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Polymers & Biomedical
* Biomedical Engineering
* Polymer Science & Materials Chemistry
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Environmental Sciences
* Ecological & Biological Sciences
* Environmental & Earth Sciences

* Thermal Sciences
* Mechanical Engineering
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Transportation
* Biomechanics

* Human Factors

* VVehicle Engineering
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Electrical & Data Sciences
* Electrical Engineering & Computer Science
* Statistics & Data Sciences
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Health Science
* Chemical Regulation & Food

Safety
* Health Sciences

Buildings and Structures
Civil Engineering
Construction Consulting
Material & Corrosion

90+ science and engineering disciplines
900+ consultants
Global reach



DESIGN QUALIFICATION

Designreview

*  FMEA’s for design,
manufacturing, and product

* Faulttree analysis

Quallfy prototype batteries
Standardized tests (e.g. UL
1642)

* Factoryaudit(s)

* Cell qualification
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Monitor product qualityduring all
stages of ramp

* Periodic battery quality checks
* Periodic factory audits

Functional testing and analysis

* Study long term effects of
functional tests on passing
units

Failure analysis
* Analyze units which fail
quality or reliability testing

Reliability studies with finalized

product

* Subject cells to reasonable
but severe stresses and long
term cycling

Initial field data analysis

Perform effects analysis

*+ Update DFMEA and PFMEA
documents when new failure
modes are discovered

PRODUCT
IMONITORING

Continue to monitor battery

production

* Periodic follow up audits

* Periodic quality and reliability
assessments

Analyze RMA units

* Failure analysis of units which
experienced battery related
complaints
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NEXTGENERATION
PRODUCT

* Updateinternal processes &
protocols

Incorporate lessons learned
Account for problems observed
during ramp, failures from the
field, and any other field use
data collected
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_ithium-ion cell failure ranges from benign
berformance degradation to catastrophic evolution of
neat

Thermal Event

Safety

Cell Swelling
Impedance Increase
Capacity Fade

Won't charge
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Electrode

buckling
¢

CT analysis allows for non-destructive evaluation of cell construction and quality
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Battery performance and safety varies with voltage, current, temperature and cycle count.
Different battery chemistries also perform ditferently through their lifetime.
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#éaifhm(SQH) Estimation and Modeling
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Battery SOH estimation methods

c

General SOH and cell b et i Machin laales i T
modeling theories, ‘ ).
teCh ni q ues, .an d Impedance measurements Support vector regression Electrochemical models
re / ations h | p S Internal resistance measurements Neural network Model reduction techniques

Capacity measurements Fuzzy logic Adaptive learning / observer
Incremental capacity analysis Reinforced learning design (EKF, UKF, etc)
Differential voltage analysis
Temperature-based methods

SOH can be used for individual cell analysis or fed into larger modeling and simulation
tools for population analysis
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ermal Characterization

Five Different Cells Were Tested

0% SOC 30% SOC 50% SOC 80% SOC 100% SOC

400 Cell thermal run-away
|
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Self-heating rate as a function of temperature and post-thermal-
runaway CT cross-sections for cells with different SOCs
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Ejecta - enclosure

/230213131336.000 - 4447

I Cel - 1
I cell -2
[ IcCell-3

Full Cell Ej+

individual components.
are quantified.

calorimeter subassembly

Ej -

* Exponent’s FTRC comprises hundreds of
 All component masses and heat capacities

* Ejecta and debris deposited within each

are collected and

weighed to determine the contribution to
the total energy of the system
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terization, Modeling and Control
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« Consumer electronics safety requirements demand the characterization of touch temperature
limits for safe operations.

*  The current regulatory framework has limited applicability for long term and non-contact exposure scenarios.

* The proposed model-based methods can be used to determine thermal damage criteria
through the following steps:

*  Determination of the time-temperature exposure of the tissue.
*  Determination of tissue-specific injurious conditions.

«  Statistical assessment of the variability associated with the expected population of users.

* Exponent has experience helping clients assessing the risk of Skin Layer Structure
tissue thermal damage associated with various products.

« Exponent performed several assessments including but not
limited to:

*  Short term/long term exposures

*  Thermalinteraction with complex tissue structures (i.e. ocular
tissues)

*  Multitude of devices (phones, VR goggles, ear buds, etc.)
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Heat Dissipation [W]

Time [s] t

Pack geometry

Control
Algorithm

Ambient Temperature [°C]

Reduced Order Models

Time [s] €
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Normal Operation Example
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