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Gooners)

Modeling of batteries

O Batteries modeling : introduction
d Electric model of Open Circuit Voltage
» SOC dependence
» Hysteresis
O Frequency approach
» Introduction
» Diffusion impedance
» Double layer impedance
» RC equivalent of diffusion impedance
» Identification of parameters from EIS
O Temporal approach
O Validation of models
O Examples of models
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I Battery modeling : which model ? for what ?
Voltage U(t) >
p(t)> E Temperature ebat>
Oext(t) Charge SOC(t)>
Health SOH(t) >

N

Models :
Electrochemical
Thermal

Electrical
oD-1D-2D-3D
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@ Electrical model of a battery : which phenomena ?

Ohmic contact _

Mass transport
(diffusion)

Positive Negative -

Interface Cathode Anode

Electrolyte
Source : Wikipedia.org
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@ Electrical model of a battery : how far ?

Simple model C) R
ocv

(Energy)

Middle model =y
| e mode
R
(Energy and ocv

1st order dynamics)

Each of the parameters
can be indexed to :

- Charge SOC

- Temperature 0

- Current level |

- ageing SOH
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Kq 5 Electrical model of the OCV Output Circuit Voltage
TS

The OCV of a battery depends on the different factors :

« SOC < First order influence

 Hysteresis effect of the current

* Temperature X

Depends on the type of battery
* strongly for NiMH
* lightly for Lithium
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K" - OCV Output Circuit Voltage : SOC dependence
TS

Data sheets usually give voltage vs SOC ( # OCV vs SOC) for different currents
Curve for low current ( < C/5) is close to OCV

Discharge curves
at room temperature after a charge at 5 A

AVIVnom =-10 % for ASOC=10%

Voltage (V)

A —— 154 #5 Ah NiMH cell
DB 1 T | 1 T 1 T I I
0 2 4 B B 10 12 14 16 18
Capacity (Ah)
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6;3 OCYV Output Circuit Voltage : SOC dependence

Example of a NCM lithium cell (Lithium Nickel Cobalt Manganese)

44— AVINNnom = -2 % for ASOC=10%

42 0.33C ——0.5C
1.0C ——2.0C
3.0C ——50C

—8.0C

Voltage / V

"0 10 20 30 40 50 60 70 80 90 100 110
Discharge Capacity / Ah
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Voltage (V)

Example of a NCA lithium cell (Lithium Nickel Cobalt Aluminium)

VL7P typical discharge at +20°C

4.0 Pl | | | '

|
AVIVnom =-1 % for ASOC=10%

26" 5C
24 ~—10C
29 150

1 L 1 1 | 1 | 1 1 1 1
0 1 2 3 4 5 6 i 8
Capacity (Ah)

EPRI Workshop — Monaco, April 3rd, 2005
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(_\ OCV Output Circuit Voltage : SOC dependence

NRETS

Example of a LFP lithium cell (Lithium lIron Phosphate)

Discharge Characteristics, 25 deg C

=
(«}]
o0
-
©
>
1.0 =td 0 L L e
— LR 3 30A .
05 = St — 10A — 40A ............................................ A | : . 3
SYSTEMS
DD | | | | |
0.0 0.5 1.0 1.5 2.0 25

Capacity (Ah)
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OCV (V)

K‘ P OCV Output Circuit Voltage : Hysteresis
AT

_~ -7 Lithium NCM

. N\ e
S . de-~{EES T
5 BB e T s m i unma s s e m o TE T ‘ B— '
< 2 ; 3 O  OCV aprés décharge
: : ‘ 0O  OCV apres recharge
— — — Modele

80 100

Hysteresis effect is larger
with NiMH than with Lithium

v : ; ; : ; _ _
0 20 40 60 80 100 Source : INRETS- M. MONTARU, PhD Thesis 2009
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OCV/V

3.3

3.25

discharge | 3.32]
=& 30mm 33141
——3h
' ' ' 3.3
0 20 40 60 80 100
SOC / % > 3199
2 3.8
x
- : 3.27
Partial hysteresis cycles (eye)
appear inside of the main cycle 3.26
3.25

OCV Output Circuit Voltage : Hysteresis

In the case of LFP batteries,

which have a very “flat” OCV(SOC)
curve, hysteresis effect could be
more significant.

------ OCYV boundary curves

+  hysteresis "eye" I I p——
-"'__‘—""a__ -#
A
",/f /+ +/ ””I
ol + ] g
’/, + o . / 1”’
+ "
+ - ""'
I” o k b
20 25 30
SOC /%

Source : Dynamic electric behavior and open-circuit-voltage modeling of LiFePO4 based lithium ion secondary batteries.
M.A. Roscher, D.U. Sauer, Journal of Power Sources (2010)
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OCV Output Circuit Voltage : Hysteresis

Example of modeling hysteresis (LFP cells)

For a given value of SOC:  OCV,

The value of OCV could be given by :
OCV(soc,y) = w.OCV,

harge

The hysteresis factor yis
calculated by normalized
integration of the charge

throughput.

Source : Dynamic electric behavior and open-circuit-voltage
modeling of LiFePO4 based lithium ion secondary batteries.
M.A. Roscher, D.U. Sauer, Journal of Power Sources (2010)
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ischarge

< OCV < OCV,

harge

(SOC) + (1 - W)'OCVDischarge (SOC)
OC\/Charge
332 4 méasured oCcVv :
3311 modelled OCV Jﬁ,ﬁ
13 ’_,f'-—‘— /-b;
> 329 = / /
> A A
S 328 "
3.27 - // /n(/ ,/'/
326 j/;/:"' ’al T
395 . = OC\/Discharge
" L R [ |
20 25 30
SOC /%
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K—\ R OCV Output Circuit Voltage : Hysteresis
meT)

Others studies about hysteresis :

Adaptive state of charge algorithm for nickel metal hydride batteries including
hysteresis phenomena. M. Verbrugge, E.Tate
Journal of Power Sources Vol 126, n° 1-2, 2004, pp 236-249

Development of a voltage-behavior model for NiMH batteries using an
impedance-based modeling concept. M. Thele, O. Bohlen, D.U. Sauer, E. Karden
Journal of Power Sources Vol 175, n° 1, 2008, pp 635-643

Modeling of voltage hysteresis and relaxation of HEV NiMH battery.

Y. Ota, M. Sakamoto, R. Kiriake, T. Kobe, Y. Hashimoto
Proc. 17th IFAC, Seoul, Korea, 2008, pp 4654-4658
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2]

Bode Diagram
4 R1+R2 0]
o(Z)
R1 |
................................... y
frequency

Electrical model of a battery : frequency approach

R2
R1 Il —
Il c2
}-(n(Z) Nyquist Diagram
4

¢
f=0
} ¢(Z) Ig1 + R)2
>
N(f=o)
R1 R(Z)
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Kq'- frequency approach : Nyquist diagram
eeT)

4 Im(2) N\ m@Z) i~ f=0 )
= |
s » Re(2) | | =
R » Re(2)
\ N\ /
/ Im(Z2) \
f=0
| | \ o
| ] fz=o > Re(2)
R
\ J
a -Im(Z) 4 I
f=w
Y < Re(2)
| f=0
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@' frequency approach : impedance of a real battery

1 mQ

d

-lm(Z)

— 10 mHz

\ « strange » behavior

« R/IC » behavior g Hz very low frequency

U

Diffusion phenomena

~ . Re(2)

N «inductive » behavior
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frequency approach : dynamics of phenomena

|] | 1T
electric and magnetic “ﬂ:‘g‘:nc
effects ges 1)
[. -
“l electric double layer reversible effect
effects acid stratification, memory
i .
H I L !
mass transport ageing
effects effect
microseconds milliseconds lm, mollrl'lda minutllluls hours days n‘rﬂﬂ vearlﬂl
R EEE
2 % 2 % %2 % 8%%% %% %8 %

Time in seconds

Source : Fundamentals of battery dynamics, A Jossen, Journal of Power Sources 154 (2006) 530-538
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K‘_ frequency approach : Diffusion phenomena
nreT)

Diision m Diffusion, as a transport of mass
porous electrode
o through electrolyte and electrodes,
DIugen. Diffusion in is a very low frequency process.
1n am partlcles ﬁ'ee elecrrolyte
\ It could be described by the
Fick’s laws :
. . OCi(x,t
NI = —DiI L
OX
oCi(x,t) _Di 62Ci(x,t)
| | ot OX?
Source : Fundamentals of battery dynamics, A Jossen,
Journal of Power Sources 154 (2006) 530-538
with

N. = flux (mol/(s.m?)

D. diffusion coefficient (m?/s)
c; concentration (mol/m3)

x direction of diffusion (m)

The diffusion of ions directly influences the impedance of the device
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K"- frequency approach : Diffusion phenomena
e

A complete analysis shows that 3 main cases exist :

Semi-infinite diffusion ( Warburg impedance) :
Infinite electrode in an infinite electrolyte reservoir

/ No stationary state ; the impedance has a constant phase of -45° at
any frequencies

»
Re(Z)
-Im(Z)
i Bounded diffusion :
Limited diffusion layer with ideal reservoir at the boundary
/ Stationary state : the electric equivalent circuit is a resistor ; flux of
diffused component is constant
»
Re(Z)
Im(Z)
A

Restricted diffusion :

Limited diffusion layer with a fixed amount of electro-active substance
w Stationary state : the electric equivalent circuit is a capacitor and a

resistor in series; flux of diffused component is zero

v

Re(Z)

= In all the cases the high frequency impedance is the same

Source : Fundamentals of battery dynamics, A Jossen, Journal of Power Sources 154 (2006) 530-538
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K_\- frequency approach : Diffusion phenomena
e

The different possible expressions of the diffusion impedance are :

-Im(Z)
Semi-infinite diffusion ( Warburg impedance) :

] K K(@-i)
7 N PR

Re(7Z)
Bounded diffusion :

/// : z@»=KJ#22”m5

Re(Z)

Restricted diffusion :

f .
W Z(0) = K, coth_ K, Vio
Re(Z) g M

Source: Handbook Of Electrochemical Impedance Spectroscopy; J.-P. Diard, B. Le Gorrec, C. Montella
Hosted by Bio-Logic @ www.bio-logic.info
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K"- frequency approach : Diffusion phenomena
e

Remark 1 : If the frequency domain is limited to sufficiently high frequencies,
all the different previous expressions are « equivalent ».

-Im(Z) -Im(Z) -Im(Z)
A A A

/ / f
> > >
Re(Z) Re(Z) Re(Z)

Remark 2 : In some cases the phase of the
impedance is not - 45°. The Warburg
impedance could then be replaced -Im(Z)
by a CPE (Constant Phase Element) 4  Warburg
whose expression is :

K / . CPE

(1o)” >

Re(Z)
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K_\- frequency approach : Double layer phenomenon
e

Adsorbed Diffuse
FIXED MOBILE
layer layer

\ / «The adsorbed fixed layer and the diffuse

~N r

%o 5 5 00 mobile layer together are the ELECTRICAL
(g)g E ' }: §§ DOUBLE LAYER. The double layer acts as

O& - &
C%% 2 : Eg)g) a capacitor, with a fixed plate’ (the fixed
S Cccocey layer) and a ‘moveable plate’ (the mobile
®Q§>@®®8®®%®
L ®OECO0® ) layer). It is a kind of electrolytic capacitor.»

THE DOUBLE LAYER

Electrical equivalent circuit = = —

Source: SOLARTRON Technical Report 17- Understanding Electrochemical Cells - www.solartronanalytical.com
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@' frequency approach : equivalent circuit of a battery

d

Z exp

Z sim —
— R Warburg —

A
J

Z exp

Z sim
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frequency characterization of a battery

An EIS (Electrochemical Impedance Spectroscopy) equipment gives
the value of the impedance for a given range of frequency

Power

amplifier

ﬂU_

\_

DU‘:i

< Voltage

Acqui.
| u(f)

;]

Signal

processingj Im_Z(f)
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PEIS Potentiostatic EIS
(sinusoidal signal)
» AC voltage u imposed

* AC current i measured

(i.e. if you want to control the
voltage and/or the current density
in cells of different surface areas)

GEIS Galvanostatic EIS
(sinusoidal signal)
* AC current i imposed

» AC voltage u measured
(i.e. if you want to control the
current in cells and avoid
overload)



K‘ P frequency characterization of a battery
inmeT)

Standard EIS equipment uses sinusoidal signal at a single tunable frequency,
but alternative techniques exist :

* Multi-sinusoidal excitation

« Square pulse excitation

Complex signal processing (FFT,...) is then necessary.

o Multi-sine Waveform Generator
// \\ add 31 sine-waves (random phase)
¥ N o
1}
AN AN A
| Y 2, T 8, O 4
: Y N YO Y +
L7 VA
} v
I -
Source : www.solartronanalytical.com
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K—\ y frequency characterization of a battery
inmeT)

Limitations of the method :

« Characterization at low level of current
= May not be representative of high current behavior.
EIS with large signals are problematic because of :
« SOC drift at low frequency (< 10 mHz)
« Eventual non linearity of parameters with the level of current
(equivalent circuits often suppose “small signal approximation”)

* Very low frequency measurements (< 1mHz)
« Time consuming operations
at 1mHz, one sinusoidal period is 1000s = 16 min
» Low stability of measurements (noise, SOC drift, ...)

But EIS is a powerful technique which give rich information on a battery
and its inside phenomena.
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K‘" frequency approach : how to compute temporal response ?
—

In order to get temporal response and energetic data (loss), it is required to use
equivalent circuit with R and C components.

Warburg impedance is equivalent to an infinite number of R//C cell in series

| 1€
|

— Warburg L ﬁ R1 - R2 Rn

| — | — | —
ZW’fS} L1 L1 L1

n RC circuits

The number of R//C cells give the accuracy of the approximation
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K" . frequency approach : R//C equivalent of a Warburg
S

The inverse Laplace transform of the Warburg impedance is :

[k k 2k? & (2n—1)2 7%k
L == tanh| =2 +/s | [=—2) exp| - 2 ¢

The temporal expression of the warburg impedance is :

W)=Y Zexp—L with C=—% and R, = o0
Zc"PRC 2K (2n—1)x

k, en k, has to be identified from EIS data

Sources: o Dynamic modelling of lead/acid batteries using impedance spectroscopy for parameter identification.
P.Mauracher, E. Karden ; Journal of Power Sources, Vol. 67, n° 1-2, 1997, pp 69-84

e Electric Equivalent Circuit of a Ni MH cell. Methods and results
E. Kuhn, C. Forgez, G.Friedrich, Electric Vehicle Symposium (EVS 2003) Los Angeles.
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http://www.utc.fr/lec/Publications/2003/evs_ek.pdf

Influence of the number of R//C cells

&
I K] I

"+ Ideal Warburg

N=10

K" . frequency approach : R//C equivalent of a Warburg
e
1
0.8
N

Re(Zw)
VPPC - 2010 Serge PELISSIER



K" . frequency approach : R//C equivalent of a Warburg
)

Influence of the number of R//C cells (zoom on «high» frequencies)

0.8 | | |

-Im(Zw)

05 0.6 0.7 0.8
Re(Zw)

VPPC - 2010 Serge PELISSIER



K‘T frequency approach : R//C equivalent of a CPE
reTS)

-Im(Z)
4  Warburg

o Lol Gy

>

Re(Z)

log|Z|

Bode diagram
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frequency approach : R//C equivalent of a CPE

Validity Arca

-

-

7

e
|
[
o~ S :
: slope 0
I N - - - N O . . - T LI I l- N g - O . . . -
, Approximation
/ 1
I ri
| . ' :
I log 3! |
-2k \ :
[ i | I'\ I T .
‘ X s
| =0 v : : 7= anonmteger
I log ;.Jfg: | e | |
| lHI | . | : ’:’
LT I slope -1 Ly
! | | o~ I e
S ! : ' RN
| ' | |
—t——— - >
wp W] wy wy w3 wzwy wyw; w(log.scale)
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6;3 frequency approach : R//C equivalent of a CPE

Then the impedance of the CPE could be estimated in a given frequency range by :

jo jo

Z(jo)=—~ LS
1+ — Jo 1+ — Jo 1+ — Jo

Wy @, Ws

The relations between the intermediate frequencies are :

log §, =log w,,, —log o,
l0g 3, = log ., — log o]

The slope of the curve is : p=1- log A,
log /7,

VPPC - 2010 Serge PELISSIER



K"- frequency approach : R//C equivalent of a CPE
TS

Then the computation of the temporal response could be done
with a state variable formulation :

w0 0 0

0 0 0 ~wh
— 32 1 0 0 0 ‘ w11 —wifh 0 0 0 0

0 — 35 1 0 0 X = 0 wl,ﬁ? —;;.:1,312 0 0 X + 0 i

0 0 —,"32 1 0 0 0 ml,ﬁ ? —:'.dll."g% 0 0

0 0 0 —32 1 0 0 0 w1 ,:'3’1‘ —wq ;3’1‘1 0
(1)

9
with X =] 3 and u(t) = x5(t)

T4
\ 5 )

Sources o Model simulation, validation and case study of the 2004 THS of Toyota Prius
E. Vinot, J. Scordia, R. Trigui, B. Jeanneret, F. Badin
Int. J. Vehicle Systems Modelling and Testing, Vol. 3, No. 3, 2008.
e M. MONTARU, PhD Thesis 2009 - INRETS.
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@' frequency approach : identification from EIS data

d

(3
T EIS measurements
ML /
2
Values of R Model R Z(f)
parameters of battery
Search for
minimun
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K—\- temporal approach : identification from u(t) and i(t)
o

It is also possible to identify the parameters by comparing
the responses to an imposed current profile.

FERERRL  ubat)
i(t)
vavso 1 o L
Segr_ch for
minimun
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K—\- temporal approach : identification from u(t) and i(t)
meT)

Considerations on the equipment :
Use of a power bidirectional amplifier (also called “battery tester”)

Possibility to test the batteries under high current

Need for a sufficiently high sampling data rate to measure “high” frequency
response (frequency must be > to 10 Hz on each channel)

Considerations on the profile of imposed current :

The profile must have patterns with short and long constants of time
repeated at different SOC value
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K"- temporal approach : identification from u(t) and i(t)
TS

Example of profile for identification

T T T T T T
200 —

150 ]

100 =

50 =

Current

Voltage
T

L L 1 1 1 L
8] 0.5 1 1.5 =2 2.5 3 2.5 4
time (s) x 167
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K—\- temporal approach : identification from u(t) and i(t)
o

Example of profile for identification (detail of pulses)

T T T T
200 =

150 =
e
cC o0 —
=
50 —
0 ‘ | 7
50} |
-100 - ! ! ! ! i
2.85 2.9 2.95 3 3.05 3.1
time (s) 3 104
©
= =
o 7
3 | e |
1 1 1 1
2%85 2.9 2.95 3 3.05 3.1
time (s) =< 10%
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K—\- Battery modeling : overview of the method
T—

Choice of the model
|

\ 4 \ 4

Frequency approach Temporal approach
|dentification with |dentification with
experimental experimental

EIS data temporal data

Validation with
experimental
temporal data

A
A

It is possible to mix the two approaches :
Frequency approach to identify “high” frequency model parameters
Temporal approach to identify “low” frequency model parameters
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K" - Example of profile for validation
mmeT)

U(t) and i(t) from HEV during an urban driving sequence

50— —]

Current
Q

50| -

= 1 1 1 1 Il 1 1
100 &8.08 &.1 8.12 &.14 816 85.18 a8.2

time (s) =

4.1

3.9
3.8
3.7 | ] 1

3.8

Voltage

3.5 |

3.4

3.3 -

2.2

: 1 | L L =
5.085 8.1 5.12 &8.14 8.16 5.18 8.2
time (s)
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K_\. Battery modeling : choice of a model
=)

The complexity of the model must be adapted to the aims of the study

Study of ageing mechanisms = full model

1 R 5 R
— R Warbur g— Or — R —I: :I— CPE |—
CPE

Study of energy management in vehicle = light model

A
J

The more complex the model is, the more time is needed to measure,
to process the data, to compute the model .

“ Multiple opportunities exist to interrupt a 48h test sequence ! ”
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R Warburg —

- Example of battery modeling
(meers) ()

3.4

e
8]

(&%)

Voltage batterie (V)

Measurement

i |
0 50 100 150

I
0

=== Simulation

e
3))

Time (s)

Source : INRETS
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6;—; Example of battery modeling

Solution Variables

ehegabive Terminal)

Detailed ~ Cell Dimension - Electrode Scale
Structure Transport Model Submodel (1D)
ol & X4 e
sl |

Boiigm inyulaior
Anada Tab —

Image source: m:.rw.dimec. unisa.it
T(X.R.5)
NOTE: V(X.R.1)
Selection of the “sub-grid )
electrochemical model” is Z(X ,R, [ )
independent of the “macro-
grid model” selection. S OC(X > R: 4 )
O(X,R,f) = .[OI
X

Source : NREL/PR 540-43166 :
Three-Dimensional Lithium-lon Battery Model ~ VPPC -2010 Serge PELISSIER



@ Example of battery modeling

"F *ﬁ’
-&-4.':

» NR=L National Renewable Energy Laboratory

Current Production — 2-min 200 A discharge

j Current Production [A/m”] Current Production [A/m?] I P

704" | P P

200

Y(mm) 0 o Xmm) Y(mm) Xmm)

=13.2 A/m? 1 =4.54 A/m?

]'IDEI,X min max_ H].I_L'l

Source : NREL/PR 540-43166 :
Three-Dimensional Lithium-lon Battery Model ~ VPPC -2010 Serge PELISSIER



@ Example of battery modeling

M?:L National Renewable Energy Laboratory

Temperature — 2- min 200 A discharge

50 avarage temperature 7] 50 || — avarage temperature
—=——= maximum temperature -——-— maximum temperature

M L el i O -——-— minimum temperature o
P > o o~
- g 3 - o .

200

Y¥{mm) Xmm) ¥ {mm) Xmm)

Tk = U3 | I I e

max max

Source : NREL/PR 540-43166 :
Three-Dimensional Lithium-lon Battery Model ~ VPPC -2010 Serge PELISSIER
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Gooners)

Testing and aging of batteries

0 Calendar and cycling aging
O How to use the data sheets
d Design of aging tests
 Example of aging tests : FreedomCAR
» Characterization procedures
» Characterization data
= Resistance at 10s
= Pulse Power capability
» Calendar life tests
» Cycle life test
= EV
= HEV
= PHEV

VPPC - 2010 Serge PELISSIER
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K—\' Two kinds of aging
—

Aging = irreversible loss of performances

Aging # self discharge

Calendar aging Cycling aging

Cycling aging is very dependent
on the application (EV, HEV, PHEV,...)
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@ How to use results from data sheets ?

Sometimes, experimental conditions are explicit ...

Cycle Life Performanc€, 100% DOD, Vakious Temperatures

40 -
30 25 deg C, 2.3A charge/2.3A dischan

45degC, 3Acharge/5A discharge

Discharge Capacity (%)
S

1 e
10 4 R
0 I I | | 1
0 200 400 600 800 1,000
Cycles
-
«
A123"
SYSTEMS
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@ How to use results from data sheets ?

... but could be hard to compare !

NHP module - Cycli@g at 20% DOD*
Capacity at C/3 rate after full charge

120% —

100% 7\\

80% —

SaFT
—

60% -

40% -

Capacity (% of rated at C/3)

20%

0%
I [ I I I I \
O 10 000 20 000 30 000 40 000 50 000 60 000 70 000

Number of cycles

* Depth Of Discharge

VPPC - 2010 Serge PELISSIER



@ How to use results from data sheets ?

And sometimes, experimental conditions are less explicit ...

Life Cycle Performance for U-Charge XP Power Systems
C/2 Charge, Discharge

120
|
110
100 23°C __
\ hm—s |
\— -
K
80 45°C ]
> 70 . . o
£ What is the SOC swing *
©
o 60
S
52 50
40
30
20
10
0
0 100 200 300 400 500 600
Cycle # "Valence
VPPC - 2010 Serge PELISSIER M Technology, Inc.



K‘ - How to use results from data sheets ?
e

Real life SOC swing and simplified SOC swing ?

89C Profile used in data sheets 39C
100 100
HEV
»Time »Time
SOC SOC
100 100
VAVAV I A7
» Time » Time

= Simplified profiles of SOC swing could help to compare batteries,
but could hardly give the real life time.
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@ How to use results from data sheets ?

Some data sheets give more complete results
= Possibility to predict life time for «xcomplex» SOC swings

10 000 000
1000000
i b
. ( :
2 }
Q
Q 100000, NG | ‘
Q It . I
s _ :
8 10000 | | e
=) : ! _'
z at + 25°C
1 000
100 ! | E— : —
0 10 20 30 40 50 60 70 80 90 100

Depth of Discharge (%)

Not easy to get data from batteries suppliers !

EPRI Workshop — Monaco, April 3rd, 2005 == | =2 B
VPPC - 2010 Serge PELISSIER



K‘f Design of aging tests
erg)

Acceleration of aging mechanisms :
» Suppress of rest periods (not for calendar test !)
* Increase of stress factors (mainly temperature)
= the stress level should not be increased to a point
where degradation mechanisms are different

than under normal use conditions.

Aging tests must alternate aging and characterization sequences
= characterization tests should not have any influence on aging
* Tests current profile could increase (or decrease) aging mechanisms

» Long and frequent tests could hide aging mechanisms
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K‘f Design of aging tests
erg)

The aging sequence could contain realistic or simplified profile :
* Realistic : difficulty to separate the influence of different factors
(level of current, shape of pulse, charge throughput,..)

» Simplified : difficulty to predict the aging in real “use”

A full aging study is composed of :
* Cycling tests
 Calendar tests

« Combination of cycling and calendar tests
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6;; An example of aging tests : FreedomCAR

1992 : The United States Council for Automotive Research (USCAR) was founded
Members : Ford, Chrysler, General Motors

1993 : USCAR teamed together with the federal government and formed
the Partnership for a New Generation of Vehicles (PNGV).

2002 : PNGV was transformed into FreedomCAR.
The CAR in FreedomCAR stands for Cooperative Automotive Research.

Main focus : create, support and direct U.S. cooperative research and development
to advance automotive technologies.

> standardization of procedures

EV 1996
HEV 2001 (rev 2003)
PHEV 2008

http://www.uscar.org/guest/publications.php
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An example of aging tests : FreedomCAR
Characterization : the Reference Performance Test (RPT)

 Static capacity test : measurement of capacity in Ah (1C discharge)

« Hybrid Pulse Power Characterization Test (HPPC)

Discharge ! | | I I :
10% 1C | =H HPPC profile |
discharge | . 5
g . . |
5 - ~<] o I I
praseael N 1 hour Rest
: ' ' 1 T
ChargefRegsen l
i 0 2 4 5

8 10 12
Time (hours)
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K—\- An example of aging tests : FreedomCAR
inmeT)

HPPC Profile = 1 discharge pulse + 1 charge pulse

1.25 T T T T T
! [ ! [ !
1 L . o _____
DISCHARGE : : : :
0754+ --—— - -4 __ 1o Lo e - = B
[ | [ |
[ ! [ !
< 5+y--—-4-—---—- - ——— - - - —— == — = 4+ -
2= [ | [ |
= [ | [ |
g 025 T - " " -—"—"——% - - - = T - - - - - - = - - - - === |- - - - - - = I
= [ | [ |
= I | I |
E Ot------- | | | B
5 | I | I
O 025 +————-———— e - —— 4o Lo U
| [ | [
| [ | [
05+--—--—--—-- l-——===-—-= t--—-——-—--- === -4 -—"-"—-"=—-—-—-
: : : : REGEN
T e |m— - T FTm T = - - -
| [ | [ |
-1 | | | | |
0 10 20 30 40 50 60

Time in Profile (s)

= Low current HPPC 25% of Imax (but at least 5C)
= High current HPPC 75% of Imax
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K—\- An example of aging tests : FreedomCAR
inme)

Exploitation of HPPC Profile : extraction of Resistance after 10s

Voltage

AV

reg

0
|

regl0s —

reg

AV,

1= Y disch.

AV,

isch

Rdiscths — |
‘ dlsch‘ brme s bl e e bl e e e e e e e e

_._.C_.u_rre_nt._._._ e e
Discharge |
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An example of aging tests : FreedomCAR

Exploitation of HPPC Profile :

INRETS

Resistance after 10s and OCV versus DOD

]
RS S S i i, e D S i
“ \
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6;3 An example of aging tests : FreedomCAR

Exploitation of HPPC Profile :
Pulse power capability versus DOD

Regen of battery

- V__ —0cv
ocy Rreg o |Vmax Pgen max =Vmax ( mIz;;( )
E Q - genl0s
Battery :
D|scharge of battery
NS —Q—»— - -
R. P —\V (OCV_Vmin)
@9 disch10s Vmin disch max — Y min R
: disch10s

. - -
Battery :

----------------------------------------------

V. .. andV_. are given by the battery manufacturer
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6;3 An example of aging tests : FreedomCAR

Exploitation of HPPC Profile :
Pulse power capability versus DOD

1800 A 10s Discharge

1600 - /

Pulse Power Capability (W)

10s Regen
D I I I I I I I I T
0 10 20 30 40 50 60 70 80 90 100

Depth of Discharge (%)
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Gooners)

Calendar life tests

( )

Characterization
at 30°C

S J

n

~

Bring the cell to
target SOC and 6

Everyday apply
1 profile

*

Characterization
at 30°C

é

n

o

An example of aging tests : FreedomCAR

1.2

Calendar life test profile
(SOC balanced - HEV — 2003 version)

0.8
0.6
0.4
0.2

S

-0.4
-0.6
-0.8 | |
1 i

!

-1.2

_I___J ___________ e —

Relative Current
o

discharge

| | |
|

| | |
| | |
| | |
| | |
| | |
| | |
| | |
1 I |
| | |
| | |
1 1 1

0 20 40 60 80 100 120
Time in Profile (s)

» The test may be conducted without once-per-24h profile
* Normalized current is 25% of Imax

» Eventual charge may be required to keep the target SOC
during the calendar life test

VPPC - 2010 Serge PELISSIER



K—\- An example of aging tests : FreedomCAR
inmeT)

Cycle life tests : 1996 for EV
DYNANIC STRESS TEST (DST) CYCLE

50%

o

0%

Percent of Peak Discharge Power
3

Discharge Power : :

0 60 120

240 300 360

Time (seconds)

» This DST cycle is repeated until the battery is discharged.
 Cycling resumes after a complete charge.
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K—\- An example of aging tests : FreedomCAR
inmeT)

Cycle life tests : 2003 for HEV

Power (kW)

0 10 20 30 40 50 60 70 80 90 100
Time in Profile (s)

» The cycle is normally SOC balanced (with a supposed 90% efficiency, else an
adjustment may be required for Ich)

» Characterization (RPT) every 30 000 cycles (= monthly)

* The discharge power is 50Wh per cycle

« A similar profile is defined for lower power level (25 Wh per cycle)
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K"- An example of aging tests : FreedomCAR
)

Cycle life tests : 2008 for PHEV

Two kinds of cycles are defined : 1
» Charge-sustaining (CS) RS ------- ------ -----------
- Charge-depleting (CD) iﬁﬁﬁcﬁh;r;:ﬁﬁﬁﬁﬁfﬁ:ﬁfﬁ:ﬁﬁlﬁﬁ:ﬁﬁﬁ:ﬁIﬁﬁﬁﬁ]:ﬁ:ﬁﬁ: ]
Time n Profe (s
Tests procedures could contain : o
- Only CS cycles S CD
* Only CD cycles : - ’
« Combination of both cycles : ] N
2500 CD*+30000CS & U
10000 CD*+30000CS ) -
* depending on the power level charge
R 50 100 150 200 250 300 350

Time in Profile (s)

VPPC - 2010 Serge PELISSIER



@ =l cD!l An example of aging tests : FreedomCAR
- = Typical PHEV duty cycle
1 — Time in Profile (s}
Charge-Depleting Charge-Sustaining
0.9 llr*l_llI
JI;‘]-“
W 1 B : : -
0.8 S P o H o sl
0.7 '”ld-’“'il'! = :_. —
) = *
0.6 i ;
o g ) ]
S 05 J'F!'!fu!_ : :
w | ill ,ﬁ_ ! Time in Profile (s)
| Y
0.4 lwr\Ii I'I 1 i
U”'!Tln
0.3 Iy
M
0.2
0.1
0
Distance >

Source: M. A. Kromer and J. B. Heywood.

Electric Powertrains: Opportunities and Challenges in the U.S. Light-Duty Vehicle Fleet - May 2007- LFEE 2007-03 RP
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An example of aging tests : FreedomCAR

‘ discharge

N I DST-EV - 1996 - 4 *

50000

40000

30000

20000

10000

Peak Discharge Power (W)

-10000

-20000

-30000

The CD PHEV profile test is a
modified version of DST EV profile.

~

discharge

- CD-PHEV -2008 \

\o/
- _ __
I I |
|

Time in Profile (s)
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6;; An example of aging tests : FreedomCAR

L

0.005 T . . 40
I —— RPT 0, Discharge Resistance
0.0045 ——RPT 0, Rf&gen Resistarlce
= [ 'RPT 7, Discharge Resistance a9
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0.004 1 \\ —4—RPT 0, OCV '
I ’ g
r |
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N I (O]
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& 0.002 | (1-:)
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ot S RS S SR S 33
0 10 20 30 40 50 60 70 80 90 100

i 0
Source : PNGV Battery Performance Testing Depth of D|SCharge ( /0)

And Analyses - March 11, 2002 - 19th Int.Sem.
On Primary And Secondary Batteries VPPC - 2010 Serge PELISSIER



6;3 An example of aging tests : FreedomCAR

d
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