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Purpose & goals

= Battery modeling

= for precise on board State-of-Charge
(SoC) estimation in Battery
Management System (BMS)

! A [ ¥ _I‘____I_ I | : .". g
= for accurate battery simulation in ."*"fififi’*‘ %@ ————— |
HEV simulator to optimize the hybrid i““* @:;&_ ..... - :
r I r I | ! Electic motor : TT I . z, i
a Ch teCtu e des gn thﬂ e @z—-—g—“ !g W

mm) Develop and validate an advanced 0D model of
a Ni-MH battery pack
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State of the art: battery models (1)
= Equivalent-circuit models
= Black box: non-physical circuit topology that S ]
attempts at reproducing the main battery
dynamics v l - ¢ l z
= Grey box: circuit elements try to reproduce the C”Tl” ;
inner electrochemical behavior of the cells
m Intuitive and easy to handle
But &, | !; .
= rely on the collection of look-up tables e e

m circuit elements are parameterized as a
function of SoC

mm) No accurate estimation of SoC while dealing
with realistic operating conditions
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State of the art: battery models (2)

m Electrochemical models

= Based on the fundamental mechanisms and relates battery design with
parameters linked to micro and macro information

m SoC is calculated from the reactant concentrations, which are dynamic
states updated with mass and charge balance equations

mm) Soc /s an internal parameter

But :
m Sophisticated models are time consuming

m Simplifications readily available do account for transport phenomenon in the
battery materials

mm) Necessary to develop an advanced 0D-electrochemical
model (lumped parameter model)
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Outline

Ni-MH battery modeling
Experimental set-up

EIS results

Model calibration and evaluation
Discussions & perspectives
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Ni-MH battery

= Four regions :
_ Gas reservoir =
= Ni oxide positive electrode - MH negative - _
electrode - Porous separator - Gas reservoir  Positive Negative
electrode | electrode
= Three phases g
= @)
= Solid Ni cylinders and MH spheres 2 <charga S
e - ]
= Aqueous solution of KOH as the electrolyte 3 di*‘f:)rlm_larg]:e 2
- Gaseous oxygen g ' S
. 3 I g
= Reactions |
Separator
Positive electrode :
NiOOH (s) + H,O (1) + e <> Ni(OH), (s) + OH-(aq) (1)
Y20, + H,O + 2e” <> 20H (2)
Negative electrode :
M (s)+H,O (I) + e < MH (s) + OH (aq) (3) .
Y20, + H,O + 2e” <> 20H (4) I
7 e enen

B
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Model assumptions (1)

Classical 0D approach: all quantities are homogeneous in
each cell region

Advanced 0D electrochemical model proposed to account for
transport phenomena

m Use of a localized concentration discontinuity:
= mean concentration in the bulk of active material particles
differs from the concentration at the interface
= oxygen concentration in the bulk of electrolyte / at the interface differ

= Double layer capacitances are introduced for each electrode to
take into account spatial ionic charge accumulation at the
electrode / electrolyte interfaces
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Model assumptions (2)

m Liquid/gas interfacial equilibrium for the oxygen links the
dissolved oxygen concentration to the gaseous oxygen
pressure via the Henry law

m Potential hysteresis is considered

m Thermal effects are adequately taken into account by
introducing an energy balance equation for the whole cell.
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Model equations

= The kinetics of reactions (1)—(4) are derived from the general
Butler-Volmer equations:

-

N

o, . N 0.
L wrpey LR mnen| (B (1 1
s e S0 el ool 1)
[1tP 1y [TIR 1 o
L /=1 i=1

= Equilibrium potentials depends on interfacial concentration in
nickel and temperature

EN RT w,
T = A(I)PO-'-‘ - ((1 —2 o ) I(-in.*,er? + (T - T(]) (ﬂi + Deq;'refjl)

CNi,mamx C

i} dUs
N2 = APy, — (b(]sr,d,Q + (T — To) dTO)

] RT AU
N3 =A@,y — | Uosta,s — ——pIn(eamrmrer) + (T — Tp) 3
F dl’

dUy ) [

M4 = A‘I’neg - (LTOS.",G‘.'A + (T - TO) dT
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Model equations

= Conservation equations
m Mass balance

m Charge balance

denvi _ __ 4 dAD,,, 1 et
dlt ly:pOSF dt B C(ﬂ:pos Sp()s - e 2
den i = Js dA(I)neg _ 1 - Leenr T ]
dt ly:neQF dt B cdl;neg Sneg ’ !
dpos  10RT S,05Jo + SpeqJa
dt — % . AR =4 Vceﬂ — A(I)pos - A‘:I)neg + R-in.',-[ceﬂ
gas
m Energy balance dl’ 1 ( )
o Pgen — Ptra
(thermal effects) i McenCyp
4
] dU .,
Pgen — Veett Leett — Z J (D(]s!,d:z — T aT ) S(z}
z=1
Ptra = heetr Acell (T — Ta)
CNi [ |
m State-of-Charge: ¢=1— ———— 0
['_:hlr E, : AT Innova tion

4 Energie
Environnement
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Model summary

m 15 internal variables:
B Jydy Ny My AD o AD L Cis Cus Pogs T, V

cell

= 15 equations
m About 50 parameters

= parameters selected according to the literature (J,;, U
m parameters directly measured:

= geometric parameters (surfaces, thicknesses, porosity...)
= electrode nature, electrolyte composition

= electrochemical parameters (double layer capacitance, internal
resistance...)

m parameters adjusted according to measurements

H...)

oi?

mm) Experimental study on commercial 6,5 Ah
Ni-MH cells and pack
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Experimental

Commercial sealed Ni-MH battery pack (202 V, 168 serially
connected cells)

Post-mortem analysis on cell components
(SEM, X-ray diffraction, porosimetry, pH dosage)
Electrical measurements on single cell with or without
introduction of a reference electrode using a potentiostat
m charge/discharge, capacity measurements
m Electrochemical Impedance Spectroscopy (EIS)

Electrical measurements on the entire battery pack using a
500A/500V Digatron test bench

= Hybrid Pulse Power Characterization (HPPC)
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3-electrode experimental set-up

m Commercial Ni-MH cell before and after insertion of the
reference electrode.

RE Platinum
WE RE CE WE A CE wire
Gas
reservoir ] _
Study of the potential of a Pt wire
o Electrolyte immersed in the KOH electrolyte
o - at constant temperature and
T constant OH- concentration
Positive | v _ /] Neaqative
electrode S electrode
.
Separator 0 10 20 timerh 30 40 50

mm) Constant and reproducible potential of the Pt .
wire assessed as reference electrode It e
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EIS measurements (1)

m EIS diagrams of a Ni-MH commercial cell modified with a

reference electrode at SoC=50%, 20°C.

0,001
negative
e® 00, & N
g 00005 o e,
S positive
S
~ 0 52 H
E e%ﬂ re cell
] . .
positive+negative
-0,0005¢ @
@
0 0,002 0,003
Re(Z)/Ohm

mm) \/alidity of the 3 electrodes measurements
Note the major contribution of the negative

electrode
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Parameters extraction (1)

= Nyquist diagram of the negative electrode at SoC=50%, 20°C

0,0004¢

0,0002;

and the equivalent circuit model (red circles).

-Im(Z)/Ohm
o

-0,0002¢

-0,00047

‘- Estimation of the double layer capacitance
Cdl.., directly injected in the model
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Warburg : Z(f)=R, '
VI 2
Rue 0,977.103Q
Cq 45,73 F
R, 0,946.103Q
R, 1,234.103Q
ty 81,14 s
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R 1,391.103Q
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Parameters extraction (2)

Negative electrode at SoC=50% Evolution of the R ¢ of the

-Im(2)/Ohm

0,0006f = -20° C
A 0°c C

0,000 20° C

0,0002} 35° C /
0

L

0 0,001
Re(Z)/Ohm

mm) Cdl of the positive
measured at low
temperature

E..

positive and the negative
electrode with the SoC (20°C)

1.02E-03
9.20E-04 1 M
) .
€  820e04 egative
L
@)
A
L
D‘::: 7.20E-04 -
6.20E-04 -
Positiy,
5.20E-04 ‘ | | |
0 0.2 04 06 0.8 1
SoC

mm) [nternal resistance
taken as constant
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Model calibration and simulation (1)

m  Simulation sketches in AMESIim m Simulation sketches in AMESIim
environment for battery cycling environment for EIS simulation
¢""5EIS
Source (? im ;cosmulator
! | IQQE i @
o
g i I
SR

mm) £|S simulator able to reproduce
experimental test cases
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Model calibration and simulation (2)

m Comparison of the experimental = Comparison of the experimental and

and simulated EIS diagram simulated voltage evolution during
(SoC 60%): C/2 rate charge/discharge cycles:
e 1.50
1.404
g 1.30
experimental ()
(@)
S 120
G
> 1.10
77777 1.00 T T T T
=5 2n 0 il 10 15 20
Re(2) Time (SeC X1 03)

mm) Tuning of 5 remaining model parameters with
two experimental cases
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Model evaluation on a cel

= Comparison of the cell voltage of a Ni-MH cell during C rate cycling
(alternation +C / -C during 50s ) with the simulation.

§ ////////////// error +/- 0,8%
ELUANRNRANAN,

Time (sec x103)

mm) Model validation on a slow C-rate dynamic profile
: at20° C

©
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Model evaluation on a pack

m Comparison of measured and simulated Ni-MH battery pack voltage
during a high current Hybrid Pulse Power Characterisation Test

(HPPC, FreedomCar Manual):
Experiment lati 50 -
Modal relative error _
below +/- 2% =0
> -50
()
g = —— 100
= 100% e wes wes  atwe es  es  idm
S 1" e0%| so% 70% | g0, a0 Time (sec x10%)
° 1 50% 40% 30% X 250 4 Mo
20% 10% 0% =07 :
! Peak profile at SoC = 60 %
7 5 e z o <
Time (sec x103) °
g
. . . . )
mm) \odel validation in highly >
dynamic conditions under high W

Time (sec x10%)

currents at 20° C

Environnement
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Discussion

m Comparison of simulated SoC evolution with SoC evolution obtained
from the coulomb counting method during a high current HPPC test:

10— — —

------- Coulomb counting
—_— Model estimation

SoC

" Time secxiod |
8th pulse SoC estimated at 5%
by the model and 10% by CC

mm) Model prediction explains the experimental limitation
observed in the 9" pulse, not coulomb counting I
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Perspectives

m Advanced 0D electrochemical model very promising

for reliable real time SoC monitoring

mm) Basis to design a Kalman filter to be used in BMS for control

applications

m Further work in progress
= to better account for relaxation periods

= to validate thermal and pressure predictions

= to take into account battery aging

= Other model developments
= on Li-ion batteries
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