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wSu“ Motivation for Battery Safety

« Motivation:
s Due to Li-lon batteries’ highlighted advantages such as high
energy density, slow self-discharging rate, and no memory effect,
they become primary energy storage solutions to electric vehicles

(EVs)

« Safe and reliable operation of lithium-
Ion batteries is of vital importance, as
unexpected battery failures could

result in catastrophic accidents of EVs

L)

* Two tasks:
¢ Battery health assessment: indicates

the capability of the EVs
s Battery failure diagnostics: avoid an
catastrophic failure of a car
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wSu‘ Li-ion Battery Health Assessment

« System health assessment: collects sensory
signals from the system, extracts health-
relevant features and system characteristics
from the sensory signals

 Challenges:

\/

¢ system modeling is generally
complicated and even incapable to
access due to high dimensional 1/0O
spaces and nonlinear processes of a
complex system

 high system dynamics increase the
mutability of system inherent
parameters that cause invalidation of
original system models along a long
time line

Empty Zone
Can be refilled

Available
Energy

¢ ¥ | Rock Content
Unusable, can no
8 | longer store energy
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wSu‘ Battery System Basics

Iq- Available capacity

44— Rated capacity ——p

NV

Load

Measurements: current, voltage

SoC: the ratio of the
stored energy to the

- rated capacity of a
cell

SOC, =SOC, , + g—At »

k-1

SoH: the ratio of the
available capacity to
the rated capacity
after degradation of a
cell

C

available,N
SoH,, =

rated
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e SoC and SoH Estimations

Battery System Dynamics

State Transition: x, =F(X ,,U ,,6,,)+W,, 6 =6, +r,

Measurement: y, :<(3}xk,uk,49k)+vk
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* Figure Courtesy of Texas Instruments
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Self-Cognizant Dynamic System (SCDS) Approach

« The schematic diagram of a self-cognizant dynamic system

Dynamic System

Self-Cognizant System
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W‘ Intelligent System Modeler

 Battery terminal voltage modeling:
V, =G(SOC,,i,,C,)
~ Gy (SOC,, 1, Cy)

al, bl: the weights on
the branches linking
with input nodes,
hidden nodes and
output nodes
Transfer function ¢ Is
sigmoid function

Hiddenlayer ~ Outputlayer
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wSu“ Modeling of the Li-ion battery

 Battery 05 is employed to train the neural network
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W‘ Implementation of the SCDS Approach

« Developed battery system state-space model:

Y, : the terminal voltage
w, and r, : the process
=S0C, , + nAat i W noise
Cis v, : the measurement
6, =6, +r_,=[C, W] +r_, NOISE :

C,: the maximum

capacity
Measurement: y, =G(SOC,,u,,0, )+V, Wi the weights of
FFNN

Transition: SOC, =F(SOC,_,, i, C,.;)+ W,
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SCDS for SoC and SoH Estimation

 The short-term SoC and SoH estimation
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wSu‘ SCDS for SoC and SoH Estimation

« The long-term SoH estimation
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* Observations:

¢+ Capacity fade with hundreds of cycles

s Ability to track the true capacity after initial cycles

“* Quick convergence from wrong initial guesses
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mSu‘ Li-ion Battery Failure Diagnostics

Lithium lon Cell Operating Window

Thermal Runaway

Battery Failure diagnostics:
identify characteristics of B
system failure by monitoring ;o RCEEEE TR
and estimating system states, E Separator Melts

and diagnose various failure 2 100 [ e

mo deS 2 Current [HELI Y Lithium Plating During

Charging
Capacity Loss
Overheating

Breakdown o ) ) X
Y Short Circuit Lithium Plating During Charging

0 2 4 6 8 10
Cell Voltage (V)

« Challenges:

— how to locate characteristics of different system failure modes

— how to model a rapidly varying system when normal system
processes are out of control

Reliability Engineering Automation Laboratory (IRIEEAL) 13



wSu‘ Li-ion Battery Failure Diagnostics: Li-plating

* Motivation:
“*Li-plating is a typical and common failure mechanism that
could lead to capacity fade due to active material loss, or even
short circuit due to dendrites formation
s Li-plating happens under various operating conditions such as
charging under low temperature or high current

* ODbjectives:
s Investigate Li-plating mechanism based on
electrochemical principles
*»Build criterions to judge Li-plating occurrence
“»*Predict the onset of Li-plating with estimation
of current battery states
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wSu‘ Reviews of the Electrochemical Model

* Li-ion battery physical O e
Internal structure: e g @ .

«» Three domains: negative a3 3 )
electrode, separator, '-‘. s * :
positive electrode "'. © 9 =

< Two phases: solid phase, — L/
electrolyte phase fbi ..... :

L

 Electrochemical Model
+» Based on ohmic porous Charge

C+xLif+xe-

electrode theory and Dischargs
Bulter-Volmer Kinetics

» A set of partial differential Charge
equations (PDES) is used LiCoO2 ﬁ Lit-x CoO2 + xLi" + xe-

for modeling
15
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W“ Li-plating Mechanism

Li-ions

©e® « The necessary assumptions for
@ Q ated L creating a Li-plating model
O ¢ Only side reactions for Li-plating
occur
¢ The concentration gradient (or C-

rate) on the surface of electrodes
approximates to the extraction or
Intercalation rate

Negative Electrode 868 sur a63 surf ,n
Rex — L Rin — =
o " ot ot
LI +e — LI « The criterion of Li-plating
OsliloslioO occurrence|ReX| S |Rin|

Possible side reactions for Li-plating
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wSu‘ Important Coefficients Involved in Li-plating

 Diffusion coefficients in solid
Electrolyic
phase:[] .
D, = 1.0e-14 m?/s
range from (10-10-10-15)
D, = 3.9e-14 m?/s
range from (10-12-10-1°)
 Intercalation/extraction T
reaction rate; [2! Sy
k,=5.0307*10-1
mol/(L*s)/(mol/L)>

currentcolector

[1] M., Park, et. al., “A review of conduction phenomena in Li-ion batteries
[2] V. R., Subramanian, et. al., “Mathematical model reformulation for Lithium-
lon battery simulations: Galvanostatic boundary conditions
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mSu‘ Internal State Variable (ISV) Mapping Approach

*Problem Statement:
6U @U estimate

Tt —,—,0)=0 =—
o0t —, = 0) 0

*Rationale:
output :V(t) =D, (1) —D,, (1)

mmmm) LO(x,t) = f(xt,1(t),0) > do,., (t)

‘ D) Dy g =ALX f(l..0)
v, =G(l,,V, ,,0)

— f(t,1(t),0)
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wSu“ ISV Mapping Approach

Designed model

parameters 0 B Offline Stage Online Stage
* |_Experimental Data_|
§Constructa Al i , Collect I-V I
: simulation ] data from R
: modelin E battery

Positive Electrode

COMSOL ! electrical tests

.
.
.
.
.
C
Q
*. *
------------------- l-------------------

Surrogate Model for
Experimental Data

: Constructa
: NN model

: from experi- /
mental data

Constructa Map weights
Kriging model g A ' variableto true
i Construct Af“"‘“"““ & | model parameters
: amapping RIS :
: surface SRR
’ : andobtain : -~
true model = — I
parameters NN Weights (W) - o
° Designed model * True model
"0 parameters parameters o'

“y .*
----------------------------------------------------
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wSu‘ Battery Multi-physics Simulation

* The geometry of Li-ion battery 2D mode:

Local test area

Current collector

To observe the Li-plating phenomenon at the specific area,
the testing model is divided into the local test area and the
rest area

A set of V-1 data under different parameters is generated as a
training pool; another set of V-1 data under random
parameters iIs also generated to be online experimental data
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wSu ISV Mapping Validation
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wSu‘ Li-plating Onset Diagnosis

» Getting estimation of D, and D,,, we use different pairs of
estimation to predict the concentration rate performance
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| *C-rate for positive electrode doesn’t exceed C-
1 rate for negative electrode in the whole charge

process
C-rate for positive electrode exceeds C-rate for
. negative electrode in the whole charge process

s s s e s o« = eLI-plating occurrenceat  t=4s

time(s)
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m§u Future Work

- ' i
Battery prognostics: capture the s | i
system degradation trend based on il Prediction tie—»b
the current and previous health Z 095 :
. < i
conditions of the system, and B polaite,g, RUL PDF_
predict its future health condition s “:"'.,,;% '
and remaining useful life (RUL) g Re data 4 .;.:W+
Predicted values- : .,
0.731 'Failure threshold H !
M(i) 10 20 ' 30 40 . 50
Cycle
* Figure Courtesy of NASA Ames: Prognostics
. Challenges: Center of Excellence (PCoE)

— system degradation model is generally difficult to test and
analyze

— changes of operational and environmental parameters could
significantly impact system degradation model
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