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A review of state of health and remaining useful life estimation methods for lithium-ion
battery in electric vehicles: Challenges and recommendations, 2018
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Key Model Parameters (partia[ [iSt)Z any combination, can vary over time.

Battery Performance Diagnostics and Prediction

e Temperature e SOC e Cycling Regime (cal- vs cyc-Life) e Cycling Magnitude/Freq.
o Daily Thermal Cycling (DTC) Range e DTC Frequency e City of Interest @ Cell Chemistry

+
Modeling software for battery lifecycle
diagnostics, predictions & exploration.

Cell Sage Optimize your investment.

Capacity Power Kinetics
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Given an Aging Response V. .. (e.g., capacity loss):
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70 0 =
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NCA/graphite Li-ion chemistry ("Gen2")

Simulations for scaled HEV power cyling
at 80% SOC

Tmax Baseline = 30 °C under BTM

DTC was varied per the monthly
average temperatures (Phoenix AZ)

Net predicted capacity fade per CellSage

These results also speak to the
impact on local impedance rise
and power loss. BTM design
must account for such anomalies
and reduce their influence on
cell aging.
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Minimizing the
occurrence and
magnitude of
hot spots in
battery packs
will increase
battery life and
maintain better
performance.
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G CellSage DCC Simulation Module

Menu

GCeIISage

Cell Chemistry & Global Simulation Conditions

CellSage Simulation Runs

CS_Output_06292022_110631
CS_Output_06292022_105908
CS_Output_06282022_101845
CS_Output 06282022

Temperature Mode & DTC ~ Annual T

String Analysis & Data Output

RESULTS FOR: Gen2 Baseline 18650, INL cycL data (C/25)

CS_Output_06272022_181805
CS_Output_06272022_180025
CS_Output_06272022_171151
CS_Output_06272022_171021

Data Type: Average capacity fade over time

Cycling Regime: Discharge

Representative Cycling Rate = 0.040000 C1 per hour
Test Temperature = 25.000000 C

Test SOC = 60.000000 %

Test Duration = 140.000000 Weeks

DELETE RUN OPEN IN EXPLORER

Data Output Files for Simulation
iCS_Diagnostics.bxt
CS_Path-Dependence-Dec. txt
CS_Path-Dependence.txt

Cycles

Cycles for String Analysis data are independent of DCC configuration
Cycles are determined by the cycles per day during baseline testing for the
selected chemistry and the specified time period of simulatution.

OPEN NEW WINDOW  OPEN RUN OVERLAY

Summary File Name: Parameters

3006

[ Copyto Examples

Cell Capacity w | vs, Cycles |w
CS_String-Analysis b
Parameters. bt CS Output_06282022 101233: CS_Data-Plot-Single T-StringAnalysis.csv
77.0-
950.0-
900.0-
DELETE FLLE OPEN IN EDITOR
850.0-
Data Plot Files 2
{CS_Data-Piot-SingleT-StringAnalysis.csv_ & so00-
£
S 750.0-
5 78
3
2
®» 700.0-
3
€50.0-
800.0-
DELETE FLLE OPEN IN EDITOR
537 a7| 1 1 1 U I Il i ] I 1 1 1 1 1] 1 Il i ] I 1 I 1 1 1] 1 Il I ] I I I 1 1 1 1
0 20 40 80 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 €20 B840 €60 €80 700
SNAPSHOT

mm’dgetop Group inc
ENGINEERING INNOVATION

None Selected -

RESET

Ave Case
Best Case
— Worst Case

RUN SIMULATION < >

B

T

Xl

9
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AbM| AtO[Z3 Z=71(Detailed Cycling Conditions, DCC) U & ALO| 2 (Daily Thermal Cycling, DTC)

G DCC Config X G Edit Tucson AZ Temperature Profile x
DCC CONFIGURATION

Edit Tucson AZ Temperature Profile

iInput Mode for Charge and Discharge:

1 1: C-Rate Basis, 2 Current
Racic Unique Temperature Profile ID:
Cycles Per Day Charge Steps / Cycle Charge Rest Steps | Cycle Discharge Steps | Cycle Discharge Rest Steps / Cycle Tucsan AZ
3 5 5 3 3

Charge Rates Per Step [Cr]
High Monthly Temperature Average [Z]
2,00000 1,20000 0,75000 0,45000 0,04000 0,00000 0,00000 0,00000 0,00000 0,00000
January February March April May June July August September October Nevember December

Dischal Rates Per Step [Cr]
— pICr 18.89 2111 23.89 27.78 3278 37.78 38.33 T2 35.00 2044 2333 18.89

1,00000 1,25000 0,75000 0,00000 0,00000 0,00000 0,00000 0,00000 0,00000 0,00000

Starting Charge [V]
3.20000

Vmin: 3.00, Vmax: 4.20 for Selected Chemistry
Low Monthly Temperature Average [21]
Voltage Values Per Step During Charge [V]

January February March April May June July August September October November December
3.50000 | |3.80000 4.00000 | 410000 |  4.20000 0.00000 | |0.00000 0.00000 | |0.00000 0.00000 556 722 9.44 1222 1722 222 24.44 23.89 2167 1556 289 5.56
Voltage Values Per Step During Discharge [V]
3.75000 3.40000 3.20000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Total Rest Values Time: 15.45 hr per day DELETE PROFILE CANCEL SAVE PROFILE
Rest Values Per Step During Charge. [hr] Total: 3.80 hricyc
1.00000 0.50000 0.30000 0.00000 2.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Rest Values Per Step During Discharge. [hr] Total: 1.35 hricyc
0.25000 0.10000 1.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Discharge Mode Discharge Power Target Cells In Series ol o | h l
- — et 2 Zt2[(Thermal Management, TM
1 1: Constant Current, 2: Constant Power | 40.0000 4
Days Per Week on Cyc-Life Days Per Week on Cal-Life Cell Voltage At Cal-Life
3 4 3.60000 SECTON 4.2: THERMAL MANAGEMENT (TM) CONDITIONS
421:TML Limit (ZF [™ include Thermal Management in Simulation; . |
Total cycle-life time per day: 9.375940 hr ower Limk (££) 4.2.2: TM Upper Limit (££)
Total cycle-life rest time per day: 7.124061 hr
Total duty cycle time per day: 16.500001 hr 10.00 30.00
Total cal-life time associated with duty cycles per day: 7.500000 hr
Fraction of time at cycle-life itions + related cycle recovery rests: 0.294643

Fraction of time at cal-life conditions + related cal-life rests: 0.705357
Cycling Severity Index from DCC inputs = 0.297977 [relative to value of 1.0 at BL)

LOAD CONFIG SAVE CONFIG CLOSE

22
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Menu
Ridgetop Group inc
Gcellsage f.NGINgEERlNGINNOVATIDN
Cell Chemistry & Global Simulation Conditions Temperature Mode & DTC Annual Temperature Profiles & TM String Analysis & Data Output Results
Cell Chemistry & Global Simulation Conditions
SECTION 1.0: SELECT BATTERY CHEMISTRY REFERENCE CONDITIONS

(@ 1: NCA/graphite (DOE Gen2 18650)

(O 2: NMC/graphite (Sanyo Y 18650)

C) 3: LFP/graphite (A123 Nanophosphate 20Ah )
(O 4: LFPigraphite (A123 26650)

(O 5: NMC/graphite (Panasonic UR 18650)

SECTION 1.1: INDICATE SIMULATION TIME PERIOD
Enter the desired duration for the simulation, with a maximum up to 8 years

["\> 2.0000 years (8 years max) |'¥

Simulation Cycles for String Analysis: 728.00 cycles

SECTION 1.3: INDICATE RELATIVE CYCLING SEVERITY

This parameter covers magnitude of cycling severity in comparison to a
baseline condition, such as C/1 cycling rate. Autoset if DCC enabled

SECTION 1.4: DETAILED CYCLING CONDITIONS (DCC)
DCC Configurations

: CellSage Detailed Inputs—Cycle_Set1.txt
CeliSage Detailed Inputs—Cycle_Set2 txt

CREATE/LLOAD EDIT DELETE

Summary File Name: Parameters

Cell Rated Capacity: 0.977 Ah

Cell Maximum Voltage: 4.20 V

Cell Minimum Voltage: 3.00 V

Representative Cycling Rate = 1.0 C1 per hour
Test Temperature =25 C

Test SOC (nominal) = 60%

Test Duration = 40 Weeks

During Testing: 1 cycle/day

SECTION 1.2: INPUT SOC CONDITION
This is a nominal SOC at which the cell will operate within +/- 10%
Select value from 20 to 100 %

80.00 %of 0977 Ah= 0782 Ah

CYCLING SEVERITY

0: no cycling (calendar-life condition)

1: at or near baseline testing condition

1 to 10: cycling condition more stressful than baseline
(10: Worst)

[" useDCC

DCC-DATA FILE

c

Simulation Cycles for Path Dependence DCC: 936.00 cycles

[ copyto Examples

C:\Users\user\Documents\CellSage Simulations\DCC\CellSage Detailed Inputs—-Cycle_Set1.txt

Show More

RESET  RUN SIMULATION . >
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Gen?2 Battery with DCC, with DTC in Phoenix and Denver

city (mAH)

Stling

(A) CS_Data-Plot-Denver CO-PathDep-Dcc.csv & (B) CS_Data-Plot-Phoenix AZ-PathDep-Dcc.csv

882.1- -41.11

8680.0-

oo Phoenix AZ

800.0- ‘—\
780.0-

-35.00

=30.00

760.0- -25.00
740.0-
- -20.00 &
720.0- 3
H
g 700.0- 1500 & — (&) Temperature 2t
= = ' "
5 880.0- s (A) String Capacity (mAH)
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Contact; hakwon@ex1337.com



