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Background

» SOC estimation and application
» Need for a reduced order model

Modeling of LFP cells and order reduction

* Modeling of LFP cells
 Order reduction
* VValidation of the ROM

Design of EKF

* Principle of EKF
* Results of the ROM with EKF
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SOC estimation and application

Definition of SOC (imax

The ratio of releasable charges stored in a battery
(Qrereasanle) @nd the maximum capacity of the battery (Q.,)

Qmax Y

Qreleasable

Application of SOC estimation

¢ Provide information to user Provide
Q Available energy information
O Recharge
¢ Provide information to BMS -
O Energy management Sggggﬁlo
O Detect cell balancing SOC BMS
% Elongate cell life estimation

O Prevent overcharge

O Prevent overdischarge
@ Improve cell usage Improve cell Elongate

@ Usage indication usage celllife
% Update model parameters
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Need of a reduced order model

Estimation Open loop SOC Closed loop SOC Closed loop SOC
method estimation estimation with ECM estimation with ROM

e Minimum Simple model structure
Pros requirementof ¢ Can track SOC even if the
CPU initial condition is unknown

* Inaccurate
estimation if
initial SOC is
unknown

Circuit components cannot
reflect the physical states
Inaccurate modeling for
voltage plateau, phase
transition and path
dependeni:y

v Accurately model the voltage
plateau and path dependency
Can track SOC even if the
initial condition is unknown

Complex modeling structure

34

OCViv

OCV characteristic of a LFP cell

Two phase transition

Shell:
Li-rich phase
Li, glePO,

Core:

| - —— : - ’

multiple stairs with sections of flat region ; 7 Li FePQy

Interface

I.I.FePO. [ _WFePO‘
\ Dis:lla . ! char§ I.lFe PO,

Fully :harged

- - - Two phase egion
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SOC

’ Li-deficient phase

Fully discharged

Path dependency
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o
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Modeling of LFP cells — Two phase transition

Modeling principle

e Boundary condition: D, , —=| _,=0
Li_FePO, “ o

Internal variables Physical Principle
Input Ton concentration in electrode (Cy) * Mass conservation Output
LV, Tamb, Ion concentration in electrolyte (C,) ¢« Ohm’s law Soc, Vt:
Sl Potential in electrode (¢) + Charge conservation Tbattery
Potential in electrolyte (¢,) * Electrochemical kinetics
Heat generation * [Energy equation
D
. .y Fick's law of diffusion : 2= = o 6(r2 5C5j
Modeling of two phase transition “ ol ar
ell: ) L
Electrolyte Li-rich phasc Boundary condition: DS s % R :l
Li, jFePO, o aF
. e D
3 Fick's law of diffusion: oC, = 32'“ a(rz 8C5j
] 5 Core: ot r°or or
.§ Composite. g ( Composite .0re. —
3 |¢  negative 5 positive Li-deficient phase aC
E electrode -
3

Mass conservation in the control volume:

Interface m—) .
niertace Generation = —(Cﬁ —Cgl)dr0

®  |Flowin - Flowout =

©

-§ DS a(:—S’ﬂ r=r - S acs'a r=r dt

s Poor 10 “oor 1P

3 dr aC oC

e [_(c.=-C ~0 _ D s, o s,a
( p a) dt s, ar r=r, s,a a

1
Two phase region /—_’__"': \\

M_@ER‘ >,
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Modeling of LFP cells - Path dependency

Path d epen d en Cy The existence of path-dependence in LiFePO,, cell
3.8
Li,FePO,
g N *er Discharge from I]7
0 |
Path 1 LlFEP04 m Charge . 3.4 'u'k_-/ 100% SOC ’_,_‘J |
chami ) T
0% SOC 50% SOC Eal i Charge from 50%
FePO, s, | t0100% SOC
S| I
2 harge Charge from :
/ 100% SOC 28 0% SOC |
Path2 | FePOa o) e ' 509% SOC |
100% 50€ 50% soc 2'40 2 PR s 10 12 14 16 18 20 22
Capacity/Ah
Validation of path dependency |, | g
Path 1
Path 2

+» Testing condition

e Pathl
Previously discharged with
0.1C from 100% to 50% SOC
e Path2

Previously charged with 0.1C
from 0% to 50% SOC

32§

&
58
>

24

+»» Different
path results
in different
releasable
capacity.

i R A i i S e o S S S e i

B easassarsnsanssssransfransarasansansffRseniparrassfiamennsanansem

16
Capcity (Ah)

22
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Order reduction

lon
concentration
in electrode

lon
concentration
in electrolyte

Ohm’s law
in electrolyte

L s aaF
Electrochemical ! —as'o{exp{ =

kinetics

Full order model (FOM)

a&= 5 a r ,Dsﬂ%r:rzo
ot r2 orl or ) ar I
o, Dy, o rzacS P N
ot r2oarl o) o™ aF
dro acC; 4 doc,,
c —C = : =,  “sa : r=r
5 Sﬂ“) d 7 or 1™ T g IR

6(‘9 ) a(D:ﬁaCej+1 t+ le
OX

ot OX F
oc oc
Pl Bl
i(/(eﬁ £¢e)+i(1(;" iIn Cej+ j“ =0
OX OX OX OX
o) _oal _g
ax x=0 6X x=L

77:¢s_¢e_

Reduction
technique

Polynomial
approach

Residual
grouping

C. has no influence
on reaction current

E(Kgﬁ alnce)zo
OX OX

Linearization

Reduced order model (ROM)

d D
—C, .o —3—-(35(C 8q,,.l,)=0
dt s,ave roz ( ( s,surf save) qave 0)
Cy ot —Cs 2, )K, —(C k
(Csyﬁa _Csyaﬁ)%:_ o ( s,surf s,ﬁa) 2 ( s,surf s/}a)
dt K.k, — K.k,
+%(35(Cs,surf - Cs,ave) _8qaver0)
0
¢.=A-c,+B-I
y=C-c,+D-I
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Validation of ROM

Test condition:

Profile: Multiple cycle
Test condition: Temperature: 25°C
Profile: CC charge T Current: 1C,2C, 4C
Temperature: 250C > ~mmbendoen ke Initial SOC: 100%
p . > 28} - _i__ - _{ i Exp@lc
Current: 1C,2C, 4C _ ot x roMaic| 100 — T
ey Exp@2C ! ! ! L !
Initial SOC: 0% 4l S | i) N R A B
___:____:_ Exp@4C | | = I I 1
i , ROM@4C 2 : !
i i 1 i g 0___:'___-__:-__-‘___'__L__
06 08 1 12 14 @ i i . i
Time/h | . -50 ___JI.___:___:____:___:___JI._:J
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36— - i i i E,Sjl\%gc 0 05 1 l?r' /hz 25 3 3.5
Hy L) 2, me.
Test condition: i;‘ et o b BEEi0
= o : - == == e & I I 1 1 I I
Profile: CC discharge § N I, . SO TN S O Y S
o 0 = L 1 1 1 O N S
Temperature: 25°C S I | RN ¥ por el TR I R
Current: 1C,2C, 4C Py (RSN | SRS | LD S 1o o g 3
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Principle of EKF

Working principle of
EKF Based on ROM:

|
EKF Algorithm ———— |

P—

Battery Model

Xy = f(xk—l’uk—l'wk—l)

z, =h(x,,v,)

Initialization
State Estimation:
Xo
Error Covariance:
Py

=

Input: I, T, r

’ Batter
L Y

| Prediction | v L Ve—V, 1l e " X
(ROM) J —A\_/ 'l orrection I
T |

_______________ -\

Cs.ave Lr SOC SOC
| calculation

N

Time Update (Prediction)
State:

X = f (X, ug-1,0)
Error Covariance:
Py
= APr-14},
+ Wi Q-1 Wy

Measurement Update (Correction)
Kalman Gain:

Ki = Py HY (HPg HY + VP V)™
State:

Xk = X + Ki(z — h(X},0))

Error Covariance

P, = (I — Ky Hy) Py
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Flowchart of SOC Estimation Process

State: x = [c; ave]

¢—=

l Input: I, T ;,,,p

Time update 1

Combined method to deal with
voltage plateau

Measurement: y = [V;] (ROM) J
Model Reformulation: )
k k jLi I " 1" multiple stairs with sections of fiat regi
cs_ave'” — Cs_ave,{—l _ 3 - j\,‘r izl multiple stairs with sections of flat region
’ ' RsasF AL~ 2"
Ve=U"()-U"(X)—n
Y 29
v
Measurement . |
Ah counting ’ ! e !
update
|
Jacobians: p y
0Cave” -
= %ﬁ_l =1 SOC_ 1 (Y csave. = Csmax * *o
0¢s,ave L calculation S0C = |- f . (oo — %) dx|-100%
_ 0V _0USey 0F 0ciae OUgey OF T 0___smax 7100 "0
aCs_,ave 63_’ ac;ave aCs_,ave 0x aCs_,ave [ t=t + At ]
N

[
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Result of ROM with EKF

ROM with EKF

ROM with Combined method

Exp@4C
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®  ROM+EKF@4C | | | *  ROMIEKF@IC
..... i Tk etk BEEEE Y b o
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Validation of ROM + EKF (with initial error and

temperature dependency)

SOC

|
salee b T Romee Arrhenius equation
D, =D, -exp B[t 1
R\T, T
8
7
6.
5.
0 0.1 0.2 03 0.4 0.5 Qon
Time/h En4
3.
2
Curve Fitting
Lr S o DMy i
g95 3(I)O S(I)S Si[) 315 3&0 355
Temperature/K
Curve fitting of
different temperature

.

0 0.1 0.

2 0.3
Time/h

330

¢ Test condition: 2C-rate CC discharge at 25°C.
s 20% initial SOC error (0.2V terminal voltage error) is assumed.
¢ The initial error can be corrected with EKF.

SOC

0.6

0.4

02F

F—= = == == == = === = = 7} -

0.1 0.2 0.3
Time/h

0.4

Time/h
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Summery

O Summary
» Development of ROM for LiFePO, cells considering two phase
transition and path dependency.
» Development of combined EKF algorithm for SOC estimation.
» Comparison of simulation results of combined algorithm and tradition
EKF and their analysis under different operation conditions.
0 Conclusion
» The combined algorithm shows a better SOC estimation result.
O Future work

» Incorporation of thermal model.

» Validation of drive cycle profiles
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Thanks for your attention!
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