given to physics-based models
expressed in the form of partial differential equations (PDEs) describing

“E-mail: sonori @stanford.edu

the thermodynamic and electrochemical processes within the solid and
electrolyte phase inside the cell. Most notable physics-based models
include the Doyle-Fuller-Newman (DFN) model® and its reduced
counterparts, such as the single particle model (SPM),” and the
enhanced single particle model (ESPM)®. All these models require
some numerical scheme to solve the governing PDEs.

The finite difference method (FDM) is one of the most widely
used methods to solve LIB PDEs. For example, DUALFOIL’ uses
the FDM scheme to solve all the governin§ PDEs in the DFN model.
Padé approximation and spectral methods” are also used to solve the
LIB PDEs. For example, fastDFN’ uses the Padé approximation to
solve the solid-phase diffusion equations and FDM to solve the
electrolyte concentration and potential equations, and solid potential
equation in DFN. One limitation of using Padé approximation to
solve physics-based battery models is in that this method does not
handle moving boundary conditions like the one for example, used
in the core-shell ESPM, where a moving boundary ODE is used to
model the lphase transition in the positive electrode of LFP
batteries.'*"!

The finite volume method (FVM) is an efficient numerical
scheme for solving PDEs.'>'* When simulating electrochemical
models, one concern is the mass concentration guarantee of the
numerical method used, in terms of the simulated amount of lithium
that intercalates and de-intercalates remains the same during cycling.
Among the above methods, FVM is the only one that guarantee mass
conservation by design. Yet, very few works in the literature use
FVM to entirely solve battery electrochemical models. In one
study,"* FDM is used to solve the solid-phase diffusion equation
while FVM is used to solve the electrolyte diffusion equation in a
ESPM. FVM is used in M-PET'S to solve the DFN model, and a
variant of FVM is used to discretize the solid-phase diffusion
equation. LIONSIMBA'® uses FVM to solve the electrolyte con-
centration, electrolyte potential, and solid potential equations in
DFN, whereas the solid-phase diffusion equation is solved using the
spectral scheme or FDM scheme. Python Battery Mathematical
Modeling (PyBaMM)'® provides the option to use FVM as
numerical method to solve the DFN and its reduced versions. In
another study,17 FVM is used to solve the DFN model, and three
different FVM-based spatial discretization schemes were adpoted to
discretize the solid-phase diffusion equation.

There is a gap in the literature regarding analysis of mass
conservation property of different spatial discretization schemes
used to solve LIB physics-based models. Current studies mainly
focus on comparison of different numerical methods in terms of their
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output accuracy.'® For instance, in one study,'® a lithium metal

battery model is used to show that lack of mass conservation in the
electrolyte cannot be ignored when using FDM, and proper revision
for the boundary conditions is needed. In another study,”® an
additional correction equation is added to SPM to guarantee
conservation of total lithium-ion in the solid phase. Ashlee et al.,21
proposed two revised FDM schemes to solve the solid diffusion
equation showing that with sufficient spatial grid resolution (i.e., 100
spatial discretization nodes), mass conservation is guaranteed. These
studies do not look at electrochemical models using FDM under low
spatial discretization nodes for control applications or the depen-
dence of current C-rate.

In this work, through simulation-based analysis, we aim to
investigate the mass conservation property of FDM when used to
solve battery electrochemical models as a function of spatial
discretization nodes and C-rate. This study focuses on SPM model,
because we keen on control-oriented applications. This work
provides four contributions: (1) the implementation details of
FVM applied to spherical coordinates governing equations. To the
best of our knowledge, this result has not been shown in any
publication before. (2) a new FVM scheme based on Hermite
extrapolation leading to higher accuracy when compared to the
normally used FVM scheme with linear extrapolation. (3) a
comprehensive parameter sensitivity analysis based on sensitivity
matrix under different current input profiles. (4) comparison of FDM
and two FVM schemes in terms of model accuracy and mass
conservation property, with the aim of generality of the control-
oriented model.

This paper is structured as follows. First, the electrochemical
SPM model and the numerical FDM and two FVM spatial
discretization methods are introduced. Second, the Hermite extra-
polation method is used in the FVM to calculate solid-phase surface
concentration of the SPM. Then, model parameter sensitivity is
studied, and parameter identification is performed using experi-
mental data from a graphite/silicon anode and Nickel-Manganese-
Cobalt (NMC) cathode cylindrical cell. This is followed by a series
of simulations to explore the model accuracy and mass conservation
behavior. Finally, the last Section provides a summary of the main
findings of this paper and concluding remarks.

Notation.

(1) V is the Nabla operator defined as?223:

V= %i + ij + ik (Cartesian coordinates)

4 1
V= ;ll + rsmqﬁ 60

v+ f—w (Spherical coordinates)

where i, j, and k are unit vectors in the X, y, and z direction in the
cartesian coordinate system, and u, v, and w are unit vectors in the r,
0, and ¢ direction in the spherical coordinate system.

Negative electrode

(2) Vfis the Nabla operator applied to a scalar variable f, which
results in the gradient of f given by**

Vf = 1 + 2 _] + af k (Cartesian coordinates)
-7 ! i li
Vf= Sut g WY T T (Spherical coordinates)

(3) V:(Vf)is the divergence of the gradient of f, and is defined as:??

sz— 77 7f

V() = o

2 (Cdneslcm coordinates)

0?2
v 2p_ zaf 1 9 1
(Vf)=Vf=— r s smzl) \|n2¢1)92 (Spherical coordinates)

(4) Given the vector X = (x, xp,-*
norm calculated by:

Xn) € R ||x]||, is the Euclidean

x12 + ...xnz.

x> =
(5) In this paper, the positive electrode, and negative electrode are
referred to as cathode and anode, respectively.

Battery Model and Numerical Spatial Discretization Schemes

In this study, we focus on the analysis and comparison of FDM
and FVM schemes for the SPM electrochemical model.

SPM model.—SPM approximates each electrode by a single
spherical })article, assuming constant electrolyte concentration and
potential®* as graphically depicted in Fig. 1. These simplifications
greatly reduce the complexity of the model, and they are usually
valid under low C-rate of operation. The equations and output of
SPM are listed in Table I, where the mass transport PDE governing
the solid-phase is described by the PDE in Eq. 1.

In this study, the FDM and FVM numerical schemes are used to
spatially discretize Eq. 1 into a set of ODEs that can be solved using
numerical solvers, such as odel5s in MATLAB, or SUNDIALS
developed by Lawrence Livermore National Laboratory®®. Figure 2
shows a schematic representation of the FDM (top) and FVM
(bottom) schemes. In FDM, the calculation domain is discretized
using nodal points, and the unknown variable ¢ is solved at each
node points (i.e., ¢;). In FVM scheme, on the other hand, the
calculation domain is divided into control volumes (CVs), where
each volume has a representative point located at its center, and the
volume-averaged value of the unknown variable ¢ calculated in each
CV and referred to as ¢; is given as:

o1
= — av 7
7 v cv,¢ (7]

where V; represents the volume of the i CV.

Positive electrode

RS,H Rs,p

N

Current collector

Cs’p(l‘,t)

Figure 1. SPM model schematic.

Current collector

Separator
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Table I. Governing equations and output of SPM.

Variable Equation
Mass transport in solid phase 9esj _ Dsjo( 20 .
x T2 ;(’ 7)71—"’1’ (1
B.C. 9cs,j —0. D2 _ lappsUapp)
o g~ 7o r=R,; " agjAcellLjiF
3 -1, j=p (2]
=t &) =
5 = R, pp l j=n
Electrode overpotential o 2R7 inh-! LappsUapp) \ . _ n 13]
= 2as,jALjio,j »J P
. = =k FJ avg sw[(cmax _ Cfl;rj) [4]

Cell voltage surf csuf
s.p
Veer = ij( max |~ U”(Cmax] + M, =M, — Rl'lapp [5]
S.p s,n
State-of-Charge oLk = _ 31 _ /1—0 P dare, p(r, Ddr
g”R.\-,pC.\-,p r=
o = ﬁ/:f“" dares(r, 1)dr [6]
oy — gpulk gbulk _ g0
SOC 0—9100, O n — m
(a) FDM scheme ——
Nodal point Nodal point i |
. Loy, |
4 ey | b '
Left é e ' ¥ o Right | ;
boundary : : | ! | : boundary i |
i-1 L i+1 -
(b) FVM scheme Contrl _  _ Control |
Volume Control Volumei volume |
Control Volume Control Volume  Representative boupdary * b"""da'y|
boundaries oint
) : _* _*| ______ _|point_ |  / ¢l Y
Left ¢i—l| I ¢l 11 v I Right Lip l L1 |
boundary | | I boundary | Representative point |
, -
i1 i1 il i+

Figure 2. One-dimensional spatial discretization scheme. (a) FDM. (b) FVM.

In the remainder of this paper, we use the index i to refer to either
the i nodal point in the FDM scheme, or the i control volume in
the FVM scheme. ¢; used in the context of FDM indicates the
variable value at the nodal point, whereas ¢; used in the context of
FVM indicates the volume-average value of the variable for each
control volume. Also, we use N, to refer to either the total number of

spatial discretization nodes in FDM, or the total number of control
volumes in FVM.

Previous studies have provided details on FDM scheme imple-
mentation for SPM.!'*2° However, mathematical details behind the
FVM scheme implementation for SPM nor DFN are not well
documented. In this paper, we provide two approaches for FVM
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implementation. The first approach relies on variable substitution to
transform Eq. 1 to cartesian coordinates and then solve it, and the
second method is based on the solution of Eq. 1 in spherical
coordinates. Such approaches developed for SPM in this paper can
be extended and applied to ESPM and DFN models.”’

Finite difference method scheme.—The two governing PDEs of
SPM, describing the lithium concentration within the positive and
negative spherical electrode particles, respectively, are commonly
solved using the FDM scheme due mainly to its simplicity. Using the
central difference FDM scheme, the first and second partial derivates
can be approximated as:

acy,j Cs(i+1),j — Cs(i—1),j 2

— = ————" 4 O(Ar

or 2Ar + O(Ar9)
O%j sy — 26 )+ Csi-1) N
?=T+O(Ar),]=n,p [8]

where c;; is the solid-phase concentration, r represents the radial
direction, and i =1 -+ N, is the index of each nodal point, and
O(Ar?) is the truncation error.

Applying the above second order FDM scheme to the solid
diffusion equation Eq. 1, the spatial discretization for each electrode
is obtained as:

ocsij Dy 1 1 .
% - A (1 + T)Cs(i+l),j = 2¢ + (1 - 7)05(,'—1),_;' ,Jj=np

(9]

where i € [1, N,] is the ith nodal point in the radial direction. More
details can be found in these studies.'**® The solid-phase diffusion
equation Eq. 9 is then transformed into a system of N, ODEs whose
state space representation is as follows'*

— Dyj =8 Uapp) . Nex1 5 —
Cs.j (R”/N,)ZASJ sit AnuL,Fas,(Rs,/Nr)B‘ oy €5 R, j=m.p
(-2 2 0 0 « 0]
L 3 9 0
2 2
2 4
A.\',j = 0 3 2 3 0 s J=n,p
0 0 % -2 0
LO 0 0 0 - 2y
0
0
0 .
B,; = : ,j=n,p

(10]

Finite volume method scheme.—The FVM scheme solves the
governing equation in the integral form, thus guaranteeing mass
conservation. FVM has been used to solve the transient transport
problem in cartesian coordinates in many research fields, such as
heat transfer equations®® and multiphase flow equations.?
Neglecting the convection term and source term, the transient
transport equation in cartesian coordinates can be written as’°

% _ i(Ds%) (1]
ot ox ox

where ¢ is the unknown variable, and D is the diffusion coefficient.

FVM scheme in cartesian coordinates.—Special attention must
be paid when applying the FVM scheme to SPM where the solid-
phase equation Eq. 1 is defined in the spherical coordinate system. In
order to solve Eq. 1, the following change of variable is used:

Usj = Cs,jI [12]

After above variable substitution, the diffusion equation Eq. 1 is
transformed into cartesian coordinates:

Ou,j

au.?j 1 0 2 0 r—= M»Vs./
L= r’D,, 4——— | j=n, 13
rot 2 dr - r? / P [13]

which can be further written as:
auvj 0 auxj

hd D,,—=1|, j=mn, 14
o dr( o TP 4]

with boundary conditions before and after variable substitution listed
in Table II.

As can be seen from Eq. 14, the solid diffusion equation written
in terms of the new variable u,; resembles the transport equation
defined in the cartesian coordinates (Eq. 11), which makes it easier
to solve using the FVM scheme.

The calculation domain is divided into different CVs in spherical
coordinates, as shown in Fig. 3(a) and the ith CV over which the
governing equation is solved in spherical coordinates is shown in
Fig. 3(b), and denoted as CViSphe'i“'. After the variable substitution
Eq. 12, Eq. 1 and its boundary conditions, now defined in cartesian
coordinates (i.e., Eq. 14), are solved on the CV™ control

volume, where CV$14" s obtained by “unrolling” the CV P!,
as shown in Fig. 3(c). Here, we approximated the area of the left and

the right surface of CVA"®ia" with the average surface. Specifically,

the surface areas of the left (i — 1/2) and right (i + 1/2) boundaries
of CvPreriedl are given by:

Alsplllencal — 47”,.2 ,
=2 =2

Arenel = dgr2 | [15]
2 2

and the surface areas of the left (i — 1/2) and right (i + 1/2)
boundaries of CVeia are given by:

A l_carltesian ~ 477”1'2
2

Acaresian xy A2 [16]
i+5 !

Finally, the volume of CV P! and CVEesian are calculated as:

S i 4
Visphencal - —77,'(7'_3 - 3 1)
3 it+5 i-5

4
Vicartesmn ~ E”(r,a_l _ r_3 1) [17]
2

Integrating Eq. 14 over the control volume CVgaesian

f au”dV / Hsi dv, j=n,p [18]
S ] )
CV‘_canesian CVcanesmn ar J a ‘]

Applying the Gauss theorem (also known as divergence theorem) to
the right-hand side of Eq. 18, the volume integration is replaced by
surface integration®:

ou ou
f a Ds‘ y S.j dv = ¢ D.v,/' S.J
CVcaneslan ar or cartesian S or
A

gives:

’.~n)dA, j=n,p

[19]

where 7 is the outward pointing unit normal to the surface Acartesian,
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Table II. Boundary conditions of Eq. 1 before and after the variable substitution Eq. 12.

Original boundary conditions

Variable substitution

New boundary conditions

9cs.j =0 Usj = Csjl" u.v,jlr:() =0
I lr=0 j=np
des _ lappsapp) S dug,j _ Usjl=Rej _ —lappgUapp)Rs,j
oor g, J ashealliF’ P o legy; Rej  asjAceliLiFDyj
j = np
(@) Spherical particle (b) Control volume in spherical (©)  Control volume in cartesian
- coordinates coordinates
CVsphcrlcal
i spherical
cy® . e
i sph 1 cartesian
______ i Unroll CV;qp erical CI/[
— l_ — l_ ———————————— —» [ |
spherical spherica
A7 A7
= W\
i I R. . spherical
Location 0 Fi+y,  Fiy Fivy Ry j A :
L1 eee 11 Tees L
Index 1 i-% 1 itV ’
// Fivy,
J Acml*lesian Acm]‘tesian
1*5 1+§
Vi, Fi Fiwy,

Figure 3. 2D illustration of control volumes in different coordinates. (a) spherical particle, (b) control volume in spherical coordinates, and (c) control volume in

cartesian coordinates.

Substituting Eq. 19 into Eq. 18, we obtain®*:

Out j Oug j
/;;V[cunesiun o dv = _¢. (Dx,j o dA
cartesian
A[
Juy,j Ou j
_A cartesian (D-Y’j or )dA ~ J 4 cartesian (Ds»j or dA, J=np
i+ -3

For each CV™sian Eq. 20 is further written as:

. 0us,_/-
Acarllesm.n —D.

au“‘»/’ V_ca:tcsian =D 0us,_/-
i S, , i +§ SsJ or
it

or T

(21]

where ii;; is the volume-average value of u,; in cartesian coordi-

nates. Index i+% represents the interface between the ith and

(i+ )th CV, and index i — % represents the interface between the
ith and (i — 1)th CV.
Then, the diffusion terms Dj J(a;:,-

numerically approximated with the finite difference scheme:

) at the two interfaces are

Oug.j o As(i)j— Hsij
or vl Ar
2
du j o Bsij—Asa-ny . n [22]
ar i1 ~ Ar »J=np
2

Finally, when N, control volumes are used for spatial discretiza-
tion, Eq. 21 is written as follows:

® =1, i.e., the first control volume near the particle center:

il j V]cartesian =D m Acar}esian
— sy

ot Ar I+5
- D .ﬁ“'f_ ﬁso'fA cartesian  ; — [23]
) Ar 1-1 , J=nmp
2
® |1 <i<N, ie., the control volumes within the particle:
9isi j 7 cartesian A5+~ sij 4 cartesian
= Vi =Dy—, AL
-D AL'tsi.j_ﬁs(i—l)./'A‘carl[esian’ _/ =np [24]

S Ar i—5

® i =N, i.e., the last control volume near the particle surface:

Qi sNy.j Vcartesian
or N,

_ UsNy+1)5 ~ TsNpj 4 cartesian
= D, B0 Tk p cares
Ar N+

HsNrij = Us®r=Dj 4 cartesian 7 —
Dy e AN,—% s J=np

[25]

It should be noted that both iy ; and #,+1y; are outside the
calculation domain. In FVM, iis; and itgp,+1),; are referred to as
”ghost cells”, and Appendix A describes how to solve their values by
using boundary conditions.”'

Finally, given the discretized solid-phase concentration states
vector:
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g, = [, g Aoy, g7 € RN, j=n,p [26]

Eq. 23-Eq. 25 can be written in the following state-space form:

= cartesian ~ cartesian .
U, = As,j Uy j + Bs,j Iapp, J=np [27]

where matrices AS% " and B{**™" take the following expressions:

/;Vspherical V(DS’]VCS’J)dV= (DS-jVCS’j'n)dA’ j= n,p [33]

spherical
A?

Substituting Eq. 33 into Eq. 32 gives®:

310 0 0
4 4
9 9 9 0 0
28 14 28
25 25
02 -2 x 0
. 3Dy ; 76 38 76
cartesian __ S+ =
vl 0 e -
148 74
1 2 L -n)
0 o o (2 F N — 1)) 1 (Z +(N, 1))
2 2_
i 3N —3N, +1 3N; =3Ny +1 dv.xn,)
dc. j
8 .&Vﬁpherical TJdV = .¢ (DS’jVCS’j.n) dA
i Aisphencal
Bgaﬁesian — 0 j=mn,p [29] de. 0
J ’ _ Cs.j g | =
0 = /A.Sp}:dm] (Ds,j > )dA - -/A spheril (Ds,j or )dA, J=np
ﬁ i+ -7
21w, x1) -
-2
/}1 = -3, ﬂz spherical 1 i
T For each CV;? , the above equation can be further written as:
3RZ /2N, = 1)2g(app)
__ i = 30 Csi,j i 5 i
2Ar (2R — Ar)(3N? -3N, + D(Fa jLjAcen) o P B30 He V;*Phe“ml = & A i
o i Soor |1 it
ity 2
Z)C . o 1C9
| N . . . _p. 2 Asphencal P =
After solving Eq. 27, the lithium concentration in the solid phase o iy i T >

before variable substitution (i.e., &;; ) can be obtained according to
iy j = Cyjr.

In this study, a second method to implement the FVM scheme is
also discussed based on solving the solid-phase diffusion equation
Eq. 1 directly in spherical coordinates without passing through
variable substitution. This is presented in the next section.

FVM scheme in spherical coordinates.—Using the Nabla
operator Vdefined in spherical coordinates, the solid-phase diffusion
equation can be expressed as:

a(,‘s!j .
= - V-(Dy;Veg)), j=mn,p [31]

where Vc,; is the gradient of the solid-phase concentration, and
V-(Vg¢y,) is the divergence of the gradient of cj, assuming D,; is
constant.

Integrating Eq. 31 over a control volume in spherical coordinates
G.e., CViSphemal) gives

ac i
fc s AV = fc s VYDAV, = np [32]

By applying the Gauss theorem in spherical coordinates, the right-
hand side of Eq. 32 becomes™":

where ¢;; is the volume-average value of ¢ ; in spherical coordi-

nates. Index i + % and i — % are the interfaces between CV/CV; ,
and CV_,/CV;, respectively.

The second order difference scheme is then used to approximate
the diffusion terms (i.e., Dy ; (a(%))! and Eq. 35 for each CV; can be

further written as:

0si,j spherical Cs(i+1),j ~ Gsij 4 spherical
—2V; =Dyj— AL
ot Ar ity
- D, ; Goirj — Z'l\‘(i—l)JA .spl;erical
B -1

> i=np [36]

2
Given the discretized solid-phase concentration state vector:
€ = [Carj» C2 - ESNr,j]T eRNXL j=np [37]

Eq. 36 can be written in the following state-space form:

= spherical 5 spherical .
€= AN + By, = p [38]
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where matrices Aipjhemal and Bif’/hemal take the following expressions:

where Ry is the electrode radius, ry, and ry, _; are the locations of the
last two CVs, and Cg,; and Gu,—1); are the volume-average

22 0 o0 0
4 4
3z 2oy 0
28 28 28
12 9 27
amercal _ 4051 05 =56 5 ‘ j=np [39]
o Arz 0 0 27 _E 0
148 148
0 0 0 3N, — 1?2 =3, — 1)?
| 12N2 — 12N, + 4 12N,2712N,+4_(erNr)
concentrations for the CV; in position N, and N, — 1, respectively.
In this study, the FVM scheme using the linear extrapolation
0 Eq. 42 to calculate surface concentration is denoted as FVM-S1,
0 whereas the FVM scheme using the third order Hermite extrapola-
pevherical _ | O [40] tion Eq. 43 to calculate surface concentration is denoted as FVM-S2.
S.] 0
/3 SPM Model Parameterization
3w xy The SPM governing equations reported in Table I are character-
ized by the following set of parameters:
3N g Uapp) _
ﬂ3 = _A ) J ;11717 N s, J=n,p [41] [Rs,n Rs,p Ln Lp En ep kn kp l)s,n
rGN: = 3N, + D(Fa LiAcen) A= max max 90 100 0 /100
Dyy Acr R ¢y ¢y 0, 0,0 0, 6,71 [44]

Simulation results obtained when solving the solid-phase diffu-
sion equation in cartesian coordinates and in spherical coordinates
are compared in Appendix B.

When FVM is used to solve the SPM model, one disadvantage is
that the surface concentration cannot be directly calculated, as
opposed to the FDM case where the surface concentration is
obtained from the last nodal point. As it can be seen from Egq. 5,
the surface concentration is needed to calculate the equilibrium
potential at the electrodes. In order to obtain the electrode surface
concentration, the linear extrapolation is usually adopted in the
literature:*

u:';’f = w, J = n, p (Cartesian coordinates)
c;;'j = w, J = n, p (Spherical coordinates) [42]
The basic assumption of Eq. 42 is that the concentration
distribution within the electrodes is linear. However, this is not
always the case as there would be steep concentration gradients near
the particle surface at the beginning of charge/discharge, which
would become more pronounced with the increase of the C-rate.
Simulation results obtained by using FVM with N,=100 are used for
illustration, and used in Fig. 4. In order to calculate the surface
concentration more accurately in the FVM scheme, the third order
Hermite extrapolation is used in this study, where the average
concentration from the last three CVs are used. For example, using
Gsij in Eq. 35, the surface concentration is calculated as (details can

be found in Appendix C):

surf _ Ryj—rNe-1Y) 4 des,j
ot = ((1 + 2'N;~—'Nr—l )Cx(N,—n,j + Ryj = rv,-1D,

()
=1 J NN 17N

(Rs'jfw"*l)z j=np
3 - $]
p— FNp = FNp—1

[43]

dcg J

rNr—Rsj ) - _
+((1 + 2"Nr_"Nr—])CJNr'j + (Rs.j FN’.) o

The definition of the above 18 parameters can be found in the
Nomenclature Table at the end of the paper. One way to obtain the
parameter values is using cell teardown analysis and measure these
electrochemical parameters directly, which would require special
equipment and skilled technicians.**** Alternatively, optimization
methods can be used to identify the model parameters by fitting the
model simulated voltage to experimental measured voltage.
However, as it has been shown from a previous work>> , not all the
parameters in the SPM are identifiable from current-voltage mea-
surement due the complexity and nonlinearity of the model. Also,
identifying all the 18 parameters simultaneously may cause over-
fitting.

In this study, we use data from LG INR21700-M50T cylindrical
battery cell with graphite/silicon anode and NMC cathode. An old
version of this cell, the LG INR21700-M50 was used in a previous
study”® where a cell teardown analysis was performed and both the
electrode-based, transport, and kinetic parameters were measured
directly. In this paper, we borrow the following parameters from
literature:>*

Aporrowed = [Ly Lp Acell Cs[?r?x C;,r;,lx 9;? 9;1100 0[(;) le()()] [45]

The remaining 8 electrode-based, transport, and kinetic para-
meters are identified using experimental data from a LG INR21700-
MS50T cell at 23 °C*

Aiden = [/1] Ay A3 Ay As Ae Ay /18]
=[Rs,n Rx,p En & kn kp Dx,n Ds,p] [46]

In the next section, a sensitivity analysis is performed on the
above 8 parameters.

Local sensitivity analysis.—Local sensitivity analysis investi-
gates how the model output yy (i.e., battery voltage) is affected when
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Figure 4. Solid-phase concentration distribution in the cathode and anode spherical particles. (a) C/4 charge. (b) 2C charge. A, represents the cathode
concentration difference between location r = 0.5R,, and r = 0.6R, , or between r = 0.9R, , and r = Ry, respectively. Ag; , represents the anode concentration
difference between location r = 0.5R,, and r = 0.6R;, or between r = 0.9R;, and r = R;,, respectively. Parameters used for simulation were taken from

. 3
literature 3.

each of the model parameter in the vector A4, = [/11--- /18] is

perturbed around its nominal value while the remaining of the
parameters are kept equal to their nominal values. In this study, the
sensitivity matrix is used to calculate the sensitivity of SPM model
parameters. Given the general state-space form of the SPM:

x = f X, Aiden, 1)
Yy = h(x, j'iaien’ u) [47]

where x € R" is the vector of concentration states, 4,4, € R" is the
vector of parameters, # € R is the input current, yy € R is model
voltage output, and f and & are the state-space and output functions,
respectively.

Given M the number of simulation steps, the SPM voltage output
vector is expressed as [yy (), yy(f2)--- yy(ty)] for a given input
current profile, and the sensitivity matrix S* is denoted as follows:

Ay (1) AL nom dyy (1) A2,nom Ayy (1) A8,nom
oy () oy T aig yy" (1)

dyy(2)  Mnom dyy(2)  22,n0m
SV = ol yy" () oy (12)

dyy(t2)  A8.nom
aig  yy"(12) [48]

dyy (M) A1,nom Iy (M) 22,n0m dyy(tM)  A8,nom
oy m) o yyMem) T oas yp"(m)

Mx8

where A, om, m=1---8, denotes the nominal value of the m'™

model parameter. yy”"(#), k = 1--+ M is the nominal value of
voltage obtained using the nominal parameter values.

The nominal values of SPM parameters required to calculate
Eq. 48, are taken from literature™. Following the approach presented
in a previous study®®, we investigate the parameter sensitivity of
SPM adding SOC information to the sensitivity matrix, and using
cathode SOC, ysoc,, and anode SOC, ysoc,, as additional outputs of
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SPM, defined as follows:

91()) _ egulk (tk)

07" (1) — 6
0 100
0, - 6,

o — g [49]

ySocp(tk) = s ySocn(tk) =

where 9[’,”‘”‘ and 62* are defined in Table I
Augmenting the sensitivity matrix Eq. 48 with the two SOC
outputs, yields the new sensitivity matrix S* 59

Fig. 5(b), respectively. In these plots, dark color denotes high sensitive
parameters and light color denotes low sensitive parameters where low
sensitive parameters are hard to identify. From Fig. 5(a), it can be seen
that Ry ,,, €,, and Dy, have low sensitivity at high SOC region during the
first timesteps of discharge, and have higher sensitivity as the SOC
decreases. The second way to visualize sensitivity matrix results is to
calculate the Euclidean norm of each column (i.e., ||SV.,, ||> for Eq. 48
and ||SY+59C. ||, for Eq. 50). In this way, the average parameter
sensitivity throughout the given current input is obtained. Figure 6 (a)-

[SV]MXS }SV

Aysoc, (t1) M nom Aysoc, (t1) X2 nom Aysoc, (t1) s nom

M ysae, (t) N2 ysae, (t) Ns Y55, (t)

gy+soc _ Oysocy, (tm) M nom Oysocy, (tm) X2 nom Oysocy, (tm) s nom

D YRR, ) D2 YEGE, () s uEge, 00 |, 550G, (50)

0ysocy (t1)  Alnom ysocy, (t1)  A2mom 0ysocy (t1)  A8.nom

O Y5, (t1) 02 Y55, (t1) OAs Y55, (t1)

ysocy, (tvr)  Anom ysocy, (tv)  A2.nom ysocy, (ta)  Asnom

L O YSGey, (Ear) OA2 Y3y, (tar) OAs Ye8e, ) | s §50Cn

where ysoc,(#) and ysoc,(#) are the simulated SOC from the
cathode and anode at timestep f#, respectively. ygoe, (f) and
ysoc, (t) are the nominal SOC trajectories of cathode and anode,
respectively, obtained using the nominal SPM parameters values.
The sensitivity matrix in Eq. 50 consists of three parts: 1) voltage-
based sensitivity (i.e., sV from Eq. 48), 2) cathode SOC-based
sensitivity (i.e., $50%), and 3) anode SOC-based sensitivity (i.e.,
$50Cy). The results of the sensitivity matrix can be visualized in two
ways. The first way is to plot the elements of the columns of Eq. 48 or
Eq. 50 showing the parameter sensitivity as a function of time, as
displayed in Fig. 5 (a)-(b). Figure 5 (a) shows the sensitivity matrix
purely based on output voltage (Eq. 48) and Fig. 5 (b) shows the
sensitivity based on both output voltage and SOC (Eq. 50). For
example, the second row of Fig. 5 is related to the parameter R,

Iy () Rep,
v 1 rf::ﬂm)m f r
aRs,p Yy 1)

and the value of the first timestep is calculated as [

. ayy (t1) Rs.p.nom 506,11 Ry pnom s0c,") Rspnom
Fig. 5(a) and | =% ki L ki a R or
ig. 5(a) Ry Y (0) Ry V308 () Ry viom (@)
@
Voltage Sensitivity
R 2
s,n
2 Rs,p
L ¢
g n
€
g p
Q-'Ds,n |
=D
A sp
ok
n
k
p 0
0 20000 40000

Time [s]

(b) present the sensitivity of the 8 SPM parameters under constant
current and dynamic current conditions using both § and $V*59€,
respectively. As widely reported in the literature’’~° and also shown in
Fig. 6, the sensitivity of SPM model parameters is a function of the
current input, and that using S$*"°¢ improves the model parameter

sensitivity.”®  We first identify electrode based parameters
[Rs,n Ry, €, ep] using C/20 constant current data, given that their
sensitivity values are close under both constant discharge and hybrid
pulse powercharacterization (HPPC) current profiles. Then, transport
and kinetic parameters [DM Dy, k, kp] are identified using HPPC
dynamic data, given that their sensitivity values are higher under the
HPPC input.

Parameters identification.—In this section, the identification of
the 8 parameters of SPM is performed using the particle swarm
optimization (PSO) algorithm, where the cost function of the
optimization problem is formulated as follows:

(b)
Voltage+SOC Sensitivity
R 2
s,n
4 RS’P
L ¢
g n
Q'Ds,n
=D
o sp
ok
n
k
P . 0
0 20000 40000
Time [s]

Figure 5. Contour plot results based on FVM-S2 with N,=100 scheme. (a) C/20 discharge (S"). (b) C/20 discharge (5*"5°°).
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Figure 6. Parameter sensitivity analysis results based on FVM-S2 with N,=100 scheme. (a) SPM parameters sensitivity under C/20, (b) SPM parameters

sensitivity under HPPC, using both §" and §¥*5°¢

Table III. Identified electrochemical parameters for the LG INR21700-MS50T battery cell.

Parameter Symbol Unit Lower bound A3 Upper bound A5 Anode (i = n) Cathode (i = p)
Particle radius R, [m] 1.0e-6 1.0e-5 3.60e-6 6.25e-6
Solid-phase volume fraction & [-] 0.7 0.8 0.7606 0.7633
Solid-phase lithium diffusivity Dy, [m?/s] 1.0e-16 1.0e-14 3.97e-15 6.30e-15
Reaction rate constant k; [m*%/(mol®s)] 6.0e-7 6.0e-6 3.17e-6 9.55e-7
Table IV. Model validation is conducted using C/4, C/2 and 1C
Jy constant charge current and UDDS discharge current, and results are
- h n shown in Fig. 8. The RMSE of voltage under 1C, C/2, C/4 charge, and
argmin ] = \/i ZM (Vexp (’k)—inm(/lidm%“)) UDDS are 15.6 mV, 7.8 mV, 9.3 mV, and 9.7 mV, respectively. The
A 2 o <A X M Sk=1 Vexp () RMSE of simulated cathode SOC under 1C, C/2, C/4 charge, and
Isoc, UDDS are 0.13%, 0.05%, 0.05%, and 0.10%, respectively. The RMSE
P A < of simulated anode SOC under 1C, C/2, C/4 charge, and UDDS are
| bt [ SOCesp (1) = SOCS™ o, to 1) 0.17%, 0.15%, 0.14%, and 0.14%, respectively.
3 Zi ( S0Cexp (1) ) . . .
, Numerical Results and Discussion
S0C,

-~
1 M [ SOCexp (1) = SOCS™ (higens - 1)
+ \/ﬁ it ( SOCexp (1) ) [51]

where A1 and A5 are the vectors containing the lower and upper
bounds (defined in Table III) for the parameter vector
Aiden = [/11, /18], respectively, #; is the time index, and M is the
number of total time steps. Vix, (#) is the measured voltage at time #,
Viim Qidens tk, u) is the SPM simulated voltage at time #;, for a given
parameter vector A;g,, = [/11, /18]. SOCyp is the SOC calculated
by Coulomb Counting, SOC,*”” and SOC,*” are the model
simulated cathode and anode SOC (Eq. 6), respectively.

In this study, the Matlab PSO toolbox is used, where the initial
guess values for SPM parameters were borrowed from literature™’.
In the PSO, the population size was set to 20, and the self-adjustment
weight (i.e., ¢;) and social adjustment weight (i.e., c,) were set as 2
and 2, respectively.

Parameter identification is conducted in two steps. First, the
electrode based parameters [Rs,n Ry, €, Ep] are identified using
C/20 discharge data. Then, the transport and kinetic parameters
[DS,,, Dy, k, k,,] are identified using HPPC data. The identified
SPM model parameters are listed in Table III, and identification results
for C/20 discharge and HPPC are shown in Fig. 7. The corresponding
values of the cost function (i.e., Jy, Jsoc, and Jsoc,,) are summarized in

Upon obtaining SPM model parameters, the performance of
FDM, FVM-S1 (using linear extrapolation) and FVM-S2 (using
Hermite extrapolation) are compared in terms of model accuracy and
mass conservation. In both FDM and FVM methods, the model
accuracy can be improved by increasing the number of N,. In this
study, the model benchmark solution® is obtained using FVM-S2
with N,=100. Besides the model accuracy, the mass conservation
property of the two numerical methods is also analyzed. FVM
conserves mass by design, but very few studies investigated the mass
conservation of FDM scheme for SPM. In a previous study,?' a
revised FDM schemes was proposed to conserve mass when solving
Eq. 1 with non-constant diffusion coefficient D, ;. However, the mass
conservation property of this method over multiple cycles simulation
was not shown. In this study, the total lithium-ion in the solid phase
is used to check mass conservation when running the SPM model
with multiple cycles. In the following sections, simulations are
conducted using the SPM model parameters taken from Table III.

Model accuracy.—The accuracy of FDM and FVM methods
highly depends on the number of spatial discretization nodes/CVs.
To evaluate the model accuracy of FDM, FVM-S1, and FVM-S2
against the benchmark solution from FVM-S2 with N,=100, the
root-mean-square-error (RMSE) of voltage and electrode volume-
average concentration are utilized in this study.

*A benchmark solution can also be generated using FDM with N,=100. The results
are very similar to those of the FVM-S2 benchmark.
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Figure 7. Identification results. (a) Voltage and SOC under C/20 discharge, and (b) Voltage and SOC under HPPC profile.

Table IV. Values of the cost function Eq. 51 under different current
data (identification).

Current data

RMSE
C/20 discharge HPPC
Jy 0.0062 0.0067
Jsoc, 0.0010 0.0018
Jsoc, 0.0024 0.0024
J 0.0096 0.0109

RMSEvoiage = J ﬁ iy Vrer @eidens 1 10) = Vi Ghidens 1o 0))?

1 M )0, S .
RMSE v = [0 30T, 5 Gt 1) = €7 Qs . 002+ J = . p
[52]

where V¢ and cscf;g”ef are the benchmark results for voltage and
electrode volume-average concentration, respectively, and V;, and

¥ are the simulated voltage and electrode volume-average

concentration of SPM, respectively. Simulation results are obtained
using FDM, FVM-S1 and FVM-S2,and the electrode volume-

average concentration is calculated as follows:

) 1 r=Ry,; .
=7 3 /_ 4nricgidr, j=n,p [53]
gﬂRs,j r=

The RMSE for FDM, FVM-S1 and FVM-S2 under C/4, 1C, and
4C constant-current charge with different N, are shown in Fig. 9.
The RMSE errors decrease with the increase of N, for all the
methods, and it can be seen that the model accuracy for FDM and

FVM-S2 are very similar. However, under small N,, the RMSE of
volume-average concentration for both cathode and anode for FDM
is quite large, due to mass conservation issues. It should also be
noted that the voltage RMSE for FVM-S1 is the largest. An
explanation can be found in Fig. 4 where the lithium concentration
distributions within cathode and anode are given. It can be seen from
Fig. 4 that the concentration difference near the particle surface (i.e.,
AG, ) is quite large for both cathode and anode. Therefore, using
linear extrapolation (i.e., FVM-S1) to calculate electrode surface
concentration leads to large errors. According to Eq. 5, the electrode
surface concentration is used to calculate cell voltage, which
explains the large calculation error of FVM-S1 when compared
with FDM and FVM-S2. Pybamm'? is an open-source battery
simulation package that enables fast battery simulations under a
variety of battery chemistries and operating scenarios. In Pybamm,
the user can run the battery model with default parameter values, or
the user can change parameter values, such as mesh (i.e., number of
N,), to investigate how the battery behavior will change. We
compare FVM-S1 and FVM-S2 used in this study with Pybamm
under the same model parameter values and number of N,. The
simulated results from Pybamm are shown in green dots in Fig. 9. It
can be seen that Pybamm results are very close to FVM-S1. This is
because FVM in Pybamm uses the linear extrapolation (Eq. 42) to
calculate the surface concentration as its default method. The
standard FVM scheme with linear extrapolation, FVM-S1, guaran-
tees mass conservation, but has lower model accuracy than the FDM
scheme with the same number of N,. The proposed FVM-S2 scheme,
on the other hand, improves the model accuracy.

Mass conservation.—In addition to the analysis and comparison
of model accuracy of FDM, FVM-S1, and FVM-S2 schemes studied
in this paper, we investigate the mass conservation over multiple
cycles simulations for FDM and FVM-S2 schemes. In this section,
the SPM model is cycled multiple times and the electrode volume-
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Figure 8. Experimental validation results for the SPM using data from the LG INR21700-M50T battery. (a) constant charge inputs at C/4, C/2 and 1C, and (b)

UDDS discharge profile.
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Figure 9. RMSE on voltage and electrode volume-average concentration under constant-current charge at several C-rates with respect to the spatial
discretization nodes/CVs, N,. (a) C/4, (b) 1C, and (c) 4C. Simulation results from Pybamm are shown in green dots.

average solid-phase concentration for each electrode (i.e., ¢;}* in

Eq. 53) is monitored. N, is set to 5 for both FDM and FVM-S2
schemes.

During multiple cylces simulation, the battery is subject to
constant current discharge and charge with same current rate to
ensure that the ampere-hour throughput for charge and discharge are

the same. Under this condition, lithium ions that intercalate into and
de-intercalate out of the cathode and anode during the charge and
discharge cycles are the same.” Therefore, the peak values of

electrode volume-average concentration (i.e., ¢;';* in Eq. 53) should

®Also, no side-reaction (i.e., SEI growth or Li plating) is added to the SPM.
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Figure 10. Comparative results under 2C-2C constant cycling simulations. (a) Input current. (b) Output voltage. (c) Cathode and anode volume-average
concentration from FDM with N,=5. (d) Cathode and anode volume-average concentration from FVM-S2 with N,=5.

remain the same under the assumption that total mass of lithium ions
is conserved.

In the simulations conducted next, we indicate IC-IC as the IC
constant charge of amplitude I followed by IC constant discharge of
amplitude I. Figure 10 shows the simulation results under 2C-2C
cycling with the initial SOC equals to 0.5. First, a 300 s 2C current
was used to discharge the cell, followed by 300 s charge at 2C. In
Fig. 10 (c)-(d), the volume-average cathode and anode concentration
are given. The dash gray line represents the concentration value
when the cell first reaches the lowest voltage (i.e., P; point in Fig. 10
(b)). If mass in the solid-phase is conserved, the peak concentration
value should always be the same. In Fig. 10 (c)-(d), the difference of
the volume-average concentration between two peaks are plotted.

‘”g Pi=P2 i =, p is used to represent the difference

The notation Ac

of volume-average concentration between the Py peak (i.e., P point
in Fig. 10 (b)) and P, peak (i.e., P, point in Fig. 10 (b)) when cell
voltage reaches the lowest values. For example, the volume-average
concentration difference between the first and second peaks is
denoted as Acﬁflv,g‘]_z for cathode and Acfzg’lfz for anode, respec-
tively. It can be seen that the volume-average concentration in FVM-
S2 remains the same over multiple cycles while these values are
drifting in FDM (decreasing in cathode and increasing in anode).
Figure 10 shows that mass is conserved in FVM-S2 but is not
conserved in FDM. In Table V, we calculate the volume-average
concentration difference between peak 1 and peak 2, and between
peak 1 and peak 3 (i.e., P5 point in Fig. 10 (b)) under 1C-1C, 2C-2C
and 4C-4C cycling simulations. It can be seen that when FDM
scheme is used, the volume-average concentration is drifting with
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Figure 11. Multi-current cycling simulation results for FDM and FVM-S2 schemes.

cycling. Also, the concentration difference between two peaks
increases with the increase of C-rate. The same simulation results
for FVM-S2 are also presented in Table V. We can see that mass is
always conserved for FVM-S2 scheme under different C-rates. It
should also be noted that under constant diffusion coefficient Dy
and constant current cycling condition, the concentration difference
for FDM is relatively small compared to the mean concentration. For
example, the mean cathode volume-average concentration during
4C-4C is 31933 mol/m3, whereas the cathode concentration

difference between the first and third peak is 122 mollm’® , which is
0.38% of the mean cathode concentration.

Besides constant current cycling, the mass conservation of FDM
and FVM-S2 schemes under multi-rate current cycling is also
investigated, as shown in Fig. 11. The simulated current input
profile consists of three parts, namely 2C-2C, 1C-1C, and 0.5C-0.5C.
Figure 11 shows that the volume-average concentration for both
cathode and anode are drifting with cycling and the variation in
concentration is more pronounced than in the constant current
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Figure 12. Simulation results for FDM with N,=100 under (a) 1C-1C cycling, and (b) 4C-4C cycling.
Table V. Volume-average concentration difference of cathode and anode.
C- Cathode [mol/m’] Anode [mol/m’]
rate Cycle
FDM y,—s FVM — S2y._s FDMy, s FVM — S2y,5
1C- Acts! *271.:" » 25 0 4 0
1C ! ’
A cf;g’ 1 —3,1,:",!7 26 4
2C- A, 58 21
2c ! ’
By o7 2
4C- Ac® 1 *2’1.:" » 95 54
4C v '
122 0 63 0

avg,1-3
A‘s,j 2j=n.p

cycling conditions (see Fig. 10). Therefore, large calculation error
can accumulate during long-term cycling simulation. On the con-
trary, FVM-S2 scheme preserves mass.

In Fig. 12, we simulated FDM with number of spatial discretiza-
tion nodes N, equal to 100 under 1C-1C and 4C-4C cycling
protocols. It can be seen that, the volume-average concentration in
FDM almost remains the same. From the results shown in Fig. 10
and Fig. 12, FDM works well even with small N,, but mass
conservation in FDM is guaranteed when N, is large enough.

For BMS application, it is preferred to use small N, to reduce the
total computational burden. However, as can be seen from Fig. 9, the
accuracy of SPM decreases with small N, for both FDM, FVM-S1,
and FVM-S2 schemes. To address this, parameters of the SPM were
re-identified and both the model accuracy and mass conservation are
analyzed. SPM solved with FVM-S2 with N,=100 is used to
generate the reference solution of voltage and SOC. Then, SPM
solved by FDM with N,=5 and FVM-S2 with N,=5 are being
identified. The simulation results before and after parameter re-
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Figure 13. Parameter re-identification results (a) 1C-1C cycling. (b) 2C-2C cycling.

identification are given in Fig. 13. Here, the notation Refy, indicates
the reference voltage. Xy,—y z s is used to represent different results,

where X = [V, ¢;#] is the SPM model output, Y is the number of N,,
Z = [FDM, FVM — S2] is the chosen numerical method, and
S = [raw, rejs.,] indicates whether SPM parameters are re-identi-
fied, S=raw means the original parameters in Table III are used for
simulation, and § = re;4,, represents solutions obtained using re-
identified parameters. For example, Vy -5 pym—-s2,raw TEpresents the
simulated voltage obtained from SPM solved by FVM-S2 with N,=5
and original parameters. It can be seen from Fig. 13 that model
accuracy increased after parameter re-identification for both FDM
and FVM-S2 scheme. Under 1C-1C, the RMSE of voltage before
and after re-identify parameters are 11 mV and 4 mV for FDM,
respectively, and are 12 mV and 6 mV for FVM-S2, respectively.
Under 4C-4C, the RMSE of voltage before and after re-identify
parameters are 25 mV and 6 mV for FDM, respectively, and are 28
mV and 6 mV for FVM-S2, respectively. Besides, Fig. 13 shows that

a small volume-average concentration difference (i.e., Acs‘f;g’l_3) still

exists in FDM scheme after parameter re-identification. On the other
hand, the volume-average concentration for FVM-S2 before and
after parameter re-identification is always conserved.

Conclusion

This paper presented the FDM and FVM applied to the battery
SPM model. First, we provided the details of how to transform the
governing PDEs into ODEs using both schemes. Second, we
proposed a revised FVM scheme, called FVM-S2, which adopts
the Hermite extrapolation to calculate the solid-phase surface
concentration more accurately as opposed to the adopted linear
extrapolation (FVM-S1). Simulation results presented in this study
show that the proposed FVM-S2 scheme improves model accuracy
significantly compared with standard FVM scheme, FVM-SI1.
Finally, the model accuracy of FDM, FVM-S1, and FVM-S2
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schemes were compared and mass conservation behavior for FDM
and FVM-S2 schemes were analyzed. Results show that mass in the
FVM-S2 scheme is always conserved, but a small concentration
drifting exist when the FDM scheme is used under constant diffusion
coefficient and constant current cycling, which becomes more
pronounced under multi-current cycling. Besides, we showed model
accuracy when using a small number of spatial discretization nodes/
control volumes can be improved by re-identifying parameters. The
relatively low number of discrete equations enables the implementa-
tion of the model to be run on the BMS.

This study provides findings of mass conservation analysis for
FDM and FVM schemes, which we hope can facilitate BMS model
selection. Also, the proposed FVM-S2 scheme with higher order
Hermite extrapolation can be extended to solve other battery models,
such as ESPM model and DFN model.

Appendix A. Ghost cells in the finite volume method

The ghost cells are introduced in the finite volume method to
calculate the control volumes near the left and right boundaries®'.
Supposing the calculation domain is divided into N, control
volumes, we introduce the ghost cells at j=0 (i.e., i) and at
J=N,+1 (i.e., ilsn+1);) which are located just outside the calcula-
tion domain, as shown in Fig. 14.

The boundary conditions are used to calculate the values of the
ghost cells based on the values in the interior cells.

The boundary conditions of Eq. 1 after variable substitution are
shown in the last column in Table II. The boundar;z condition for
particle center is the Dirichlet boundary conditions>’:

Ms,j|r=0 = O, J =n,p [54]

Above boundary condition can be approximated using the
average value of iy ; and i ;:

Usoj + Us1j

> [55]

Therefore, the value of ghost cell @i is —i ;.
The boundary condition for particle surface after variable
substitution is the Robin boundary condition®*:

Ghost cell Ghost cell

<

50,/ sLj si,j sN,.,

0 et ! i N: Right Nt
boundary boundary
condition condition

Figure 14. Boundary conditions with ghost cells

Aty N,
Ms,j|r:Rw ~ 2

(58]

Replacing Eq. 57 and Eq. 58 into Eq. 56, yields:

—lapp 8 Uapp) Ry
= a8l j=np
S.J as,jAzreHLjFDx,j

Us(Ny+1)j — UsNpj st 1)y T Hsn,
Ar 2R

[59]

Finally, the value of ghost cell @;1); is given as:

2Ry ag jAcen LjFDs j
Ar ’
2R,

5.

_ Ar Lapp8 Uapp) Rs jAT
(14 2 Pt

As(N,+1)j = j=n,p [60]

Appendix B. Comparision of FVM schemes in cartesian co-
ordinates and spherical coordinates

In this paper, we proposed two different ways to solve the solid-
phase diffusion equation using FVM. The first way is to use variable
substitution u,; = ¢, r, and transforms the governing equation from
spherical coordinates to cartesian coordinates (i.e., FVM-cartesian).
The second way is to solve the equation directly in spherical
coordinates (i.e., FVM-spherical). These two methods are compared
under different N, and different current conditions, and the simula-
tion results are summarized in Table VI.

Two metrics are used to measure the difference between these
two methods, namely the voltage RMSE and mean absolute relative
error (MARE) of the surface concentration, as follows:

1 M 2
RMSEVoltage = \/M Zk:l (VFVM—canesian (A'iden’ Tk, U) — VFVM—spherical(A'iden’ s M))

c

_ 1 M I S,
MARECSS;rf = M Zk:l (

o j B u_s,j|r=RS./- _ —Ia,,,,g(la,,,,)Rs,_,-y i=np [56]
o g, Ry a5 jAcenLi FD;
Using the finite difference scheme to approximate the 2t
r=Ry;
term, one obtains:
uy i = gy
S.J — S(N+1),j SN.j + O(A}’Z) [57]
or |._g Ar

S,

Averaging ilyy,+1y; and figy; to approximate the us,jlrsz. term,
yields:

c s\grr,FVM —spherical (l

.surf, FVM —cartesian (Ridens th 1) — CSS;}I‘f,FVM—SPhﬂlC'dl Aidens e 10) | )
s

idens Tks 1)

j=np [61]

where  VevMm—cartesian @Md  VEvMm—spherical are the SPM simulated
voltage at time f; for the identified parameter vector A, using
FVM-cartesian and FVM-spherical, respectively. u is the input
current. Cssvl}!rf,FVM—carlesian (}'idens t, u) and C;;.\;rf,FVM—spherical(/lidgm T M)
are the SPM simulated electrode surface concentration of time
t, using FVM-cartesian and FVM-spherical, respectively.

Form Table VI, it can be found that the simulated voltage and
surface concentration between these two FVM methods are similar.

Appendix C. Hermite extrapolation

In numerical analysis, one often encounters the situation
that instead of a function f, only some discrete function values
fix;) and their derivatives f’(x;) are known. To interpolate the
discr%e function values, the Hermite extrapolation method can be
used.
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Table VI. Comparison between FVM-cartesian and FVM-spherical.

MARE
Current condition Number of N, RMSE
Voltage [mV] o 1%] e %]
C/2 constant charge 5 0.9691 0.0754 0.1962
10 0.2456 0.0187 0.0494
40 0.0153 0.0012 0.0031
1C constant charge 5 1.4201 0.1341 0.2911
10 0.3604 0.0336 0.0741
40 0.0225 0.0021 0.0046
4C constant charge 5 2.5741 0.3302 0.4083
10 0.6809 0.0884 0.1090
40 0.0427 0.0055 0.0069
Derivatives of the r dc,, . ac,,;
f'(x)= f'(x)=
control volumes or |, . or |,
Control volume values f(xo) =Cyn,m1)) f(xl) =Cy
Center e o o o o I Surface cj“;/ '
Location of the X, = rNr_l X, = VN,. x = Rs,j
control volumes
Figure 15. Illustration of the Hermite extrapolation method
Let’s assume that two distinct nodes x, and x;, discrete Using Eq. 65 and Eq. 66 in Eq. 63, we obtain:
function values of these two nodes f(xg), f(x;) and their
corresponding derivatives f’(xg) and f’(x) are given, the X = Xg X —x 2
third order Hermite extrapolation polynomial (i.e., H3) is given Hio() =]1-2
2540 e 103 xo — x1 [\ xo — xy
’ 2
Hyg(x) = [1- 222 || 2210 [67]
1 1 . X1 — Xo J\ X1 — Xo
Hy(x) = Y fO)H () + Y f/)Hy(x) [62]
=0 =0 Using Eq. 65 in Eq. 64, we obtain:
where H, ;(x) and H; ;(x) are given as: R x—x Y
Ho(x) = (x — x0)
2 X0 — X1
Hy (x) =[1 = 2(x — x)L'1,;(x)IL{7(x) [63] e\
Hiy(x) = (x - xo( . ) [68]
A1 — Xo
Hi () = (c = x)L{(x) [64]

where L;;(x) denoting the I Lagrange coefficient polynomial of
degree 1 and is given by:

X — X X — Xo

Lipx) = and Ly 1(x) = [65]

X0 — X1 X1 — Xo

Therefore, the first derivative of L; o and L, ; are calculated as:

L'ipx) = and L'y 1(x) = [66]

X0 — X1 X1 — X0

_Rs.j -
— )i + (Ry; —
,NH) SNy.j ( s.J

+((1 + 20
N —

)

JT N1 2
ﬁ)cx(N,—l),j + (Rs,j - VN,—l)

acs,
or

Substituting Eq. 67 and Eq. 68 into Eq. 62, we have:

I I

)+ 5@ -

X —X] X —X] X = XQ

e

H;(x) =f(xo)[ o )2 +f(x1)[1 -2 )2

2
= )
X0

=(f(xo)(1 - 2;;”) + (o) (x — xo))(
H(re(r-2220) 4 e - w ) (222

X0 — X1 X1 — X0

;

X1 — X0

X—X] X — X0

+f o) = o)

X1 — X0

X — x|

X0 = X]

—x]

x
X1 —x0

[69]

As shown in Fig. 15, Eq. 69 is used to calculate the surface
concentration in this study, and we can obtain Eq. 70:

2
oy C==>
2
) sJj=n,p

acs,j
or

Rsj—rn,

INp—=1= TNy

Ry j—rn-1

[70]

TN = T'Np—1

)
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where, x = Ry, xo = ry,—1, and x; = ry, are the locations of the last
two control volumes in position N,— 1 and N,, respectively.
fx0) = &w,—1),j and f(x;) = Cgy,; are the volume-average concen-
tration for the last two control volumes G,—1); and Cyy, j, respec-
acs,
and f'(x) = =
r=ry,-1 or r=rp,

tives of the last two control volumes ¢y, —1y; and Cyy, j, respectively.

9cs.j

tively. f'(xg) = ~ are the deriva-
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