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Abstract

The virtual test bed (VTB) computation environment provides an easy-to-use way for electric system modeling and simulation. Resistive
companion (RC) modeling of batteries in VTB is presented in the paper. Native RC battery modeling approach and the one using current
controlled voltage source (CCVS) interface are presented and compared through two battery models with different degrees of complexity.
The RC battery models are validated by comparing VTB simulation data to those calculated directly through stand-alone Fortran codes. Itis
concluded that using CCVS interface is currently the first choice in modeling batteries in VTB. Simulations using the RC battery models in
VTB are also presented and analyzed. It is shown that RC modeling provides a powerful way for the simulation of battery systems in VTB.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Battery modeling; Resistive companion modeling; Current controlled voltage source; Virtual test bed

1. Introduction such as SPICE and virtual test bed (VTB)4,5] developed
at University of South Carolina.

In the last decade, the development of electric and hybrid ~ The VTB software is dedicated to provide a unique capa-
vehicles and the rapid expansion of portable computers, con-bility for simulation and virtual prototyping of power elec-
sumer electronics and telecommunication tools in the world tronic systems. The major modules of VTB software are
have spurred research into advanced battery systems with emschematic editor, visualization engine, system solvers and
phasis on operation under various conditions and on materialsentities. VTB entities are the models of particular devices,
and cell construction to enhance cycle-life and performance.i.e., resistor, capacitor and batteries, etc. They are coded in
The research effort has been undertaken by both extensivaesistive companion (RG%-7] format which, by discretiz-
experimental tests and computer simulations based on mod4ing and linearizing time differential equations into algebraic
els evolved from physical and chemical laws of the processesequations, represents the physical circuit through a set of si-
occurringinthecell, i.e., first principlg¢&] or empirical mod- multaneous algebraic equations analogous to those describe
els. These models play an important role in cell design in pre- a direct current (dc) circuit. In the RC method, entities are
dicting cell performance under various conditions, and more connected to each other through ports or terminals. Each
recently, in the integration into electric system modal8] RC entity only handles its own governing equations. VTB
to highlight the real-time behaviors of the whole system. The system solvers collect the feedback from entities, that is,
latter feature is usually accomplished with circuit simulators, conductance matrices and current source vectors to generate
system matrices and solve all interconnected devices in the
system.

Batteries and fuel cells are important power sources in
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Nomenclature

Cs,average average lithium ion concentration in an

specific interfacial area in the cathode of the
Li-ion battery (nf m=3)
specific surface area of negative electrode [of
the NiMH battery (crd cm—3)
specific surface area of positive electrode of the
NiMH battery (cnf cm—3)
geometry area of negative electrode of the
NiMH battery (cnf cm=3)
geometry area of positive electrode of the
NiMH battery (cnf cm=3)

RC current source vector element

RC current source vector

concentration of electrolyte in the Li-ion bat
tery (mol nT3)

concentration of KOH electrolyte in the NiMH
battery (mol cn?3)

maximum Li salt concentration in polymer in
the Li-ion battery (mol m?)

concentration of hydrogen in metal hydride i
the NiMH battery (mol crm®)

concentration of Ni(OH)in the NiMH battery
(mol cm3)

concentration of lithium ions in the solid phas
of the Li-ion battery (mol m3)

—

11

intercalation particle in the Li-ion battery
(molm~3)

maximum concentration of lithium ions in
solid in the Li-ion battery (mol m®)

diffusion coefficient of electrolyte in the poly-
mer in the Li-ion battery (fhs™1)

diffusion coefficient of lithium ion in the solid
matrix in the Li-ion battery (rhs™1)
open-circuit potential of the battery (V)
mean activity coefficient of the electrolyte ir
the Li-ion battery

faradic constant (98647 C equiv)
RC conductance matrix element
RC conductance matrix

time step (s)

exchange current density of anode reaction fin
the Li-ion battery (AnT?)

exchange current density of reactikrin the
NiMH battery (A cnt2)

applied current (A)

current at nodé in the RC model (A)
superficial current density in the Li-ion battery
(Am~?)

pore wall flux of lithium ions (mol m?s)
reaction rate constant at cathode/polymer i
terface in the Li-ion battery (fimol-1s~1)

-
1

le
Ineg
Ipos
ls
ly.neg
ly,pos

LmH

Lni(oH), loading of nickel active material in the NiMH

MmH

MnyioH), molecular weight of nickel active material

n

Ni

Ueqj,ref

Veell
Vk
Vi

Greek letters

Adneg

thickness of the cathode in the Li-ion battery
(cm)
thickness of negative electrode in the NiMH
battery (cm)

thickness of positive electrode in the NiMH
battery (cm)

thickness of the separator in the Li-ion batteny
(cm)
equivalent thickness of metal hydride material
in the NiMH battery (cm)
equivalent thickness of nickel active material
in the NiMH battery (cm)

loading of metal hydride material in the NiMH
battery (g cnm?)

battery (g cnm?)
molecular weight of metal hydride matet
rial(g mol1)

(gmol)
number of electrons transferred in reactions jn
the Li-ion battery

molar flux inx-direction of speciesin the Li-
ion battery (mol n2s)

gas pressure in the NiMH battery (atm)
distance normal to surface of cathode material
in the Li-ion battery (m)

ideal gas constant (8.3145JmbéK 1)
battery resistance)

radius of cathode material in the Li-ion battery
(m)

stoichiometric coefficient of Li ions in the Li-
ion battery

state of charge in the NiMH battery
independent time variable (s)

transference number of lithium ions in the Lit
ion battery

temperature (K)

equilibrium potential of reactiorisat reference
reactant concentration in the NiMH battery (V
close-circuit potential of the battery (V)

node potential at nodein the RC model (V)
number of anions into which a mole of elec
trolyte dissociates in the Li-ion battery
gas volume in the NiMH battery (cth
output potential obtained in battery SFM mode
V)

spatial coordinate in the Li-ion battery (m)
charge number of lithium ions in the Li-ion
battery

potential difference at the solid and liquid int
terface on the negative electrode in the NiMH
battery (V)
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lo fo

A¢pos potential difference at the solid and liquid int T =

terface on the positive electrode in the NiMH

battery (V) £
& porosity of electrode in the Li-ion battery —> — § (1) [
n cathode overpotential in the Li-ion battery (V -
K conductivity of electrolyte in the Li-ion battery| \

(S mﬁl) _ o ]
OMH density of metal hydride active material in the i i 4

NiMH battery (g cnm?3)
PNi(OH), density of nickel active material in the NiMH Fig. 1. Battery RC model with Thevenin—Norton transformation.

battery (g cnm®) o
o conductivity of sold matrix in the Li-ion battery where the_conductance matrix is of the foiGi{s — 1) =

(S m Y o . |:g00 g01:|, the current source vector of the forB(r —
ol solid phase potential in the Li-ion battery (V) g10 g11
P liquid phase potential in the Li-ion battery (V bo

h) = , tthe time andh the time step. The conductance
Superscript _ b _
0 initial condition matrix elements are given by
gt —h) = <ﬂ> , where k=01 (5)
vk /.y,

presents and compares RC battery modeling methods which .
evolve with the complexity of battery models., and current source vector elements are given by

bj(t —h)=—ij(t—h)+ Y _ gpvi(t —h). where
k

2. Resistive companion modeling of batteries k=01 6)
2.1. Overview From Egs.(1)—(6), we can obtain the RC representation

for the battery:
A simple battery model as described by Eb).is referred

to explain RC battery modeling: io(?) —Rcle" — —Rcle" vo(?) RI‘;Z"
; = 1 1 - E @)
. i1(t) - v1(7) — 2
veell = E0 + icellReell Q) Reell  Reel Reell

The conductance matrix and current source vector are used
by VTB solvers in the numerical calculations. If the battery

tance of the battery. In Eql), it is assumed that the battery has fixe_d open-circuit potentiﬁo and internal re;istance
has a constant open-circuit potential and close-circuit poten- Reell Which is the case in Eq(1), the elements of its con-

tial varies linearly with applied current. Such a battery is often ductance matrix and current source vector are all constants.
viewed as a voltage source with internal resistance. However, D€Vices of such kind are calldthear entities[5] in VTB.
resistive companion method requires all entities to be repre- However, the battery model (E1)) is over§|mpl|f|ed, e it
sented as current source and resistance parallel combinationgo":'S not reflect the change of the °pe”'c'r?“'t potentlgl with
[5]. The battery needs to be replaced with an equivalent cir- the state of ch'arge (SOC) and the battery internal resistance
cuit consisting of the parallel combination of a resistor and M&Y als_o varyin the_process of discharge. I\/I_ar_1y battery mod-
current source by applying Thevenin—Norton transformation els available in the literature are more sophlst_lcated than E_q.
[6] (seeFig. 1). The close circuit voltagecey and applied (1)and are usually represented by a set of nonlinear algebraic-

currentice can be related to terminal potential and current dlﬁgrentlal equations yleld!ngonllngarentltles[S] in VTB
variables by environment. In the following sections, two battery models

with different complexity chosen from the literature are dis-
Vgell = Vo — V1 (2) cussed in details as extensions of the RC battery modeling in
VTB environment.

wherevgg is the close-circuit potentiakg the open-circuit
potential,ice) the applied current, ari@q) the internal resis-

lcell = Ip = —i1 (3)

wherevo, v; are node potentials angl i1 the node currents. ~ 2.2. Native RC modeling of a nickel metal hydride
For an electric device with two terminals, the resistive (NiIMH) cell

companion method expects the following relation: _ _ _
A nickel metal hydride cell model described by Wu et al.

1(1) = G(t — h)V(t) — B(t — h) (4) [7] is used here to introduce native RC modeling of batteries
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of which the open-circuit potential varies with the SOC. It
is assumed in the model that both the positive and negative
electrodes are planar electrodes and diffusion process inside

the solid active material is not important. Four reactions in [, pos =
the nickel metal hydride cell have been considered. They are:

o Nickel electrode

discharge
NiOOH + Ho0 + e~

charge
_ 1 _
20H — 502+H20+2e

e Metal hydride electrode

discharge
=2 H)O+M+4e

charge

MH + OH~

1
EOZ + HO+ 26 — 20H™

The governing equations for the cell are:

/ denioH), _ Ja

S - F

; demH _ _j_3

»ned gy F

Viasdpoz _ apodposApos/2 + dnednegAnegja
RT dr F

icell = ClposlposApos(jl + Jj2)
—lcell = anednegAneg(]é + ja)
Ucell = (A‘Ppos— A¢neg) + icellReell

where
'< CNi(OH), ) ( Ce )
CNi(OH),, ref Ce,ref
0.5F
x exp F(A¢pos— Ueq 1 ref)
L
Jr=tor 3 (1 __CNi(OH), )
CNi(OH),,ref
0.5F
X eXp —W(Afﬁpos— Ueq1,ref)
SN2 F
<Tfef> exp E(A‘Ppos— Ueq2,ref)
0.5
POy, ref
F
X exp _E(Afbpos— er,z,ref)
[ CcMH Ce 0.5F
exp| —(A - U
. <CMH,ref> (Ce,ref) p( RT ( ¢neg eq3,ref)>
J3 =103 05F
i —exp (‘W(Aﬁbneg— er,3,ref)>

=  Ni(OH), + OH~

(8)

9)

(10)

(11)

12)

(13)

(14)
(15)
(16)
17)

(18)

(19)

Jja=— PG, i4,ref (21)
POy, ref
LNi(oH), (22)

PNi(OH), pospos

L
lyneg= ——— (23)
i PMHpogipos

The initial conditions for Eq912)}-(14) are:

0
CNi(OH),
CNi(OH),, max

=1-sol (24)

C&H _ S0d LNi(oH), AposMMH
LmH AnegMNi(OH),

pg, =0.1atm (26)

(25)

Egs. (12)H17) need to be converted to RC format by
discretizing equations within one time step and calculating
the conductance matrix and current source vector using Egs.
(5) and(6). As seen in Eqg(12){17), the model equations
are nonlinear with respect to the variables suchggs,
CNi(OH),:CMH, and Agneg Analytical solutions for the RC
matrices are not available. One common practice is to use
finite difference approximation to calculate the RC matrices
numerically:

i > -k icell
ik = _— =(-1 J/ _—
8 <3Uk —h ( ) dvcell

o Ai—i
— (_1 4/+kM’ where j’ k = 0’ 1
Vcell + Av — Vel
(27)
b.=_i4+z oy =(_1)j dicellv _;
J J - 8 jk Vk dvcel cell cell
i fcell + Al — icell . )
=(-1Y| —————veal — i ,
( ) (Ucell T Av — veell cell cell
where j,k=0,1 (28)

The perturbation of the cell voltage\y) or cell current
(Al) must be small enough to provide good numerical accu-
racy for the RC matrices. A Fortran solver call GNES is used
to provide model solutions numerically.

2.3. RC modeling of a Li-ion cell

First principle battery models are built on our under-
standing of the battery physics, including the microscopic

(20)
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current composite polymer lithium foil
collector cathode electrolyte anode
¥
h .
>
x=0 x=1, x=1+/

Fig. 2. Lithium/polymer cell sandwich.

electrode reactions and transport phenomena inside the

porous electrodes. Some first principle models further in-

corporate coupled electrochemical and thermal behaviors to®

reflect the thermal influence on the performance of the bat-
tery. They are more rigorous in describing battery behaviors,
but are more complicated. A first principle battery model
described by Doyle et a[8] is presented to illustrate how
to model such complicated batteries through RC method in
VTB environment.

Doyle et al.[8] used the model to simulate the galvano-
static charge/discharge behavior of the cell sandwich shown
in Fig. 2 The model considers one-dimensional transport of
lithium ion from the lithium anode through the polymer sep-

arator into the composite cathode. The reaction at the anode

is assumed to take the form:
Li+@p<:’Li+—@p+e‘ (29)

And the reaction at the cathode is assumed to take the

form:
Lit —Op+Os+e 2Lt — 605+ 6p (30)

The governing equations for the Li-ion battery are:

)

e at the anode:

I =i |:exp<

0.5F(¢1|x:lc+ls - ¢2|x:lc+ls)

RT
0.5F(®1|.= — D=
B exp(— (Palx=tct1s 2|x_lc+ls)>i| (31)
RT
e in the separator:
3 ¥ 1 a0
%« _p2f_ i (32)
ot ax?  zyviF ox
Gl RT 2\ aln
[ = 22 KL Sy + ) e (33)
ox F \nvy zyvy ) 0Ox
e in the composite cathode:
de _ 1sp Pc I+ o@P1/0x) 3% aj(1—19)
a Ox2 24V F ax vy
(34)

363
dn—P1) I  odd1  RT [ s, 9\ anc
ox Tk Kk Ox F \nvy zgvy ] oOx
(35)
2
. sy 0Py
ajn = ﬁaﬁ (36)
jn = kZ(Cmax - C)O.SCO'S
Cslr=Rq exp(%(n - U/))
X osE (37)
~(er = cslr=ry) exp(~%F (1 — U))
aCs -D 826'3 2 aCS (38)
a Sl a2 roar
with the boundary conditions:
ac 1
(—Da + 1t2> lemtetls = (39)
ac
—lx=0=0 (40)
0x
ac
8_s|r:0 =0 (41)
-
ac
jn==Ds=lr=r, (42)
r
0P1 1
——l=0=—= (43)
0x
0P1
8_x|x:lc— =0 (44)
and the battery close circuit voltage is defined as
veell = P1lx=0 — P1lx=ic+1s (45)

The equations mentioned above to model the Li-ion cell
is computation intensive because the solutions for beth
direction andr-direction need to be obtained. Venkat's ap-
proximation[9] is applied to eliminate the need to solve Eq.
(38) in r-direction by converting the equation to two differ-
ential and algebraic equations:

ac 15D
s,:;\;erage st(cs,average— CS|r=Rs) =0 (46)
s
. 5D
Jn = _S(Cs,average— CS|r:Rs) (47)

Rs

To solve the model equations, finite difference approxima-
tion is used to discretize the special coordimatélundred
internal node points are used to achieve good convergence
and desired accuracy. After discretization, the total number
of equations is close to 20A Standard Fortran solver called
DASSL is used to provide numerical solution. If the Li-ion
battery is modeled in the native RC method, the RC model is
a nonlinear entity in VTB and must be called several times
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in each time step in order for system to converge uponaso- [T TTTTTTTTTT
lution at timet [5]. And in each call, model equations have
to be solved twice to get battery resistance. Therefore, the
native RC modeling method is not expected to be efficient
in dealing with such batteries where the number of battery
model equations is large, i.e.,3L0t is desired that a new RC
modeling method could be used to achieve higher numerical |
efficiency than the native one.

It should be noticed that the close circuit voltage ob-
tained through Eq(45) in the Li-ion battery model is ac-
tually decoupled from the rest of governing equations if the Fig. 4. Battery RC modelwith CCVS interfadés branch currentarigh = .
charge/discharge current is selected as the control variable in
solving the discretized model equations. In such case, there  Comparing to the native modeling method, a branch cur-
exists a sparse Jacobian matrix and numerical efficiency canrentl is introduced as an additional variable and the conduc-

interface |
= v Iin)

CCVS
Voul

f(x

Battery RC model

be greatly improved by taking advantage of the banded struc- 0 0 1
ture of the Jacobian matr[>10]. However, if the voltage is tancematrptG =10 O —1 | and current source vector
selected as the control variable, E45) must be coupled to 1 -1 0

the rest of model equation to solve the model and the com- 0
putation time will be great due to the un-banded structure of

the Jacobian matrix. Hence it would be much better that the B= | 0 | are augmented to reflect the change. The algo-
new modeling method could exploit the decoupled feature of Vout

the cell voltage equation in solving the battery model. rithm works in the following way. The RC battery model

Such a RC modeling method using current controlled volt- obtains the known values of node voltagev, and branch
age source (CCVS) interface is brought forward by the De- currentl at time ste’ =t from the system solver and passes
partment of Electrical Engineering at the University of South the branch current to the SFM battery model which returns
Carolina. The method was originally used to interface VTB the close circuit voltag¥oyt as output. Then the RC battery
simulator with the ACSL (advanced circuit simulation lan- model assembles the RC matrices and returns them to the RC
guage) based modg$1]. Before it is introduced, some re-  system solver to determine new values of node voltage
lated background information is provided. and branch curreritat time steg’ =t +h.

VTB simulator uses resistive companion method while ~ Connected through the interface, the battery SFM model
other simulators such as ACSL use signal flow method appears as a current controlled voltage source (CCVS) which
(SFM). When the battery model is solved with a Fortran is a linear entity in the VTB system. Consequently, the sys-
solver like DASSL, it acts like a SFM model. For example, tem matrices are not susceptible to any nonlinearity wrapped
with some input of applied currenitf), the battery modelcan  inside the SFM models and modelers can select appropriate
calculate close circuit potentiaV/g,) and other state vari-  solvers for the SFM models without affecting VTB system

ables reflecting battery conditions as output (Bi&g 3). An solvers. And most importantly, the battery SFM model needs
interface or wrapper has to be used if one wants to connectto be solved only once in each time step due to the feature of
VTB RC model and SFM models together. linear VTB entity, which is critical in speeding up the simu-

The CCVS interfac§l1] used to connect ACSL and VTB  lation.
is adapted in the new RC battery modeling method. The in-
terface implements natural coupling which requires enforce-
ment of physical conservation principles to connect the SFM 3. Model validation and simulations
battery model with the RC battery model (VTB entity) (see

Fig. 4). The VTB RC models are required to be coded in C lan-
The RC format for the CCVS interface is formulated using guage and implemented as dynamic link libraries (DLLS). A
modified node analysi$]: DLL is an executable file that acts as a shared library of func-
tions with imports and exports. But itis more efficientto code
io(t) 00 1 vo(7) 0 the battery SFM models in Fortran than in C because of the
i |=10 0 -1 vit) | - 1|0 (48) huge body of robust Fortran numerical algorithms available
0 1 -1 0 1(7) Vout in public domain, such as the standard DASSL subroutine

for differential-algebraic equations. The battery SFM models
used in this paper are also implemented as DLLs. Such mod-

Input (/;,) Output (V,,) ular structure can be easily debugged separately and adapted
to other battery models. In order for battery SFM model (For-
tran DLL) to correctly communicate with the CCVS interface
Fig. 3. Schematic of SFM type battery models. and RC model (C DLL), mixed language programmjhg]
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Table 2
BATT e PL Parameters for the Li-ion battery model
Parameter Value
a(m?) 1.0
Cmax (Mol m~3) 39200
cr (molm=3) 290000
D (m?s1) 75%x 10712
Ds (m?s™1) 50x 10718
io1 (A m*z) 126
ko (m*s 1 mol) 10x 10710
= I (M) 1000 x 10~
Is (m) 500 x 1078
Fig. 5. Simulation schematic used in model validation. n 10
Rs (M) 10x 1076
T(K) 3732
is required. The calling convention of SFM model (Fortran , 1.0
DLL) has to match that of RC model (C DLL) and the argu- « 03
ments type of Fortran subroutine must be correctly declaredo (S m’ll) 10x 10"
in the caller RC model. Both DLLs must be providedto VTB ¥(S™M ) 2176

to make battery models work in VTB environment.

The validity of the RC battery models is evaluated using yegpectively. The VTB simulation results are compared with

following simulation schematic (se¢éig. 5). The PLinthe  ose obtained by solving systeffig. 5) integratedly with
figure is a programmable load. Two options are used in the gtand-alone Fortran codes.

validation: battery discharging with constantcurrentloadand  gjmylation results are presentedFiiys. 6-9 The differ-
resistance load. RC NiMH battery models and RC Li-ion ences among the results obtained through three methods are
battery models using both native modeling method and the yeayly indistinguishable as the plots show, where the lines

one with CCVS interface are validated in the simulation. The 5.¢ overlapped. However, there is a great discrepancy in the
parameters for the battery models are listetdhles 1 and 2 computation time used in the simulation as showfihle 3

It can be seen frormable 3that solving the system with

Table 1 stand-alone Fortran codes is faster than using either RC mod-
Parameters for the NiMH battery model els. But such an advantage is outweighed by the disadvan-
Parameter Value tage of the need to re-program the Fortran codes when the
apos (TP cmi3) 40000 simulated system changes. It is impossible for a stand-alone
aneg (C? cm™3) 10000 Fortran code to consider all possible combinations of large
Apos (crTP) 3250 variant models which may be used in the simulation. Model-
Aneg (C1TP) 3600 ing and simulation in VTB allows for reuse of existing codes
Ce (Mol cn3) 7.0x 1078 " . . )
o ret (Mol cm3) 10x 10-3 (entities) and complex system simulation can be more easily
,re . . .
O max (Mol cn3) 10x10-1 conducted. It is apparent that battery RC models in CCVS
CMH ref (Mol cm—3) 05 interface can run more efficiently and obtain fairly accurate
CNi(OH),, max (Mol cn3) 3.7x 1072
CNi(OH), ref (Mol cm3) 0.5
io1 (Acm™2) 1.0x 104
io2 (Acm™2) 1.0x 10710
ios (Acm™2) 38x10*
iog (Acm™2) 1.0x 104
Ipos (c) 33x10°2
Ineg (cmM) 28x 1072
LNi(OH)Z (9 cm‘z) 6.8 x 1072 ’ 8
Lmn (gcm2) 113x 10! 3
Mniomy, (gmol?) 9271
Mwmn (g mol1) 7058
PO, ref (Atm) 10
Reell (2) 10x 1072
soc 0.95
T(K) 29815
Ueq,1,ref(V) 0.527 1 , ‘ 0
Ueg,2.ref(V) 0.4011 ] 500 Xs) 1000 1500
Ueq,&,?;(SV) —0.8279
V, 1.01 . . . . . , .
g?S(C () cnr3) 34 Fig. 6. Simulation run 1: NiMH battery discharge with constant resistance
Z;Ii.o(Hg)jzcrg%) 7'49 load of 0.12. S1is obtained using native RC battery model, S2, using CCVS

interface model and S3 using stand-alone Fortran code.
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Table 3
Highlights of simulation results
NiMH battery model Li-ion battery model
S1 S2 S3 S1 S2 S3
Percentage errBl(Vce”) Run 1 <0005 <Q01 N/A <01 <01 N/A
Run 2 <0005 <Q01 N/A <001 <005 N/A
Simulation timé& (s) Run 1 ~1.2 ~0.4 ~0.2 >100 ~4 ~1.2
Run 2 ~1.2 ~0.4 ~0.2 >100 ~0.4 ~0.2

2 Data which have not converged are excluded from calculating the percentage error.
b The percentage errors are calculated by comparing the cell voltage data simulated by the RC models to the data simulated by the stand-aloes.Fortran cod

¢ Simulation time is based on 1000 step.

15 1 2.55 1
x 81
o 82
1.45 S3
s 25 4
= o
S 14 3 1098
3 : = @
- g
1.35 @ 2.45 ]
13 108
24 ]
+ 0.2
1.25
12 : . : . 0 2.35 ‘ . ‘ ‘ 07
0 3000 6000 9000 12000 15000 0 2000 4000 6000 8000 10000
t(s) t(s)

Fig. 7. Simulation run 2: NiMH battery discharge with constant currentload Fig- 9. Simulation run 2: Li-ion battery discharge with constant current load
of 1 A. SeeFig. 6for the meaning of the legend. of 2 A. SeeFig. 6for the meaning of the legend.

results as com_pare_d with those modeled_in native RCmethod.  giulations of electrochemical cycling processes using
The computation time saved from the linear feature of RC \,yer models with CCVS interface are demonstrated in
model with CCVS interface is significant when the number VTB environment (se&ig. 10. In the simulation, the bat-

of model equations is very large. Therefore, it is concluded g jaq are charged and discharged through a current source
from our work that using the CCVS interface currently should which is controlled by a pulse signal generator.

be the first c_h0|c_e in RC battery modeling in VTB environ- The simulated cell voltage responses to the pulse cur-
_ment, espemally_lnthe case where a battery SFM modelitself o ¢ 4re presented iRigs. 11 and 12As observed and ex-
IS very computation intensive. pected, the cell voltage decreases in discharge and increases
in charge. However, the first principle Li-ion battery model
27 s ! more accurately reflects the cell voltage responses than the
o s2 simplified NiMH battery model does in the case of the relax-
2 los ation phenomenofi3] which is shown irFig. 12right after
251 the short term discharge and charge process as cell voltage
S oe slowly recovers even though no current flows in the circuit
= 1 a during those periods. The relaxation phenomenon is caused
> 23 2 by the existence of the concentration gradient of lithium ions
T o4
2.1 e BATT
+02
c
S
~ [
1.9 - T o]
0 2000 4000 6000 8000 10000
t(s) !
L

Fig. 8. Simulation run 1: Li-ion battery discharge with constant resistance ) ) ) )
load of 0.3Q2. SeeFig. 6for the meaning of the legend. Fig. 10. Schematic of battery simulation.
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Fig. 11. Simulated NiMH cell voltage response to the pulse current.
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Fig. 12. Simulated Li-ion cell voltage response to the pulse current.
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Fig. 13. Li-ion battery electrolyte concentration profiles in discharge and
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Fig. 14. Li-ion battery electrolyte concentration profiles in charge and relax-
ation process of the Li-ion battery model. Dashed line divides the separator
and composite cathode.

in the electrode and electrolyte formed in the discharge pro-
cess and charge process. Lithium ion concentration profilesin
the battery are presentedrigs. 13 and 14or the first current
pulse. Driven by the concentration gradient, solution phase
lithium ions at the electrolyte-electrode interface which are
consumed or regenerated by the electrochemical reactions are
replenished or dispersed through diffusion. Because no diffu-
sion phenomenon is considered in the NiMH battery model,
the relaxation behavior does not show up in the results as
expected.

4. Conclusions

The resistive companion modeling of batteries with two
electrictype terminalsisintroduced in the paper. The methods
can be generally applied to other physical type models such as
mechanical or hydraulic ones so long as energy conservation
equations are satisfied in the form of across and through vari-
ables. Native RC modeling method and the one using CCVS
interface are presented in accordance to the complexity and
computation requirement of battery models. It is conclude
from our work that using CCVS interface is currently the
first choice to model batteries in VTB. Simulations using
RC models with CCVS interface are demonstrated on VTB
platform and some results are presented and discussed. The
ready availability of the VTB software and models of electric
equipments make the VTB environment useful to study the
design and performance of advanced power sources.
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