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Center for Ageing, Reliability and Lifetime Prediction for Electrochemical and
Power Electronic Systems — Supporting battery applications, production and material design

Prof. Dirk Uwe Sauer

Prof. Egbert Figgemeier ISR | ™I Prof. Weihan Li
Prof. Martin Winter OJULICH ISEDY R
@) J0LICH iz
[ |
110 Million Euros for building this center in Aachen
m 5000 m? of net area for laboratories and offices
m 5000 battery testing channels and environmental stress lab
m Chemical labs for post-mortem analysis and material analysis
m Clean room & Dry room, CT & Microscopy / '*
= Largest university research group in Europe for battery system'™ i wmc T e
t h | . '""'| PD Dr. Gunther Brunklaus Prof. Maria Kateri J :IUL?ICH
ecnno Og|es OJUL.'CH s prof, Rik W. De Doncker  SIswiss
o More than 30 years of experience in battery system technologies ISIER |
0 More than 80 researchers m Interdisciplinary team from chemistry, physics, mathematics,
o More than 10 million € total budget per year material science, electrical and mechanical engineering
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Post Mortem Laboratory
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Battery Testing
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Battery Sensors

Example for static mechanical load
testing during cell operation
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Environmental Loads
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Research Group Artificial Intelligence and Digitalization for Batteries
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Research at Battery Material & Component Level

= Anomaly Detection in Battery Production

= Supervised Segmentation for Battery
Analysis

Input Deep Learning Network Output
RN L

3D x-ray nano-CT data

Segmentation

= Denoising CT images with deep learning

Deep Learning Network | ’.‘%:; >
ey

= Enhancing CT images with deep learning
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Research at Battery Cell Level

= Digital twin

= Parameter identification
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* . ' Lithium Plating

= Aging diagnosis
Variation of voltage charge curves with cell aging

Ny
Cell

Aged
3.55

Cell
0 50 100 150 200 250 300 350 400 450
Time (in seconds)

= Fast characterization for
production line

= Battery state estimation
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= Battery fault detection

= Ageing prognosis

Physics-based model

> Machine learning

R . = Parameters o
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Physics-based model
Machine learning

= Feedback-based testing
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Research at Battery System Level

= Fast charging
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= Fast screening for Second Use

Pack-level Screening
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Batteries age differently over their lifetime

Battery cell after Thermal Runaway

N

o

I= 100

=

< 90-

T

« 80-

(@)

Q

§ 70+

0

60 - t
0 2 4 6 8
Time in years
Source: https:/iflipthefleet.org © ISEA/RWTH Aachen

More efficient and reliable battery use possible?
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Battery management system (BMS)

Low computation power

Measurement & ' '
: Safety enhancement D|agn_ost|_cs &
preprocessing monitoring
= Voltage = Cell balancing = State of Charge
= Current = Charging control = State of Health
= Temperature R B
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Cloud battery management system

il *» = & &R [shal
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W. Li, et al. J. Energy Storage, 30, 101557, 2020.
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Battery digital twin: the fusion of physics, data and machine learning
monitoring identification diagnosis prognosis detection charging strategy
N
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Battery digital twin
Physics-based modeling ’ \ Machine learning
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Aging diagnosis — Online parameter identification

m Seamlessly monitoring of the battery cells
0 Battery internal states
= State of charge —
= Internal physical states
O Battery parameters

= SOH-C

= SOH-R
= Impedance?
= Degradation mode?
Measure ' . ' ' ' i Update

I winimally Aged
. Moderately Aged

B Highly Aged

\4
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Online aging diagnosis by integrating physics and Al
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= Low-dynamic profile s L+
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= High-dynamic profile / P Y, .
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Battery model

. Battery model Low dynamic Capacity fade Power fade

= Impedance-based profile

model =) = +
= OCV model \\\«\ E|
Data
Car Tl = = I
= Artificial Intelllgence High dynamic Degradation Impedance
fil d
= Cuckoo search protie Al mode
algorithm \_ Y, \_ ) \_ )
Li W, et al. 2022, Energy Storage Materials, 53, 391-403.
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Combining the impedance-based model and OCV reconstruction model

C, C,
= Equivalent-circuit model ] | )
= Ohmic resistance ?1 ?
= Charge transfer ’ U,
= Diffusion
= OCV reconstruction model ]
= Electrode OCP
Lithiation PE 0

= OCV balancing parameters
= Cut-off VOltageS: Umaxv Umin S S :_‘_:_‘_‘___:::_:_:T_-_;_;___:_—:e.—ﬁa‘w

_,..-«-—""'—'_'—-— EoC
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8
2
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Li W, et al. 2022, Energy Storage Materials, 53, 391-403.
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Online OCV reconstruction

_ gOCV measurement
= OCV reconstruction

a
= Benchmark: qOCV test af . ;zz
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Li W, et al. 2022, Energy Storage Materials, 53, 391-403.
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Online aging mode identification
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Overview of the variables in field data

100 100+ 100

S

g 95 95 a5 sw 1

@ __SW 2

__SW 3
90—1 | | | 90_1 | | | gD_J_SWJL | | |
0 1,000 2,000 3,000 0 1,000 2,000 3,000 0 1,000 2,000 3,000
Full cycles [-] Full cycles [-] Full cycles [-]
Name Description Value range
Single values
SOH state of health at readout [0, 100] (%)
SOC state of charge at readout [0, 100] (%)
energy_throughput total battery energy throughput until readout [0, 8,000] (kWh)
voltage battery voltage at readout [0, 70] (V)
current battery current at readout [—1,500, 1,500] (A)
temperature battery temperature at readout [=126, 126] (°C)
Histogram values
time_soc_x,x € [1,10] time spent in SOC range [0, 10, 20, ..., 100] (%) [0, 2% — 1] (s)
time_temperature_x.xe [1,6] time spent in temperature range [0, 0, 20, ..., >70] (°C) [0, 2% = 1] (8)
(dis)charge_temperature_x, x€ (dis)charge in temperature range [0, 0, 20, ..., >70] (°C) [0, 2°2 — 1] (AR)
[1.6]
number_dod_x.xe€ [1,7] number of DODs in range [0, 1.1, 2.2, ..., =9.9] (Ah) [0, 2*2 — 1] (counts
V. Steininger, et al., Cell Reports Physical Science 4, 101596, 2023.
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Laboratory data for both calendar and cyclic aging

Checkup test Calendar aging test

Cyclic aging test

A B C
- | 100 100
26 : 3.
I
I
241 : 90
> it 9 T
5 | I T T
S22 it o o
S Al 0 %)
I 80 o T=60°C - ® [=40°C
ol : e T=80°C o T=60°C
I_ -+ S0OC <50 % - DOD <50 %
- SOC > 50 % - DOD > 50 %
| | | i i i |
1 '80 10 20 30 ?DU 200 400 70 200 400
Time [h] Time [d] Time [d]
V. Steininger, et al., Cell Reports Physical Science 4, 101596, 2023.
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Field data vs. laboratory data for aging diagnosis

= Field data from 600.000 venhicles
= Laboratory data from both calendar and cyclic ageing tests
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V. Steininger, et al., Cell Reports Physical Science 4, 101596, 2023.
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Feature extraction framework to integrate laboratory and field data

Feature extraction

Aging features

%

rrrrrrrr

Laboratory aging data IRIRIR IRl

-

- e ——

Data augmentation
Field data 9

V. Steininger, et al., Cell Reports Physical Science 4, 101596, 2023.
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Self-supervised learning for large scale unlabeled field data (20 vehicles)

130
— o T ————————— —
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10{ TN o e o e e o e e e e e e e e e e e e e s e e
® ® O o
° 10 Time 2r?10nth) = 2
o ° ° ° |
Open source o Unlabeled data for Trained
Few labeled ¢ ° . model
self-supervised
data for °
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A S S

Few test EVs

= oY

Field EVs with smart devices

Q. Wang, et al., Journal of Energy Chemistry,2024, 99, 681 — 691.
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Transfer learning between different battery cells

m Transfer learning for capacity estimation from laboratory to field application
m Successful transfer between two batteries with the same chemistry but different formats and capacity

Study 1
N
I

& g ° :

@/ Fixed pf Trained

2 Confidence interval

Estimated value

Capacity (Ah)
|

N
O T e — |
Lab data .’ ' Output Cycle
& .o
User charging habits —>.' .' ‘
@ Field data S Benchmark
' — O Proposed L2F
‘ N
N-1
. k YN ) 1
Transferable DNN layers  Fine-tuning DNN layers i3 0 3
2 Error (%)
Study 1
Q. Wang, et al., Applied Energy, 350, 121747, 2023.
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Challenges in battery aging prediction

a i C m *r <=

Manufacturing Depth of Discharge Temperature Time State of Charge Current load Mechanical stress
\ \
\ \
L L
First life Capacity fade Power fade Second life

How long is the 1%t life?

What is the residue value after 1st life?
How long is the 2" life?

How reliable is the battery in 2nd life?
Which 2" |ife use case is more suitable?

Center for Ageing, Reliability
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One-shot prediction of service life with sequence-to-sequence learning

- |
<4 End of Life
= __ End of Life
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W. Li, et al., J. Power Sources, 506, 230024, 2021.
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Capacity fade and power fade co-prediction with multi-task learning

Input capacity series Input resistance series

a b c d
e0o0o00 N RN N P
>
Masking Masking 4 %200
g g 000 g g e oo Es ¥ §150
%2 . ; %100
Concatenation @ @ @ @ @ @ Mergedsequence ; . 8
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Encoder 0 S o
STL MTL VL
Hiddenvectorr @ @ ©® ©® © 5 8
3
‘ £
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<3 2
2> s
Dense layers = E
1 £
0000 0000 . g
STL 3 MTL

Output capacity series Output resistance series

W. Li, et al., Energy Storage Materials, 53, 453-466, 2022.

31 4/14/2025 | Prof. Dr.-Ing. Weihan Li e | IRRNITHAACHEN
Center for Ageing, Reliability and Lifetime Prediction of Electrochemical and Power Electronic Systems (CARL) CARL ccronicsystems. " UNIVERSITY



Lifetime prediction from large-scale field data

. ) k) ' ' (T30 2
m Real-world operating data of electric buses | T — |
coPala - >I - 285
0 60 EVs 140 - E
. . = 280 o
0 Over 3 years of time, 400k km of mileage £ ,,| oo | (| £
0 48 GB data, 240 million rows %o 3
0 Over 100 raw features . 55
145
: : : ‘ 110
0 100 200 300 400 500
Accumulated mileage [km] x10°
g)  Charging h) 0.101 .
8% 0.30 0.12
2 025 > 0.08 2
3 0.20 3 0.06 3 0.08
3 0.15 3 s
e © 0.04 <
& 0.10 & & 0.04
0.05 0.02
Drivi Rest 0! :
ving ©s 070 20 40 60 20 40 60 80 100 00 20 40 60 80
Speed [km/h] SOC [%] DOD [%]
Q. Wang, et al., Cell Reports Physical Science, 4(12), 2023.
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Data preprocessing and charging curve reconstruction

8 1 Lithiation PE 0 Raw data Reconstructed data
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Time [s] Q. Wang, et al., Cell Reports Physical Science, 4(12), 2023.
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Statistical distributions of stress factors of vehicles with different ageing rates

1 Low ageing rate =3 Medium ageing rate 1 High ageing rate
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Statistical feature engineering with multi-level strategy

Data interval division

Feature pool construction
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Feature selection with correlation analysis
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Uncertainty-aware degradation prediction

Original data - Smoothed data - Predicton — 95% confidence interval
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Failure distribution is as important as lifetime prediction for warranty
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Agenda
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Diagnosis Prognosis Optimization
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Challenges in aging optimization

Fleet management

Charging & Operation strategy

* Q Energy management

Current load Depth of Discharge State of Charge =~ Temperature

| -

- i 7 5 it .:,":
D 6 m How to develop safety- and aging-conscious operation strategies?

m How to develop updatable operation strategies?

Degradation Safety . : :
m How to consider a large dimension of states?
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Fast Charging Trade-off

m Trade-off between fast charging and ageing

m Lithium plating

Electrolyte

Primary SEI
formation

\

Fast

Reaction to form
secondary SEI

Chargin s —
ging Lithium Deposition
reaction Graphite Anode
Lithium Plating
M. Sanne, et al., 2024, in preparation
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Aging-aware fast charging with reinforcement learning

Cloud Server
for training

download

LY C L5y _‘

Vehicle for charging

Z. Wei, et al., Energy Storage Materials, 56, 62-75, 2023
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Testing Procedure - Experimental Setup

m Scenario

o Charge from 10% SOC to 80% SOC
o Temperature O °C

Target Current,
Watchdog Counter

. . . .. . y ™ Voltage,

0 Active Cooling with Aluminium Cooling Plates Temperature,
. . . Current,

o Charging Time ~ 54 minutes Control Flag

m Benchmarks

o Constant Current Constant Voltage (CCCV)
o Multistage Constant Current (MCC)

Voltage,
Temperature

Current

S | ; \ .
45/ e

KOKAM SLPB75106100 7.5Ah Cell

DIGATRON MCT 50-06-6/ 100-06-6 ME

M. Sanne, et al., 2025, in preparation
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Battery lifetime extension with intelligent fast charging

m Benchmarks 75
0 CCCV @ 0.787 C
o MCC @ 1.25, 1.05,0.85,0.5C

1.5

Capacity [Ah]
Capacity [Ah]
Capacity [%]

m Improved model performance
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Summary

Lab data Field data
101

01010101

10101010

0101010,
101

Machine learning

State Parameter Aging Anomaly
monitoring identification diagnosis Prognosis detection Qine strateg
\ N
o O B’ Lo o D
\ 1

m Battery digital twin with revolutionary battery management functionalities
m Fusion of physics-based and machine learning models
m Full life cycle monitoring, prediction and control of battery dynamics

Physics-based modeling

Operation
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Artificial Intelligence and Digitalization for Batteries @ RWTH Aachen University
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