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TITLE OF THE INVENTION
SYSTEMS, METHODS AND COMPUTER READABLE MEDIA FOR MODELING

CELL PERFORMANCE FADE OF RECHARGEABLE ELECTROCHEMICAL
DEVICES

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims benefit of and priority to U.S. Non-provisional Patent
Application Serial No. 12/793,224, filed June 3, 2010, entitled SYSTEMS, METHODS AND
COMPUTER READABLE MEDIA FOR MODELING CELL PERFORMANCE FADE OF
RECHARGEABLE ELECTROCHEMICAL DEVICES, which is incorporated herein by
reference in its entirety.
In addition, this application is related to:

U.S. Patent Application 12/571,253 entitled “Systems, methods and computer
readable media for estimating capacity loss in rechargeable electrochemical cells” filed on
September 30, 2009; and

U.S. Patent Application 12/765,384 entitled “Systems, methods and computer
readable media to model kinetic performance of rechargeable electrochemical devices” filed on
April 22, 2010.

The disclosure of each of the foregoing documents is hereby incorporated by reference

in its entirety.

CONTRACTUAL ORIGIN OF THE INVENTION
This invention was made with government support under Contract Number DE-ACO7-
051D14517 awarded by the United States Department of Energy. The government has certain

rights in the invention.

TECHNICAL FIELD
The present invention relates generally to the field of batteries. Specifically,

embodiments of the present invention relate to analysis of rechargeable electrochemical cells.

BACKGROUND

A battery converts stored chemical energy to electrical energy, which may be conveyed
as a voltage potential. As a battery ages its storage capacity and conductance will decrease (i.e.,

fade) between a Beginning Of Life (BOL) and an End Of Life (EOL). Therefore, observations
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of battery parameters such as cycle rate (magnitude of current), cumulative cycling time, and
storage capacity may be helpful in determining an overall State Of Health (SOH) of a battery
over its service life.

In many contemporary battery systems such as lithium-ion (Li-ion), performance
limitations at the cell level often relate to the effective rate or kinetics of the charge transfer
reaction that occurs at either electrode surface. In terms of general electrochemistry for
reversible systems, the electron-accepting charge transfer reaction occurs at the cathode surface
during cell discharge, and occurs at the anode surface during cell charge. This overall process
becomes more problematic for Li-ion cells having porous heterogeneous electrode materials that
are typically covered by passivation films collectively known as the solid electrolyte interphase
(SEID). Performance limitations during a cell pulse are then due to sluggish kinetics and are
generally manifest by large impedance-driven voltage shifts and reduced power capabilities.

Cell conductance is defined herein as the inverse of cell impedance, where conductance
limitations are directly related to a particular cell chemistry (choice of cell materials, their
dimensions, and configuration within a cell) and can be more severe under specific operational
conditions (for example, low temperature and low State-Of-Charge (SOC)) and at advanced
aging of a cell, making it more difficult to accurately model cell conductance for new battery
chemistries using classical theories developed several decades ago.

There is a need for systems and methods that provide a modeling capability that more
accurately determines, tracks, diagnoses, and predicts conductance characteristics in

electrochemical cells and batteries formed therefrom.

BRIEF SUMMARY OF THE INVENTION

Embodiments of the present invention provide a modeling capability that more
accurately determines, tracks, diagnoses, and predicts cell conductance characteristics in
electrochemical cells and batteries formed therefrom, considering particular conditions under
which a cell is operated in direct current (DC) mode.

An embodiment of the present invention comprises a method wherein at least one act of
the method is performed by a processor, the method includes developing a mechanistic level
model of an electrochemical cell to determine performance fade characteristics of the
electrochemical cell and analyzing the mechanistic level model to estimate performance fade
characteristics over aging of a similar electrochemical cell. The mechanistic level model uses
first constant-current pulses applied to the electrochemical cell at a first aging period and at three

or more current values bracketing a first exchange current density. The mechanistic level model
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also uses second constant-current pulses applied to the electrochemical cell at a second aging
period and at three or more current values bracketing the second exchange current density.

Another embodiment of the present invention comprises a method that includes
developing a mechanistic level model of an electrochemical cell to determine performance fade
characteristics of the electrochemical cell and analyzing the mechanistic level model to estimate
performance fade characteristics over aging of a similar electrochemical cell. At least one of a
discharge process for, a charge process for, and composition of, the electrochemical cell is
modified responsive to the analysis of the mechanistic level model. The mechanistic level
model uses first constant-current pulses applied to the electrochemical cell at a first aging period
and at three or more current values bracketing a first exchange current density. The mechanistic
level model also uses second constant-current pulses applied to the electrochemical cell at a
second aging period and at three or more current values bracketing the second exchange current
density.

Another embodiment of the present invention comprises a system including an
electrochemical cell, monitoring hardware, and a computing system. The monitoring hardware
is operably coupled to the at least one electrochemical cell and is configured for sampling cell
characteristics of the electrochemical cell. The computing system is operably coupled to the
monitoring hardware and is configured for developing a mechanistic level model of an
electrochemical cell to determine performance fade characteristics of the electrochemical cell
based using the sampled cell characteristics and analyzing the mechanistic level model to
estimate performance fade characteristics over aging of a similar electrochemical cell. The
mechanistic level model uses first constant-current pulses applied to the electrochemical cell at a
first aging period and at three or more current values bracketing a first exchange current density.
The mechanistic level model uses second constant-current pulses applied to the electrochemical
cell at a second aging period and at three or more current values bracketing the second exchange
current density.

Another embodiment of the present invention comprises a computer-readable medium
including computer-executable instructions, which when executed on one or more processors,
cause the processors to develop a mechanistic level model of an electrochemical cell to
determine performance fade characteristics of the electrochemical cell and analyze the
mechanistic level model to estimate performance fade characteristics over aging of a similar
electrochemical cell. The mechanistic level model uses first constant-current pulses applied to
the electrochemical cell at a first aging period and at three or more current values bracketing a

first exchange current density. The mechanistic level model also uses second constant-current
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pulses applied to the electrochemical cell at a second aging period and at three or more current

values bracketing the second exchange current density.

BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims particularly pointing out and distinctly
claiming that which is regarded as the present invention, the advantages of this invention may be
more readily ascertained from the following description of the invention when read in
conjunction with the accompanying drawings, in which:

FIG. 1 is a simplified diagram of a rechargeable electrochemical cell;

HIG. 2 is a simplified diagram of a system for analyzing, controlling, using, or a
combination thereof, an electrochemical cell;

FIG. 3 illustrates quantities related to electrochemical cell impedance obtained using
Direct Current (DC) techniques;

FIG. 4 illustrates quantities related to electrochemical cell impedance obtained using
Alternating Current (AC) techniques;

FIG. 5 illustrates Arrhenius-type plots to show a comparison of DC-test derived
impedances and AC-test derived impedances for various electrochemical cells relative to inverse
temperature;

FIG. 6 illustrates total impedance relative to current for various constant-current
discharge pulse durations for an electrochemical cell at -30 °C;

FIG. 7 illustrates total impedance relative to current for various temperatures for an
electrochemical cell after the first 10 seconds of pulse time;

FIG. 8 shows results of a method for estimating exchange current density (i,) for a cell
based on three constant-current pulses that bracket exchange current density (i,) per data trends;

FIG. 9 shows total impedance relative to current after 4-second discharge pulses at
different temperatures;

FIG. 10 is an Arrhenius-type plot showing a comparison of impedance plots for total AC
real impedance at the Electrochemical Impedance Spectroscopy (ELS) semicircle Right-Hand
Side (RHS) edge of the semicircle region versus adjusted DC discharge pulse total impedance;

FIG. 11 illustrates square-root of inverse frequency found at the EIS semicircle edges
for electrochemical cells relative to the inverse frequencys;

Fig. 12 is a plot of inverse frequency at the FIS semicircle RHS edge as a function of

cycle-life aging for an electrochemical cell;
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FIG. 13 illustrates average conductance fade and various contributions thereto, based on
the EIS semicircle RHS edge, for electrochemical cells cycle-life tested at 60% SOC, 25 °C;

FIGS. 14A and 14B illustrate term-wise impedances for electrochemical cells 14 (55%
power fade) and 80 (20% power fade) after 4-second discharge pulses, as determined by a
modified Bulter-Volmer (6-BV) model; and

FIG. 15 illustrates average conductance fade based on EIS semicircle RHS edge versus
Hybrid Pulse-Power Characterization (HPPC) for electrochemical cells cycle-life tested at 60%
SOC and 25 °C.

HIG. 16 illustrates power fade data and Multiple Sigmoid Model (MSM) modeling
results (here double-sigmoid model, DSM) for various Gen?2 lithium-ion cells tested at 25 °C

and 45 °C under cycle-life conditions at 60% SOC.

DETAILED DESCRIPTION OF THE INVENTION

In the following description, elements, circuits, and functions may be shown in block
diagram form in order not to obscure the present invention in unnecessary detail. Conversely,
specific implementations shown and described are exemplary only and should not be construed
as the only way to implement the present invention unless specified otherwise herein.
Additionally, block definitions and partitioning of logic between various blocks is exemplary of
a specific implementation. It will be readily apparent to one of ordinary skill in the art that the
present invention may be practiced by numerous other partitioning solutions. For the most part,
details concerning timing considerations and the like have been omitted where such details are
not necessary to obtain a complete understanding of the present invention and are within the
abilities of persons of ordinary skill in the relevant art.

Furthermore, in this description of embodiments of the invention, reference is made to
the accompanying drawings which form a part hereof, and in which is shown, by way of
illustration, specific embodiments in which the invention may be practiced. The embodiments
are intended to describe aspects of the invention in sufficient detail to enable those skilled in the
art to practice the invention. Other embodiments may be utilized and changes may be made
without departing from the scope of the present invention. The following detailed description is
not to be taken in a limiting sense, and the scope of the present invention is defined only by the
appended claims.

Those of skill in the art would understand that information and signals may be

represented using any of a variety of different technologies and techniques. For example, data,
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instructions, commands, information, signals, bits, symbols, and chips that may be referenced
throughout the above description may be represented by voltages, currents, electromagnetic
waves, magnetic fields or particles, optical fields or particles, or any combination thereof. Some
drawings may illustrate signals as a single signal for clarity of presentation and description. It
will be understood by a person of ordinary skill in the art that the signal may represent a bus of
signals, wherein the bus may have a variety of bit widths and the present invention may be
implemented on any number of data signals including a single data signal.

Those of skill would further appreciate that the various illustrative logical blocks,
modules, circuits, and algorithm acts described in connection with embodiments disclosed
herein may be implemented as electronic hardware, computer software, or combinations of both.
To clearly illustrate this interchangeability of hardware and software, various illustrative
components, blocks, modules, circuits, and steps are described generally in terms of their
functionality. Whether such functionality is implemented as hardware or software depends upon
the particular application and design constraints imposed on the overall system. Skilled artisans
may implement the described functionality in varying ways for each particular application, but
such implementation decisions should not be interpreted as causing a departure from the scope
of the embodiments of the invention described herein.

The various illustrative logical blocks, modules, and circuits described in connection
with the embodiments disclosed herein may be implemented or performed with a general
purpose processor, a special purpose processor, a Digital Signal Processor (DSP), an Application
Specific Integrated Circuit (ASIC), a Field Programmable Gate Array (FPGA) or other
programmable logic device, discrete gate or transistor logic, discrete hardware components, or
any combination thereof designed to perform the functions described herein. A general-purpose
processor may be a microprocessor, but in the alternative, the processor may be any
conventional processor, controller, microcontroller, or state machine. A processor may also be
implemented as a combination of computing devices, e.g., a combination of a DSP and a
microprocessor, a plurality of microprocessors, one or more microprocessors in conjunction with
a DSP core, or any other such configuration.

Also, it is noted that the embodiments may be described in terms of a process that is
depicted as a flowchart, a flow diagram, a structure diagram, or a block diagram. Although a
flowchart may describe operational acts as a sequential process, many of these acts can be
performed in another sequence, in parallel, or substantially concurrently. In addition, the order
of the acts may be re-arranged. A process may correspond to a method, a function, a procedure,

a subroutine, a subprogram, etc. Furthermore, the methods disclosed herein may be
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implemented in hardware, software, or both. If implemented in software, the functions may be
stored or transmitted as one or more instructions or code on a computer-readable medium.
Computer-readable media includes both computer storage media and communication media
including any medium that facilitates transfer of a computer program from one place to another.

It should be understood that any reference to an element herein using a designation such
as “first,” “second,” and so forth does not limit the quantity or order of those elements, unless
such limitation is explicitly stated. Rather, these designations may be used herein as a
convenient method of distinguishing between two or more elements or instances of an element.
Thus, a reference to first and second elements does not mean that only two elements may be
employed there or that the first element must precede the second element in some manner. Also,
unless stated otherwise a set of elements may comprise one or more elements.

Headings are included herein to aid in locating certain sections of detailed description.
These headings should not be considered to limit the scope of the concepts described under any
specific heading. Furthermore, concepts described in any specific heading are generally
applicable in other sections throughout the entire specification.

The terms “mechanistic level diagnostics” and “mechanistic level models,” as used
herein means a diagnostics process for electrochemical cells and a modeling process for
electrochemical cells that are based on analysis and modeling of physical characteristics of the
electrochemical cells. These physical-characteristics-based processes are different from process
that use empirical testing of the electrochemical cells and simply develop curves that fit the
empirical data. However, that is not to say that development of the mechanistic level processes
is necessarily completely devoid of empirical data. Empirical information may be used to verify
that mechanistic level processes are properly modeling physical characteristics of the
electrochemical cells and, in some cases, empirical information may be used to train and refine
the mechanistic level processes.

Embodiments of the present invention provide a modeling capability that more
accurately determines, tracks, diagnoses, and predicts cell conductance characteristics in
electrochemical cells and batteries formed therefrom, considering particular conditions under

which a cell is operated in direct current (DC) mode.

1. HARDWARE ENVIRONMENT
Much of the description herein concentrates on lithium-ion cells. However,
embodiments of the present invention are not so limited and may be applicable to other types of

electrochemical cells and other systems that degrade over time due to mechanisms that may be
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accurately modeled. Additionally, embodiments of the present invention may be applicable to
connected assemblies of cells (modules, packs) and connected assemblies other systems that
degrade over time.

FIG. 1 is a simplified diagram of a rechargeable lithium-ion electrochemical cell 100.
A typical lithium-ion cell 100 includes three primary functional components, a cathode 110, an
anode 120, and electrolyte 130. The electrochemical cell 100 may also include a separator (e.g.,
a polymeric microporous material, not shown) provided between the cathode 110 and the anode
120. A battery may include one or more electrochemical cells 100 to form a current and voltage
capability based on the application for which it is used.

The cathode 110 includes a positive current collector 112 and a positive active material
114. The anode 120 includes a negative current collector 122 and a negative active material
124. In the context of Li-ion cells, both the positive active material 114 and the negative active
material 124 are materials into which and from which lithium ions can migrate, that is, the
cathode 110 receives lithium ions from the anode 120 during the discharge process, and stores
such until the process is reversed under the charge process wherein lithium ions are passed from
cathode 110 to anode 120. The movement of lithium ions into the active materials (114, 124) is
often referred to as intercalation or insertion and the movement of lithium ions out of the active
materials (114, 124) is referred to as deintercalation or extraction.

The negative active material 124 may be a carbonaceous material such as graphite. The
positive active material 114 may be a material, such as, for example, lithium cobalt oxide,
lithium iron phosphate, or lithium manganese oxide. The positive current collector 112 and
negative current collector 122 may be a material such as aluminum, copper, or other suitable
electrically conductive material. The electrolyte 130 is typically an organic electrolyte that acts
as an ionic path between electrodes 110 and 120.

The electrodes (110, 120) may be provided as relatively flat or planar plates or may be
wrapped or wound in a spiral or other configuration (e.g., an oval configuration). The electrodes
(110, 120) may also be provided in a folded configuration.

During charging and discharging of the electrochemical cell 100, lithium ions move
through the electrolyte 130 between the positive electrode 110 and the negative electrode 120.
For example, when the electrochemical cell 100 is discharging, lithium ions flow from the
negative electrode 120 to the positive electrode 110. Conversely, when the electrochemical cell
100 is charging, lithium ions flow from the positive electrode 110 to the negative electrode 120.

A passivating layer, also referred to herein as solid electrolyte interphase (SEI), may

develop between an electrode (110, 120) and the electrolyte 130 from the reductive or oxidative
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decompositions of a small amount of organic electrolytes mostly during the first several cycles
of a working cell.

FIG. 2 is a simplified diagram of a system 200 for analyzing, monitoring, and
controlling a battery 150. A computing system 210 is configured for executing software
programs containing computing instructions and includes one or more processors 220, memory
225, one or more communication elements 240, and storage 230.

The one or more processors 220 may be configured for executing a wide variety of
operating systems and applications including the computing instructions for carrying out
embodiments of the present invention.

The memory 225 may be used to hold computing instructions, data, and other
information for performing a wide variety of tasks including performing embodiments of the
present invention. By way of example, and not limitation, the memory may include
Synchronous Random Access Memory (SRAM), Dynamic RAM (DRAM), Read-Only Memory
(ROM), Flash memory, and the like.

The communication elements 240 may be configured for communicating with other
devices or communication networks (not shown). As non-limiting examples, the
communication elements 240 may interface with external hardware and software (e.g., for cell
or battery charging through an external device or grid) or for downloading stored data to an
external data logger, or computer. By way of example, and not limitation, the communication
elements 240 may include elements for communicating on wired and wireless communication
media, such as for example, serial ports, parallel ports, Ethernet connections, universal serial bus
(USB) connections IEEE 1394 (“firewire”) connections, bluetooth wireless connections, 802.1
a/b/g/n type wireless connections, and other suitable communication interfaces and protocols.

The storage 230 may be used for storing large amounts of non-volatile information for
use in the computing system 210 and may be configured as one or more storage devices. By
way of example, and not limitation, these storage devices may but are not limited to magnetic
and optical storage devices such as disk drives, magnetic tapes, CDs (compact disks), DVDs
(digital versatile discs or digital video discs), and other equivalent storage devices.

When executed as firmware or software, the instructions for performing the processes
described herein may be stored on a computer-readable medium. A computer-readable medium
includes, but is not limited to, magnetic and optical storage devices such as disk drives, magnetic
tape, CDs (compact disks), DVDs (digital versatile discs or digital video discs), and
semiconductor devices such as RAM, DRAM, ROM, EPROM, and Flash memory.
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By way of non-limiting example, computing instructions for performing the processes
may be held on the storage 230, transferred to the memory 225 for execution, and executed by
the processor 220. The processor 220, when executing computing instructions configured for
performing the processes, constitutes structure for performing the processes. In addition, some
or all portions of the processes may be performed by hardware specifically configured for
carrying out the processes.

The storage 230 and memory 225 are coupled to the processor 220 such that the
processor 220 can read information from, and write information thereto. In the alternative, the
storage medium may be integral to the processor. Furthermore, the processor 230, memory 225
and storage 230 may reside, in various combinations, in an ASIC or FPGA.

A graphics controller 235 is coupled to the processor 220 and to a display 270, which
may present information about the battery 150 and the processes described herein in the form of
pictures, text, tables, graphs, and the like.

The elements of the computing system 210 are illustrated, for simplicity, as
communicating across a bus 245. However, those of ordinary skill in the art will recognize that
the computing system may include many different busses for communication between the
various elements.

Monitoring hardware 260 may be included in the system 200 for monitoring various
cell characteristics, functions, and status of the battery 150. As is known in the art, a voltage
monitor 264 and a current monitor 266 may be coupled to the battery 150 to monitor operational
power characteristics of the battery. A temperature monitor 262 may be included to monitor
overall temperature of the battery, temperature of individual cells in the battery, and
combinations thereof. A timing monitor (not shown) may be included as monitoring hardware
260 or may be performed by the computing system 210. The timing monitor may track cycling
of the battery 150 including times associated with charging and discharging the battery 150. The
monitoring hardware 260 may be controlled and queried by the computing system 210 through
general purpose or dedicated communication channels from the communication elements 240.

A charge circuit 280 may be included to control charging and possibly discharging of
the battery 150. The charge circuit 280 may provide information related to timing and electrical
power characteristics of the battery 150 to the monitoring hardware 260. The charge circuit may
be controlled by a dedicated power control module 250 on the computing system 210.
Alternatively, the computing system 210 may control the charge circuit 280 through general

purpose or dedicated communication channels from the communication elements 240.

10
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A service load 290 generally represents other elements (not shown) within the system
200 that may draw power from the battery 150.

Functionally, the processes described herein may be considered to be controlled by a
diagnostic center software process. The software process may include test protocols defined for
cell interrogation using elements for data acquisition of cell characteristics such as current,
voltage, and temperature over time and charge cycling. Diagnostic analysis algorithms may be
defined as discussed below. Data regression algorithms may be implemented to define and
refine various models and model parameters. Software modules may be included to store data in
various raw and processed forms as may be needed by other processes and a data logger may be
included to collect and store a performance history of the battery 150.

Thus, the system 200 may be configured to periodically sample cell characteristics of
an electrochemical cell (.e.g., a battery 150) and determine electrochemical cell information
from the sampled characteristics. From the electrochemical cell information conductance
characteristics of the battery 150 may be determined and incorporated into one or more models

of battery performance.

2. CELL CONDUCTANCE ANALYSIS

For more effective, economical, and reliable utilization of new electrochemical
systems there is a need for more robust and intelligent methods to define and track system
performance during the life of the application. An example is the usage of Li-ion cells in Hybrid
Electric Vehicle (HEV), Plug-in Hybrid Electric Vehicle (PHEV), and Electric Vehicle (EV)
platforms, where anticipated aging effects are a significant aspect of battery design. In some
cases, the eventual design of a cell or battery pack is over-engineered to account for unknown
sources of performance fade or rates thereof, resulting in more costly battery systems.

As non-limiting test examples, the discussion herein concentrates on Gen2 Li-ion cells
of the 18650 configuration, where these cells consist of a LiNipsCog 15Alp05s0, cathode (35 um
laminate), a MAG10 carbon anode (also 35 um laminate), an electrolyte of a 3:7 mass ratio of
EC to EMC with 1.2M LiPFs, and a 2300 series Celgard separator. Of course, embodiments of
the present invention may be practiced with many other cell configurations.

Embodiments of the present invention demonstrate that simple yet informed direct
current (DC) pulse methods can be used to obtain strategic quantities needed to assess cell
performance over the life of a given cell, and that these quantities are surrogate measures for that

obtained from time-consuming and costly Alternating Current (AC) methods of Electrochemical
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Impedance Spectroscopy (EIS) measurements. Specifically, constant-current pulses (charge and
discharge) applied at current densities in the vicinity of the exchange current density (i,) can
yield a wealth of information regarding the ohmic impedance (Ronmic), the intrinsic charge
transfer impedance (R,), and other interfacial impedance contributions (Rj,, pc) such as that
due to temperature-driven thermodynamic processes occurring at interfacial regions and related
DC capacitive effects.

For short pulses that do not develop significant concentration polarization effects, the

total cell impedance can be represented as:

R R +R¥ = R

ohmic int

+R = R

ohmic ct,app ohmic

+ Rct,o + Rint,DC (1)

total, DC

where for cell operation at normal ambient conditions, the intrinsic charge transfer
impedance (R o) is the likely dominating term, growing appreciably as cells age. Also, Ry, pe
can dominate the total impedance under conditions of low temperature, as has been generally
observed in data for Gen2 18650 cells. Note that here the apparent charge transfer impedance is
defined as the net interfacial impedance.

FIG. 3 illustrates quantities related to electrochemical cell impedance obtained using
Direct Current (DC) techniques. Cell impedance is plotted relative to time over a pulse duration.
As can be seen, the DC impedance 302 increases with increasing time over the pulse duration.
At the beginning the DC impedance 302 is mostly from the ohmic impedance (Renmic) and over
the pulse time the intrinsic charge transfer impedance (R, pc) and other interfacial impedance
contributions (Ri, pc) begin to contribute until the impedance begins to plateau near the total
DC impedance 304 (Rioa1, pc). Herein, short yet mature pulses would typically be on the order of
<20 seconds, wherein dR/dt has fallen to within a minimum target.

FIG. 4 illustrates quantities related to electrochemical cell impedance obtained using
Alternating Current (AC) techniques. Electrochemical impedance spectroscopy (ELS)
measurements were used to obtain a Nyquist plot of AC impedance 402 on the complex plane
between resistance on the x-axis and reactance on the y-axis. Inverted peak 404 indicates a
point where the AC impedance 402 is mostly from the ohmic impedance (Ropmic). Inverted peak
406 indicates where the AC impedance 402 is mostly near a high resistance of (R, ac)-
Between inverted peak 404 and inverted peak 406, the AC impedance may be represented as
substantially a combination of the intrinsic charge transfer impedance (R, ac) and other
interfacial impedance contributions (Riy, ac). In FIG. 4, {Rohmic* = Rohmic + Rofset } and { Regarx. ac

= Riota1, ac+ Roftser } fOr an impedance offset R caused by ancillary equipment (e.g., test

12



10

15

20

25

30

WO 2011/153057 PCT/US2011/038078

cables) that affects EIS measurements in the high-frequency range. Comparing DC ohmic
impedance versus AC ohmic impedance can help isolate the offset term.

FIG. 5 illustrates Arrhenius-type plots to show a comparison of DC-test derived
impedances and AC-test derived impedances for various electrochemical cells relative to inverse
temperature. FIG. 5 illustrates two different Gen2 18650 cells (i.e., Cell 15 and Cell 80) at 60%
SOC. Cell 15 has approximately 50-55% performance fade, while Cell 80 has undergone 20-
24% fade. The DC impedance values were derived from 10 second and 20 second constant-
current discharge pulses. The AC impedance values were derived from EIS data along the right
hand side of the semicircles (i.e., where the where the AC impedance is mostly near a high
resistance of R+ ac). Lines with data points represented with diamonds are for Cell 15 data
and lines with data points represented with circles are for Cell 80 data. Thus, lines 512 and 514
illustrate DC impedance data for Cell 15 at a 10 second pulse and a 30 second pulse,
respectively. Similarly, lines 522 and 524 illustrate DC impedance data for Cell 80 at a 10
second pulse and a 30 second pulse, respectively. Line 518 illustrates impedance derived from
EIS data for cell 15 and line 528 illustrates impedance derived from EIS data for cell 15. As
noted in FIG. 5, the pulse conditions are assessed ati < i, (i.e., current density less than the
exchange current density) where the impedance tends to plateau when plotted against the
logarithm of current.

It should be emphasized that the various impedance terms in FIGS. 3, 4 and 5 are not
equivalent between DC and AC modes. For example, the differences shown in FIG. 5 between
AC and DC values are due in part to capacitive or polarization effects in the DC pulse mode, and
because the AC mode of EIS effectively yields a composite or averaged response to alternating
charge and discharge conditions. Seeing that there can be significant differences in such
impedance data, care must be taken not to incorrectly assign an AC term to DC, or visa-versa. A
common “mistake” along these lines is to assume that intrinsic charge transfer impedance is the
same for AC and DC modes (i.e., Reto, ac = Reto, Do), Which cannot be true since charge transfer
must be properly defined for the DC mode in which the cell is being operated (cathodic vs.
anodic process), and can be a function of pulse conditions since exchange current density (i)
can vary over tyu (as seen in FIG. 6) and over temperature (as seen in FIG. 7). The relation
between exchange current density (i,) and intrinsic charge transfer impedance (R ), is given in
equation (20), and is discussed in later sections. It should be noted that R, Ac is a composite
or average charge transfer term over charge and discharge conditions. Fquivalency between

charge transfer impedances for charge and discharge is not assumed, since there can be an
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imbalance in kinetic rates between the two. In fact, the Gen2 cells mentioned herein are known
to be charge limited, and thus have higher charge transfer impedance in the charge mode.

FIG. 6 illustrates total impedance relative to current for various constant-current
discharge pulse durations for an electrochemical cell at -30 °C. The data is for Cell 80 and
illustrates an approximate trend line 610 for exchange current density (i,) over the various
discharge pulse durations.

FIG. 7 illustrates total impedance relative to current for various temperatures for an
electrochemical cell after the first 10 seconds of pulse time. This data is also for Cell 80 and
illustrates an approximate trend line 710 for exchange current density (i,) over the various
temperatures.

In FIGS. 6 and 7 it can be seen that there is more data scatter at low currents and
higher temperatures. This may be due to extremely small voltage drops in those regions, which
in some cases are sub-millivolt and difficult to render with high accuracy given test equipment
limitations. Also seen in FIG. 7 is the linear behavior of the trend line 710 for exchange current
density (i,) for the shown conditions. This can be seen as a valuable relation between exchange
current density (i,) and temperature at a particular elapsed pulse time (here, 10seconds). In
general, such a linear relationship can allow interpolation or extrapolation of exchange current
density (i,) to conditions of interest in a diagnostic setting, such as arbitrary temperature and
pulse duration.

Although there is not a clear equivalency between DC-derived impedance and AC-
derived impedance terms, they do tend to track quite similarly over cell aging. That is, the rate
of aging and how it affects impedance appears to be impacted by similar aging mechanisms
when we compare DC data and AC data. Table 1 shows how well AC impedance values and
DC impedance values track with each other for Gen2 cells 15 and 80 at 30 °C. The data tracks
very close on the relative scale, with respect to both aging and type of impedance method. This
gives credibility to the notion that DC pulse data obtained at low currents in the vicinity of the
exchange current can yield impedance rise (or conductance fade) information that is just as
viable as that obtained via FIS.

Table 1: comparison of impedance ratios obtained at 30 °C for Gen2 cells of different
aging. FIS data was obtained at the RHS edge of the semicircle region of Nyquist plots,

and DC pulse data was obtained after 10-s elapsed discharge pulse time.

Impedance ratio based on aging, Impedance ratio based on AC or DC

given AC or DC approach approach, given cell aging
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EIS: Rceu 15/RC511 80 = 1.843 Cell 80: REIS/RDC pulse = 1.569
DC Pulse: RCell 15/RC511 80 = 1.749 Cell 15: REIS/RDC pulse = 1.489

Because cell performance should be tied to capability under the intended usage mode
(DC pulse conditions), a DC-based evaluation of impedance (or conductance) is preferred over
AC methods, and will be developed herein. Specifically, diagnostic testing analyses done in the
vicinity of the exchange current density (i,) are discussed in the context of evaluating the
influence of cell aging on effective cell conductance. The exchange current density (i) is of
central importance due to its meaning toward the demarcation between reversibility and
irreversibility in electrochemical systems. Cell conductance fade is chosen as the basis instead
of impedance rise since conductance fade is bounded between 0 to 100%, whereas impedance
rise can be large, covering orders of magnitude. All discussion that follows assumes the DC

basis unless otherwise noted, and that DC pulse impedance is derived via Ohm’s Law.

3. CELL PERFORMANCE FADE: DEFINITION AND BASIS
Processes at interfacial regions can collectively govern cell performance, and their net
contribution to impedance is an important metric for cell degradation over cell lifetime.
Specifically, we can define performance fade (PF, not to be confused with power fade) as the
reduction in cell conductance over aging. Since the effective cell conductivity at aging time t is:
1 1 1

= = = 2
K (V) R (D YR (D) R e (0 + RIS () + -+ @

then:

PF(t) = [ Kcell (to) — Kcell Q) J (3)

Keen ()

Thus, whether from AC data or DC data, PF may be defined at a low-current baseline.
PF values in terms of percentage are obtained by multiplying the result of equation (3) by 100.
In order for PF to be applicable to higher current scenarios (e.g., L- Hybrid Pulse-Power
Characterization (HPPC)), the conductance can be scaled to the new current via a recently
developed modified Butler-Volmer expressions (8-BV), which facilitates accurate prediction of
the various impedance components within equation (1) over the pulse timeline.

Details of the modified Butler-Volmer expressions (6-BV) are disclosed in U.S. Patent
Application 12/765,384 entitled “SYSTEMS, METHODS AND COMPUTER READABLE
MEDIA TO MODEL KINETIC PERFORMANCE OF RECHARGEABLE
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ELECTROCHEMICAL DEVICES,” the disclosure of which is hereby incorporated by
reference in its entirety.

PF is primarily comprised of two time-dependent contributions from R gmic(t)

and R} (1) that are scaled relative to the proportion of their contribution to Ry

R, R
PF(t) = PF_,. [ﬂj + PF; [ int j @
Rtotal Rtoml
where the constituent PF terms in the RHS are determined analogous to that of equation
Q)
PP = | Ko () = Koo 0 )
chmic
Kohmjc (to)
net net
pret = | K (o) 7K © ©
int Kjr_::tt (to)

These contributions can be represented along the aging timeline by sigmoidal
functions, allowing prediction of P past the extent of data. Details of sigmoidal functions and
Multiple Sigmoid models (MSMs) are disclosed herein and in U.S. Patent Application
12/571,253 entitled “SYSTEMS, METHODS AND COMPUTER READABLE MEDIA FOR
ESTIMATING CAPACITY LOSS IN RECHARGEABLE ELECTROCHEMICAL CELLS,”
the disclosure of which is hereby incorporated by reference in its entirety.

Furthermore, the 8-BV expressions may be combined with a Generalized
Electrochemical Rate Expression (GERE) based on sigmoidal rate expressions. With this
combination, the GERE effectively trains the modified Butler-Volmer expression (6—BV) in the
pulse time domain, enabling determination of exchange current density as a function of pulse
time, i5(tpuise). The combination of the 8-BV expressions and GERE gives a modified Butler-
Volmer expression with a Generalized Electrochemical Rate Expression (6-BV/GERE).

Each new addition of age-related impedance data over time will enable an updated
regression and re-evaluation of MSM regression parameters, and hence updated and more

accurate predictions of future fade with MSM models for PF of:

n 1 1
PE(t) = E |:2PE:ef,i {E B Wﬂ ;

and then from equation (3) we have:
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K. . (t)—K._ (b
PF t — cell o cell — z 2 PF |- - — 7b
( ) { K () J o |: ref i {2 1 exp{aitbi }j:| ( )

In equation (7), (i) denotes the type of fade mechanism up to n total types, (a;) and (by)
are terms that establish the rate of change over time t (i.e., aging kinetics), and (PF¢ ;) is the
estimated upper boundary of performance fade of the i"™ mechanism under the conditions of the

5  dataset, given a batch system. That is, (a;) is the rate constant and (b;) is related to the effective
order of reaction for mechanism (i). Thus, an MSM enables determination of mechanism-
specific contributions to PF, and predictions of such once the parameters are sufficiently mature
to reflect trends over time. Thus, MSM parameters are specific to cell aging conditions, and so
might vary over aging time if aging conditions change over time. An example of applying the

10  MSM to age-dependent EIS data is given later.

Other useful relationships can be derived to facilitate quantification of various

contributing terms. If impedance of type (i) at time (t) is considered as a sum of the initial

time-zero value and the net increase from (t,) to (t), then total apparent impedance is expressed

as:
15 Ru® = YR = Z(Ri(to)+jt:dRi) = Z(Ri(to){ARi];) ®)
Then:
1 Y
= = R AR
K., (1) ™ (Z( () +[ l)j 9
And:
1 _ 1
R, (t,) R, .
2 ——_— [chl(to)—Kceu(OJ _ Z Z( 1(t0)+[ARllo) (10)
K(:f:ll(to) #
ZRi(to)
Which gives:

>([ax,])
PR(t) = i = (
Z(Ri (t,) +[ AR, 10)

1

Net change in impedance by time tj (11

Total impedance at time t

or:
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PE(t) = k(1) Z( [AR, ]I) (12)

From these expressions, component-wise contributions to conductance fade are now

directly inter-relatable to impedance terms:

U)o araa] szl
R,.(0 R0 R0
0 an

where the terms I, 11, etc. are the fractions of performance fade attributable to distinct

PE() = Y PE(Y =
| (13)

impedance sources. Thus the individual fractions are represented as:

PE(t) = M (14)
' Rtoml(t)

Next, performance fade components can be related to MSM expressions, as per

equation (7):
PE(t) = 4R, Io Zoopp, [+ - — L (= MSM,) (15
i - Rtotal(t) - wef.i | 1_,_6)(1){3'itbj } - i
Lastly, the relative fractional contributions of performance fade are determined by:
PE(t) ' MSM,(t
Jori (O = O = (0 (16)
PE(t) MSM(t)

Thus, it can be seen that MSM results can be used to back-calculate the various AR; (t)

terms, given their time-zero values.

4. CHARGE TRANSFER KINETICS: EVALUATION VIA A MODIFIED BY MODEL

The modified Butler-Volmer expression (6-BV), as mentioned above, is a very useful
and accurate expression establishing a relationship between current and impedance over
arbitrary condition of temperature, SOC, and cell aging. The 8-BV expression (ohmic
corrected) is:

i = i{exp(ee“ %ao Féz_n"hmﬁj - exp(_eeff oo I;(Tn _n(’hm)ﬂ (17)

where 6. is the average effective fraction of electrode surface availability for charge
transfer, a function of temperature, aging, and possibly SOC. The inclusion of Oy is significant
to capturing the influence of the heterogeneous electrode environment in Li-ion systems on the

effective charge transfer kinetics.
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The effective transfer coefficients for anodic (a) and cathodic (c) cell conditions may
be represented as:
a’a = eeff a’a,o and a’c = eeff a’c,o (18)

Apparent charge transfer resistance (with a basis of effective electrode surface

availability 6.¢) may be represented as:

N — Mohmic RT RT
Rct a = - .. = . = . (19)
.app iAo i, Fa, +o)A, 2i nFo B, A,

Intrinsic charge transfer resistance (based on reference condition 8¢ =1, full surface

availability for charge transfer) may be represented as:

R RT _ RT 20)
wo T i Fo,+0)A, ] — |\ 2i,nFp A,

And:
Charge transfer resistance attributed RT |
to mass transfer limitations at critical » = R, = (R, ., — R, /) = (MJ (@ —1}
electrode interfaces (e.g., SEI)

(
21)
Then:
R R
eeff — ct,o — ct,o (22)
Rct, app Rct, o + Rint
Total cell resistance for short pulses (as per equation (1)) may be represented as:
Rtotal = Rct,app + Rohmic = Rint + Rct,o + Rohmic (23)

where it is assumed Joule heating and concentration overpotential are minor or
negligible effects for relatively short pulses.
As mentioned previously, the 8-BV approach (and quantities derived from it) is

extended over the pulse time domain by coupling it with the GERE.

5. GENERAL METHODOLOGY FOR DIAGNOSTIC TESTING EVALUATION OF
PEFORMANCE FADE VIA CELL CONDUCTANCE
The previous discussion has provided a foundation for developing a standard approach
to assess cell conductance over aging, using diagnostic testing to isolate significant terms used to
track various contributions to the aging process. Unless otherwise noted, pulses herein refer to

direct-current (DC) discharge pulses.

19



10

15

20

25

30

WO 2011/153057 PCT/US2011/038078

As stated earlier, the terms “mechanistic level diagnostics” and “mechanistic level
models,” as used herein refer to a diagnostics process for electrochemical cells and a modeling
process for electrochemical cells that are based on analysis and modeling of physical
characteristics of the electrochemical cells. These physical-characteristics-based processes are
different from process that use empirical testing of the electrochemical cells and simply develop
curves that fit the empirical data. However, that is not to say that development of the
mechanistic level processes is necessarily completely devoid of empirical data. Empirical
information may be used to verify that mechanistic level models are properly modeling physical
characteristics of the electrochemical cells and, in some cases, empirical information may be
used to train and refine the mechanistic level models.

FIG. 8 shows results of a method for estimating physical characteristic of cell
conductance over aging for a cell based on empirical information from three constant-current
pulses that bracket exchange current density (i,) per data trends. The exchange current density
(i) per data trends may be derived from observed data, such as that of FIG. 9.

FIG. 9 shows total impedance relative to current after 4-second discharge pulses for
cell 14 (open symbols) and cell 80 (closed symbols) at different temperatures. The position of
exchange current density (i) may be approximated by the location of inflection in each curve (as
illustrated in FIG. 6), and is seen to trend to lower values for higher cell aging.

The procedure for estimating the cell conductance is summarized below as the
following acts:

1. Start by a thorough initial (beginning of life, BOL) characterization of cell kinetic
performance at the temperature(s) and SOC(s) of interest, performing 10 to 20-second
pulses at numerous currents so as to accurately determine the magnitude of exchange
current density (io), as per FIGS. 6 and 9. At least two temperatures are suggested to
establish an Arrhenius trend-line for each cell.

2. A 6-BV model regression (equation (17)) on ohmic-corrected data will yield the value of
exchange current density (i,) at BOL, i, por, and effective electrode surface availability
(Besr) for a cell at particular conditions of temperature, SOC, charge or discharge, aging,
and elapsed pulse time. It has been observed in previous Gen2 18650 cell data that
effective electrode surface availability (O.g) is largely invariant of pulse time, unlike
exchange current density (i,).

3. Calculate the intrinsic charge transfer impedance (R ,) through equation (20).
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4.

10.

11.

Perform pulses at various currents relative to exchange current density at BOL (i, sor.),
such as 0.5, 2, and 4 times i, por. FIG. 8 shows three points (A, B, and C) for a new cell
using pulses at 0.5, 2, and 4 times the exchange current density at BOL (i, por) 810. A
plateau region 812 is derived based on the current pulse data (A) that is less than i, por.
810. A linear region 814 is derived as a line between current pulse data (B and C) that
are greater than i, por. 810. The intersection point 816 of the two lines (812 and 814) is
found and its offset relative to i, gor, 810 is noted. The offset should be defined as a
factor slightly greater or lesser than unity, denoted f .

Determine Rqpmic by extrapolating one or more of the pulse conditions in act 4 to zero
pulse time.

After a prescribed amount of cell aging (taging,1), T€peat act 4, using currents A, B, and C.
Determine Rqpmic by extrapolating one or more of the pulse conditions in act 4 to zero
pulse time.

The intersection point of the two linear regions is the approximate location of exchange
current density (i), which mathematically gives io(taging,1) 820:

R, — (Ropmie T Reto
%(log(ic)flog(i]a))
c~Rp

L (Cging) = o Inax 10 for first aging analysis

24)

where i,y is the current density at which Ry, equals the sum of Ropmic and R o,
indicating that the mass transport contribution of impedance (beyond that which is due to
intrinsic charge transfer kinetics) is effectively zero, as discussed in U.S. Patent
Application 12/765,384. Note that in cases where conditions A, B, and C produce very
+ R

similar impedance values where R, = R; = R.= R the above

ohmic ct,0?

expression yields i_(t f . .1 ,indicating that a cell is operating under

agjng,l) offset “max *
largely reversible conditions within the range of conditions under consideration. Lastly,
since many terms in equation (24) are sensitive to pulse duration, then a consistent basis
must be maintained for pulse duration for this analysis over the life of a cell.

Perform pulse at io(taging,1) t0 determine voltage drop and impedance at this condition.
Using equation (17), determine value of effective electrode surface availability (O.¢) at
this point of aging by setting i=i, , and utilizing the voltage drop from act 9 to solve

iteratively for Q.

Using equation (20), calculate the intrinsic charge transfer impedance (Reio) at taging1-

21



10

15

20

25

30

WO 2011/153057 PCT/US2011/038078

12.

13.

14.

15.

16.

17.

18.

19.

After a second aging period, perform pulses at various currents relative to io(taging,1) 820,
such as 0.5, 2, and 4 times 1o(taging,1) 820. FIG. 8 shows three points (A’, B’, and C') for
the aged cell using pulses at 0.5, 2, and 4 times io(taging,1) 820. A plateau region 822 is
derived based on the current pulse data (A’) that is less than i(taging,1) 820. A linear
region 814 is derived as a line between current pulse data (B’ and C’) that are greater
than io(taging,1) 820. The intersection point 826 of the two lines (822 and 824) is found
and its offset relative to iy(taging1) 820 is noted.

Determine R, by extrapolating one or more of the pulse conditions in act 12 to zero
pulse time.

Calculate the exchange current density for the second aging period as:

Ry — (Romie +Recor
M(log(icv)fbg(ig))

L (tgng2) = Fogreer Lpax 10 (Re~Rar) for second aging analysis

(25)

where terms marked with an apostrophe () represent the second (or successively greater)
aging period. Equations (24) and (25) could alternately be stated in terms of current
instead of current density. Current (I) is obtained by multiplying the current density (i)
by the electrode surface area (e.g., I, =i, *A).

Perform pulse at io(taging2) to determine voltage drop and impedance at this condition.
Using equation (17), determine value of 6 effective electrode surface availability (6.¢) at
this point of aging by setting i=i, , and utilizing the voltage drop from act 15 to solve
iteratively for Oeg.

Using equation (20), calculate the intrinsic charge transfer impedance (R) at tyging 2,
denoted R .

Repeat acts 12-17 for successive aging periods, noting the change in key quantities over
aging, such as io, Retos Rint, Riotal, Rohmics Oef, €LC.

Utilize MSM and related expressions to track and predict conductance fade (e.g.,
equations 7, 15, and 16). The basis for conductance fade recommended herein is the
change in cell conductance (inverse impedance) at the exchange current density (i,) over
cell aging, using consistent conditions of temperature, SOC, charge or discharge, and
elapsed pulse time. A significant parameter here will be temperature, since it might
prove difficult to consistently perform in-situ diagnosis of cells within a vehicle pack at a
precise temperature. Thus, a family of temperatures or a reasonable temperature

correlation (Arrhenius) can be used.
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20. Utilize 6-BV as needed to assess impedance at arbitrary pulse conditions, based on the
exchange current and 6.4 as f(aging). As an example, the impedance related to an
arbitrary HPPC pulse can be evaluated as f(aging).

As seen in IIG. 9, in cases for cells having low impedance at the diagnosis
temperature, the behavior of impedance over log(current) will be more of a straight line instead
of the rendering given in FIG. 8. In such cases, and for relatively short pulses, note that:

R,.,= R

total =

+ R

ct,o

(26)

ohmic

which implies that Ry is negligible at such conditions. Thus, intrinsic charge transfer
impedance (R ) is easily found from equation (26), and exchange current density (i) is then
determined via equation (20). Implied under such conditions are; (1) intrinsic charge transfer
impedance (R ) might be seen as largely invariant over pulse time until other factors come into
play (e.g., concentration polarization and joule heating), and (2) exchange current density (i)
might be relatively high, might not vary much over pulse time, or might be both relatively high
and not vary much over pulse time.

Also of note from FIG. 8, exchange current density (i,) decreases over cell aging, thus,
intrinsic charge transfer impedance (R ) will increase over cell aging. Comparisons of
parameters over the various tagin, times should be performed at the same conditions of
temperature, SOC, and tyue. The magnitude of the impedance terms shown in FIG. 8 may be
exaggerated in some cases (e.g., ambient temperature), but not other cases (e.g., low

temperature).

6. OTHER OBSERVATIONS AND EXAMPLES

From FIG. 5 it becomes apparent that by matching the elapsed pulse time to some
scale of the inverse frequency at the right-hand-side edge of each semicircle (FIG. 4), it might be
possible to line up the AC and DC curves more closely, making it possible to construct essential
features of a Nyquist plot based on DC pulse data. Comparing the AC and DC-based curves in
FIG. 5, this process would involve looking at shorter pulse data at higher temperatures, and
longer pulse data at colder conditions. The square-root of inverse frequency found at the EIS
RHS edge of each semicircle region (FIG. 4) was used for this adjustment, and results are given
in FIG 10.

FIG. 10 is an Arrhenius-type plot showing a comparison of impedance plots for total
AC real impedance at the EIS RHS edge of the semicircle region versus the DC discharge pulse

total impedance obtained at the time basis of square-root of inverse frequency found at the EIS
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semicircle edge. In FIG. 10 it can be seen that the AC and DC pulse curves align in close
agreement once this “adjustment” is made in the DC pulse time basis.

FIG. 11 illustrates the square-root of inverse frequency found at the FIS semicircle
edges for cells 15 and 80. Taken with FIG. 10, such linear behavior infers it should be possible
to construct EIS-type quantities over temperature based on well-designed DC pulses.

FIG. 12 is a plot of inverse frequency at EIS semicircle RHS edge as a function of
cycle-life aging for Gen2 cell 14. Of particular significance is the strong linear correlation of
SQRT(1/freq) (1210) over test time. 'This strong correlation is further evidence for the relevancy
of the SQRT(1/freq) basis. The linear behavior is clearly seen by trend line 1220 approximating
the behavior of the SQRT(1/freq) (1210). A plot of 1/frequency 1230 is given for comparison,
which gives a much poorer linear trend 1240. The linear results of FIG. 12 demonstrate a
powerful tool for predicting the appropriate frequency over cell aging, and thus, predicting the
elapsed low-current pulse time that would be necessary to estimate EIS-type parameters for
impedance, as discussed in FIGS. 10 and 11. Because EIS is an AC technique, the square-root
approach to inverse frequency yields what is effectively a geometric mean of time required to
produce an analogous impedance under a DC pulse. In FIG. 12 plateaus are seen in the data
since FIS protocol makes use of a matrix of discrete frequencies. Thus, the true frequency of
interest could be above or below a given plateau, giving a profile very close to the shown linear
trend.

In practice, the slope of the linear trend 1220 would be related to a particular cell
chemistry’s bulk degradation rate under specific aging conditions. From linear analysis we can
then formulate an accurate estimate for the DC pulse time required to render an analogous

impedance at a specified amount of cell aging:
toe = 1/ Treq(ty,,) = 1/ freq o +m, t,, @7)

again, where the connection to the geometric mean of AC response is assumed.

Initially, the slope term (mg.q) can be estimated from historical data from similar cell
chemistries, then updated with periodic EIS measurements. According to FIG. 12, the slope for
the Gen2 chemistry is accurately established early on, and only needs occasional verification

later in test time. Application to other cell chemistries should see some degree of similarity.

7. CASE STUDY: APPLYING THE MSM TO CONDUCTANCE FADE DATA FROM EIS
MEASUREMENTS
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The robust utility of the MSM as applied to conductance fade (equation (7)) is now
demonstrated here for averaged EIS data taken for Gen2 18650 cells cycle-life tested at 60%
SOC and 25 °C. The RHS edge of the semicircle region is the demarcation used to quantify the
real impedance (and inversely, real conductance) of the cells up to the start of the Warburg
region. Based on the beginning of life conductance, the conductance fade was tracked over cell
aging.

FIG. 13 illustrates average conductance fade 1310 based on EIS semicircle RHS
edge, for Gen2 cells cycle-life tested at 60% SOC, 25 °C. MSM results are included, showing
high fidelity and exceptional model accuracy. Shown also is re-plotted data 1320 if a small
impedance offset is accounted for that is related to non-cell contributions to high frequency
responses.

A multi-component MSM form was applied to the conductance fade data 1310 in
accordance to the plausible impedance sources (equations (1) and (23)), and the regression
results are shown as line 1330. A four-component model is used, which includes an ohmic
contribution (A), two SEI-specific contributions (chemistry/electronic B and physical/structure
(), and the contribution from the intrinsic charge transfer resistance (Rq,)(DD). The splitting of
the conductance fade into ohmic and interfacial contributions is supported by the observed
impedance growth rates in the original EIS Nyquist plots, which showed that the interfacial
impedance growth rate is variable within different ranges of reference performance tests,
indicating more than one fade mechanism at work. Initial interpretation of the MSM results is
that the ohmic component is a minor contributor to fade overall, while the interfacial
mechanisms could be due to changes in SEI chemical, structural, and physical properties, and
the effective charge transfer kinetics. A detailed discussion of these mechanisms is given below.
It may be important to allow for such distinct mechanisms since it is valuable to determine the
interplay or interdependence between charge transfer kinetics and SEI properties. Note that
although EIS data was used in this example, the MSM is equally applicable to conductance fade
data from DC pulse data, such as that derived from hybrid pulse-power characterization (HPPC)
testing (see FIG. 15), or power fade data (FFIG. 16), making it amenable to common performance
data.

Toward understanding aging mechanisms as they pertain to cell conductance, the
segregation of charge transfer impedance (Ry) and SEI contributions to the overall interfacial
impedance is important in understanding the interplay between these terms. It is asserted here

that there are at least four primary impedance terms that impact cell conductance and its change
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over aging time: IR ohmic drop (Repmic ), SEI impedance due mostly to near-term inorganic
chemical reactions and related changes in electronic properties (Rsgr chem /electronic OF Rsgr1 ) » SEI
impedance due to long-term polymerization reactions and related physical/structural changes of
the SEI (Rsgr, phys./struciure O Rsrr2), and the intrinsic charge transfer impedance as evaluated at the
exchange current density (Ro). Here, the effective charge transfer impedance is broadly
defined as a summation of these last three terms:
Reer = Rego+ Rspr1 + Rsprp = Rig (28)
and then as before:
Riotal = Rohmic + Reteft

for situations where concentration polarization contributions are not significant. FIG.
13 provides a rendering of the relative contributions of these terms regarding the conductance
fade of Gen2 Li-ion cells cycle-life aged at 25 °C and 60% SOC. Again, conductance fade in
FIG. 13 is based on EIS data, where the right side semicircle edge was used as the furthest
demarcation of real impedance. MSM-based expressions yielded results for the constituent
curves (A, B, C, D) and their sum is the “Total” curve (i.e., average conductance fade 1330) as
indicated (see equations (7) and (15)).

First, it is viable to assert that the nature of the SEI chemical, physical, electronic,
rheological, and morphological characteristics should have an influence on the effective charge
transfer rate (R ) experienced at the electrode surface. The Ry . term and the charge transfer
rate related thereto should be dependent on SEI contributions since the rate of lithium transport
to the electrode surface is dependent on SEI properties. The magnitude of this influence is a
significant issue: there can be conditions under which SEI films have lesser impact on the charge
transfer rate, such as when a cell is relatively un-aged and the SFI films are less resistive. Under
this scenario, the intrinsic charge transfer rate could be slower than the lithium transport through
the SEI. However, as the SEI changes over time through growing thicker, growing more
ionically resistive, or becoming less porous and more tortuous, the charge transfer process will
be more affected by the nature of the SEI and Ry ¢ will correspondingly increase. This effect is
seen in FIG. 13, where the SEI attributed mass-transport contribution from Rgpr; (curve B) is
initially higher than that of R, (curve D), eventually reaching a plateau after about 40 weeks.
This trend is in complete agreement with capacity fade model results for these cells that showed
initial lithium loss occurred at an initially high rate. Such lithium consumption in the SEI during
initial periods will most likely lead to the formation of highly resistive films composed in part of

inorganic lithium compounds such as LiF, and hence could dominate early conductance loss in
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some cases. The conductance losses attributed to the other terms intrinsic charge transfer
impedance (R,) and Rgpr» (curve C) are seen to lag behind the first SEI contribution until about
60 weeks, whereupon they experience a more noteworthy increase for the remainder of testing.
The trending seen in curves C and D infers that there is some degree of dependency of intrinsic
charge transfer impedance (R ) on Rgpro . The increase in performance loss due intrinsic
charge transfer impedance (R,) is due to the cumulative effects of higher Rgpy, reduced surface
conduction due to reduced surface availability (fewer surface ingress sites as a result of surface
fouling by side reactions or altered SEI structure), fewer intercalation sites, etc. Therefore, the
intrinsic charge transfer impedance (R ,) term appears to carry with it some aspects of SEI
properties encompassed by Rspr» , such as the change of SEI porosity, tortuosity, and surface
morphology over time. Hence, the charge transfer rate and SEI characteristics may be
intractably linked.

Thus, to summarize complex dynamic aging mechanisms as they pertain to cell
conductance, the primary bulk mechanisms appear to be; (1) increase of cell ohmic resistance,
(2) early increase in SEI impedance due largely to LiX compound formation (prolonged
formation process), (3) slow but steady increase in SEI impedance due to long-term
polymerization reactions, SEI structural changes (such as thickening, changes in porosity and
pore dimensions), and changes in surface morphology, and (4) resultant or dependent increase in
intrinsic charge transfer impedance (R.,) due to a number of factors that affect effective
movement of lithium toward sites of charge transfer and subsequent insertion. From FIG. 13 it
is determined that the theoretical thermodynamic maximum extent of conductance loss for the
test conditions listed is about 64%, assuming no additional mechanisms later in testing and no
further significant higher order interactions between mechanisms.

The aspect of rate-limiting processes or conditions residing at key interfacial regimes
such as the SFI is a correct kinetic interpretation of rate processes of reactions occurring in
proximity to such interfaces. It is important to note that the same mechanisms addressed in the
MSM capacity fade model have bearing on cell conductance behavior over time: loss of
available ionic lithium, and loss of active available intercalation sites (i.e., loss of “active
material”). Within these two bulk mechanisms reside numerous sub-contributions that yield the
effective observed behavior.

Using MSM-based data regression it is possible to determine the initial impedance
rise at the SEI due to lithium consumption, since it is intuitively correct to suggest that inorganic
chemical reactions involving a plentiful reactant (lithium) will occur more rapidly than processes

that involve polymerization reactions and corresponding physical changes to the SEI. The
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intrinsic charge transfer impedance (R.,) cannot be clearly segregated from the term that
reflects physical and structural changes to the SEI over aging unless there are other independent
data or models that address the relative proportions of these R, and Rgpr» contributions over
cell aging. That is, by using a single model, data of the type in FIG. 13 do not directly allow
determination of such “nested” contributions without introducing undue arbitrariness into model
parameters.

However, it was determined that a combination of independent models (i.e., MSM
and 6-BV (kinetics model)) provides synergy in isolating the relative contributions for the
foremost mechanisms mentioned above.

FIGS. 14A and 14B illustrate term-wise impedances for Gen2 18650 cell 14 (55%
power fade) and Gen2 18650 cell 80 (20% power fade), respectively, after 4-s discharge pulses,
as determined by the 8-BV model. Two current conditions are shown (exchange current density
and 3Amps), and eight temperatures are covered.

For FIG. 13, DC discharge pulse data per FIGS. 14A and 14B were used to verify the
split between R, and Rgpy, for the two aging conditions represented by cells 14 and 80. The
terms of interest in FIGS. 14A and 14B are the “true electrode R, and the difference (R -
R.,o), which represents the mass transport net impedance term for the SEI. These terms were
obtained through the 8-BV kinetics model analysis of pulse data, and the data used here was
derived at the exchange current density (i), which makes the application of 6-BV more relevant
to low-current EIS analysis. To demonstrate, from analysis of FIGS. 14A and 14B at the
temperature of interest, 30 °C, it is determined that between approximately 22 and 56 percent
total conductance loss (representing the range between cells 14 and 80), the SEI-based mass
transport impedance accounts for about 40% of the change in conductance within this range,
subtracting ohmic effects. This change corresponds to an increase of 12% total conductance
fade attributable to Rgpr»  and yielding an 18% increase attributable to R, over this range of
conductance fade. Thus, from DC analysis of the 6-BV model we can surmise the relative split
between these fundamental impedance sources and their corresponding affect on cell
conductance loss. This split will differ slightly from results obtained from DC charge pulse data
(relative to DC discharge pulse data), and the averaging of DC charge and discharge data at the
relevant set of (T, SOC, aging) would give the split of terms very close to the truth for AC data
represented in FIG. 13. To be remembered is the often unclear comparison between AC and
DC-based data, since the AC-based EIS data is a composite between alternating charge and

discharge conditions. The comparison can be further complicated when differing ohmic
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impedances emerge between AC and DC methods due to different test lead configurations, cell
connections, cell holders, etc.

FIG. 15 illustrates average conductance fade based on EIS semicircle RHS edge
versus L-HPPC for Gen2 cells cycle-life tested at 60% SOC and 25 °C. MSM results for the
HPPC case would be similar to that of EIS data in FIG. 13, showing ochmic and multiple
interfacial contributions. It can be seen that AC and DC-based data for conductance loss show
very similar trends over time, adding plausibility to a comparative basis.

A final comment is warranted regarding the relative contributions of intrinsic charge
transfer impedance (Re,) and Rgpyper (i-€., Rspri + Rspro) over pulse time (not aging time) in a
DC context. From 6-BV model analysis of short pulse data it is evident that the relative
percentages of R, and Rgpynee Within Ry remain fairly consistent over pulse time. This is
significant knowledge since pulses of arbitrary duration can be used to evaluate the split between
these essential terms. Using shorter pulses or pulses of convenient duration will enable quicker,
more adaptable diagnostic protocol to be employed within battery diagnostic and monitoring
devices.

In practice, the DC-based pulse methods disclosed herein are best implemented under
controlled conditions whereby temperature and SOC can be maintained within tight tolerances
to reference values, or at least minimally variable. This will insure the characterization of
performance fade has a consistent basis over the service life of the cells. Characterization
should then be reserved for “off-duty” conditions such as when a PHEV or HEV is plugged in or
parked at night, and a diagnostic protocol can be fully executed without interference from duty
cycle conditions. Finally, it should be stressed that since conventional batteries such as Li-ion
are designed to operate in the DC mode, then a DC characterization basis is more relevant and
preferred over AC techniques, since a robust DC method will properly account for the
polarization effects due to current and also render differences between types of pulsing (constant

current vs. constant power) and pulse mode (charge vs. discharge).

8. POWER CALCULATIONS AND PREDICTIONS

Cell conductance has a principal and direct influence on attainable power, where both
decrease over the life of an electrochemical cell. It has been demonstrated in U.S. Patent
Application 12/765384 entitled “SYSTEMS, METHODS AND COMPUTER READABLE MEDIA
TO MODEL KINETIC PERFORMANCE OF RECHARGEABLE ELECTROCHEMICAL DEVICES”
that one of the primary quantities predicted by the 6-BV model is the voltage drop over pulse
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time, given various aspects of cell conditions (temperature, current, SOC or beginning voltage,
state of cell aging, etc.). This capability lends itself to direct calculation of available power,
based on the voltage drop. If we maintain constant current conditions then we have power as a
function of pulse time:
P =1 [Vs
then
Py (1)

tart AV(t) - Vm_in]

I[[V)-V,] (29)

Alternately, defined through impedance and conductance terms
P = (Vg — V) -TAR()

start
or
Pava.iL(t) = I (Vstart - Vrmn) - Iz (Rtotal(t) - Rohmic)
ideal basis power loss
and then
Pt (D = T(V = Vo) = T ((x,00) " = (Kuma) ') (30)

where Vi, is the lowest voltage at which energy is available given the cell chemistry and
design. Clearly, power will decrease over a constant-current pulse. We see the connection here
between the last expression above and the MSM expressions developed earlier involving
conductance terms. Thus, if we train MSM parameters to predict conductance loss due to aging
at given cell conditions (T, I, tpuse, SOC), then we can utilize MSM information to predict power
at those conditions.

If a constant power basis is chosen, then current must be varied (increased) over pulse

time to satisfy this condition:

PavailA = I(t) [Vstart - A V(t) - Vrmn]
then
PavailA I(t) [ V(t) - me] (31)

Alternately, defined through impedance and conductance terms

P = IO(V = Vo) —FOAR(®)
or
P = IV (Vstart - Vmin) - (1) (Rtotal(t) - Rohmjc)
ideal basis power loss
and then
P = 1O (Vi = Vi) = PO((100) " = (Ke) ) (32)
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Achieving constant power pulses involves an iterative scheme whereby the current is
adjusted until the product of current and net available voltage is equal to the target power within
a given tolerance. With this in mind, the 8BV model can be incorporated into an iterative
scheme for determining voltage drops and current requirements for constant-power pulses. For
a given point in pulse time this is done by applying 6-BYV as-is on currents progressing under
iteration, until equation (31) is satisfied for the target power. This procedure is then repeated
over the entire range of pulse time. Such a capability is of significant value to most applications
involving relatively high power requirements at well-defined levels such as vehicle and power
tool applications.

However, an equivalent iterative approach using MSM to predict all relevant
conductance terms over pulse time is not practical. Yet, we could combine 6-BV and MSM-
based expressions for available power to determine K (t) that could then be used to develop a

library of MSM parameters over strategic or reference pulse time values (tyf)

!
PavailA = I(tref) [ V(tref) - Vm_m] = I(tref) (Vstaﬁ - Vm_m) - Iz(tref) ((Ktotal (tref ))71 - (Kohmjc )71 )
which gives
I(t,,)
Koora (Lot ) — constant power case (33)
I(tref) A\](tref) + I (tref) / Kohm_ic
while for constant current operation we have
IZ
K (teg) = constant current case (34)

IAV(t,) + P/ K e
If loss of power over cell aging is an important performance metric, then the condition
under which power is evaluated should be standardized. This typically involves setting the
temperature, SOC, power goal or available energy (or corresponding representative average
current for a predetermined minimum pulse duration) and the pulse duration. If we maintain the
basis of exchange current density that was adopted for cell conductance, then the reference

power could be defined as:

P = L) (Vi = Vi) = B0 ((6at)) ™ = ()7 (35)
where t.f can be any short, application-relevant pulse duration that avoids significant
concentration polarization effects. Since both Io(ter) and Kiowi(ter) can markedly decrease over

aging we would expect P™!

avail.

to reflect a sensitive measure of power loss over cell aging for the

critical current region that represents the transition between equilibrium and non-equilibrium
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conditions. Alternate expressions are also attainable and desirable that address application-
specific power and energy goals (e.g., for peak power and continuous power of batteries in
hybrid-type vehicles), making it possible to assess power fade over aging with respect to device
performance demands.

To summarize, the -BV model can be easily adapted to scenarios of constant current
or constant power cell operation, and can help train MSM parameters for predicting conductance
fade at particular yet arbitrary cell usage conditions. This permits forecasting of achievable
power over literally any performance and aging conditions of interest. The interplay between
MSM (conductance) and 6-BV models is summarized as follows:

O The MSM estimates when a given level of PF will occur along the aging timeline, and
by what proportion of constituents. This is to be evaluated at a well-defined reference
condition (e.g., exchange current density) that maintains viability throughout the life of
the electrochemical cell.

O 0-BYV gives the exchange current density, various impedance terms, thermodynamic
evaluation, etc. over the pulse time domain at the PF value of interest gained from the
MSM.

O The 6-BV can then be used to train MSM parameters to consider aging trends for
arbitrary conditions aside from the reference condition.

O Taken together, kinetic performance and available power over the aging timeline is made
possible by the predictive framework of the MSM, as related to cell conductance loss.
Thus, direct evaluation of power loss or “power fade” over time is an ancillary benefit of
the modeling method.

Therefore, if the 8-BV model is coupled with the MSM to establish cell aging over
time (performance fade with respect to cell conductance), then it could be determined at what
point in aging time a cell would no longer be able to deliver the requested power. This
capability has direct application to warranty issues and predicting when batteries should either
be removed from primary service and placed in a secondary role (e.g., vehicle-to-grid), or
constrained to operate only under lower-power conditions. This will enhance battery
management and safety since cells no longer able to meet power goals will not be pushed into
conditions that could result in failure in terms of total loss of performance or thermal runaway.

Since electrochemical cell power is a distinct performance measure that diminishes

over time, then the MSM approach can be applied to track and predict the fractional power loss:
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Power loss — n 1 1
O o[ B ZPO N o, 5 - (36)
over aging Pt) i=l 12 1+ exp{ at” }

where the parameters and symbols have their usual meanings. Note that this expression (and
hence, the parameters) is particular to both the aging conditions and the definition of the power
target.

FIG. 16 illustrates an example of using the MSM expression above for power loss,
wherein power fade data (symbols) are shown for the same general type of lithium-ion cells
mentioned previously (Gen2 and its variations) that were aged under cycle-life conditions
defined by a scaled 25 Watt-hour power-assist cycling profile, and at two temperatures. In this
case the MSM evaluation involved two sigmoidal contributions to power fade, hence a double-
sigmoid model (DSM) produced the renderings of power fade trends. The test data was used to
train the DSM parameters, and the predictive power of the DSM is seen after 68, 124, or 140
weeks, depending on the test group. Excellent regressive and predictive capabilities are seen,
e.g., the modeling approach accurately estimates subtle changes in power loss rates as well as
the occurrence of the power loss plateau at around 53 percent for the 25 °C Baseline cells, but no
such plateau as of 200 weeks for the 45 °C Variant C cells. The 45 °C Baseline cells were not
tested past 68 weeks, although their long-term predictions are given. The maximum power fade
limit for both groups of cells aged at 45 °C was determined to be around 65 percent, based on
DSM regression. Overall, these results are encouraging toward developing an advanced
modeling capability that predicts long-term performance once the model parameters have been
sufficiently trained.

Although we should expect the same aging mechanisms shown in FIG. 13 to
influence power losses in FIG. 16 (since the data trends are very similar), the DSM was used for
this example in order to show the utility of the MSM in one of its simpler forms. In general
terms, for the DSM used here the first sigmoid corresponds to curve B in FIG. 13 while the
second sigmoid covers the collective contributions of curves A, C, and D. More sigmoid terms
could be included to elucidate more detail of aging mechanisms (as in FIG. 13), but that level of
evaluation might not always be needed for assessing and predicting performance trends of cell
power.

In practice, the MSM approach would be applied to short-term predictions of
conductance and power loss (say, a month past the most recent data) yielding high confidence
predictions, while also performing long-term predictions (several months past data) to provide

more qualitative trends for the aging behavior.
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9. SUMMARY

The exchange current density (i,) is an appropriate universal quantity whereby to base
cell conductance considerations over arbitrary cell aging, SOC, and temperature. Since
exchange current density (i,) will vary over DC pulse time and can vary between charge and
discharge conditions, exchange current density (i,) should be referenced to the conditions under
which it was obtained. Low-current DC pulses in the vicinity of exchange current density (i,,)
can and should be used to assess cell conductance over aging, quantifying “performance fade,”
denoted PE(t). [See equation (3)].

A 3-point method has been devised to ascertain exchange current density (i) at zero
and increasing cell aging, and interpolate/extrapolate related impedance terms at arbitrary
currents. [See Fig. 8, equations (24) and (25)].

The 6-BV/GERE model can be used to regress ohmic-corrected DC pulse data
upfront or at any aging time to validate values of exchange current density (i,,) and effective
electrode surface availability (0.), then can be used in an updateable prediction scheme to
determine cell impedance at any current for a target pulse duration, given the cell SOC and
temperature. [See equations (17)-(23)]. In addition, the 6-BV/GERE model based on ohmic-
corrected DC pulse data can be used to determine the various cell impedance contributions over
pulse duration, such as Ropmic, Reto, and Rinepe, given the cell SOC and temperature. [See
equations (17)-(23)].

A generalized Multiple Sigmoid Model (MSM) can regress cell performance fade
(PF) data over time, demonstrating extreme accuracy and robustness, and can be used to surmise
rate or kinetic parameters such as rate constants and orders of reaction. [See equation (7)]. The
MSM can be used in combination with the 8-BV/GERE model to elucidate specific
contributions to cell PF over time, yielding related kinetic parameters for the individual
mechanisms. [See FIG. 13 and equations (8)-(16)]. The MSM is equally applicable to
conductance data from EIS-based analyses and conductance fade data from DC pulse data such
as that derived from hybrid pulse-power characterization (HPPC) testing, and power fade data,
making it amenable to common performance data.

The MSM acts to directly link the growth of impedance sources to their respective
conductance fade rates, enabling diagnosis of failure mechanisms and providing a basis toward
mitigating technology weaknesses or limitations. [See FIG. 13 and equations (8)-(16)]. The

MSM can be used to support a predictive PI scheme once the data is sufficiently mature in its
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trending. The 0-BV/GERE model can provide guidance to the MSM in estimating parameter
values for PFg;.

A method based on SQRT(1/frequency) has been shown to render low-current DC
discharge pulse impedances very close to those obtained under AC-based EIS measurements
over temperature, looking at the frequency at the RHS edge of the main semicircle region in
Nyquist plots over cell aging. Thus, intelligently designed DC pulses can act as surrogate
measures for expensive and time-consuming AC techniques, and can provide supporting
information to construct essential elements of complex impedance spectra. [See FIG. 10 and
FIG. 12]. Aging effects for a predictive PIF scheme can be assessed by Arrhenius-type behavior.
[See FIG. 11].

Ronmic 18 easily derived by extrapolating Ry, from pulse data back to time zero.
Performance fade at any “short” pulse condition (generally < 20 seconds for low to moderate
currents, < 10 seconds for higher currents) for any arbitrary current can be determined, including
cases typically ascribed to hybrid-pulse power characterization (HPPC) conditions.
Temperature compensation of significant parameters can be accomplished at least in part by
employing Arrhenius-type relations, allowing a consistent temperature basis (e.g., 30 °C) by
which to evaluate PL.

The generalized MSM architecture is amenable to evaluating power fade of
electrochemical cells. Conductance fade can be used as the basis for determining MSM
parameters for power fade at an applicable power target, or power loss data can be used to train
the MSM parameters.

Thus, embodiments of the present invention provide a self-consistent method to
define, measure, evaluate, track and predict conductance fade (denoted performance fade (PF))
and related quantities such as power fade based on DC pulse techniques and novel modeling
tools. Such a capability would prove invaluable in applications ranging from post facto data
analysis to dynamic real-time cell diagnostic protocol in application such as hybrid electric
vehicles (HEV), plug-in hybrid electric vehicles (PHEV), and electric vehicles (EV), and a host
of other consumer electronics and defense applications. Since most electrochemical cells are
designed to operate in DC mode within their intended application, then a DC-based diagnostic
scheme may be preferred over AC techniques for logistical, technical, and economic reasons.

Although this invention has been described with reference to particular embodiments,
the invention is not limited to these described embodiments. Rather, the invention is

encompassed by the appended claims and their legal equivalents.
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CLAIMS

What is claimed is:

1. A method wherein at least one act of the method is performed by a processor, the
method comprising:
developing a mechanistic level model of an electrochemical cell to determine performance fade
characteristics of the electrochemical cell using:
first constant-current pulses applied to the electrochemical cell at a first aging period and
at three or more current values bracketing a first exchange current density; and
second constant-current pulses applied to the electrochemical cell at a second aging
period and at three or more current values bracketing the second exchange
current density; and
analyzing the mechanistic level model to estimate performance fade characteristics over aging of

a similar electrochemical cell.

2. The method of claim 1, wherein the performance fade characteristics comprise

conductance fade.

3. The method of claim 1, wherein analyzing the mechanistic level model includes
estimating for the similar electrochemical cell one or more of exchange current density, intrinsic
charge transfer impedance, ohmic impedance, interfacial impedance contribution, total

impedance, and electrode surface availability.

4. The method of claim 1, wherein:

the first constant-current pulses comprise current values of about one-half, two times, and four
times the first exchange current density; and

the second constant-current pulses comprise current values of about one-half, two times, and

four times the second exchange current density.

5. The method of claim 1, further comprising using a modified BV expression on

ohmic-corrected data to determine the first exchange current density.
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6. The method of claim 1, further comprising including a rate expression comprising a
multiple sigmoid model in the mechanistic level model to predict future performance fade as a

function of future time.

7. The method of claim 1, further comprising including a modified BV expression in the
mechanistic level model to predict the performance fade characteristics at constant-current

pulses different from the first constant-current pulses and the second constant-current pulses.

8. The method of claim 7, further comprising including a rate expression comprising a
multiple sigmoid model in the mechanistic level model to predict future performance fade as a

function of future time.

0. The method of claim 7, further comprising including a rate expression comprising a
multiple sigmoid model in the mechanistic level model to predict future power characteristics

using future conductance loss characteristics as a function of future time.

10. The method of claim 1, further comprising using constant-current pulses that emulate
alternating current techniques for impedance determination by using pulse durations of the
constant-current pulses corresponding to the inverse-square-root of frequency of the alternating

current techniques.

11. A method wherein at least one act of the method is performed by a processor, the
method comprising:
developing a mechanistic level model of an electrochemical cell to determine performance fade
characteristics of the electrochemical cell using:
first constant-power pulses applied to the electrochemical cell at a first aging period and
at three or more current values bracketing a first exchange current density; and
second constant-power pulses applied to the electrochemical cell at a second aging
period and at three or more current values bracketing the second exchange
current density; and
analyzing the mechanistic level model to estimate performance fade characteristics over aging of

a similar electrochemical cell.
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12. The method of claim 11, wherein the first constant-power pulses and the second
constant-power pulses are determined iteratively by adjusting constant current pulses until the
product of current and available voltage is within a predetermined tolerance of a first target

power and a second target power, respectively.

13. A method, comprising:
developing a mechanistic level model of an electrochemical cell to determine performance fade
characteristics of the electrochemical cell using:
first constant-current pulses applied to the electrochemical cell at a first aging period and
at three or more current values bracketing a first exchange current density; and
second constant-current pulses applied to the electrochemical cell at a second aging
period and at three or more current values bracketing the second exchange
current density;
analyzing the mechanistic level model to estimate performance fade characteristics over aging of
a similar electrochemical cell; and
modifying at least one of a discharge process for, a charge process for, and composition of, the

electrochemical cell responsive to the analyzing the mechanistic level model.

14. The method of claim 13, wherein the performance fade characteristics comprise

conductance fade.

15. The method of claim 13, wherein analyzing the mechanistic level model includes
estimating for the similar electrochemical cell one or more of exchange current density, intrinsic
charge transfer impedance, ohmic impedance, interfacial impedance contribution, total

impedance, and electrode surface availability.

16. The method of claim 13, wherein:

the first constant-current pulses comprise current values of about one-half, two times, and four
times the first exchange current density; and

the second constant-current pulses comprise current values of about one-half, two times, and

four times the second exchange current density.

17. The method of claim 13, further comprising using a modified BV expression on

ohmic-corrected data to determine the first exchange current density.
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18. The method of claim 13, further comprising including a rate expression comprising a
multiple sigmoid model in the mechanistic level model to predict future performance fade as a

function of future time.

19. The method of claim 13, further comprising including a modified BV expression in the
mechanistic level model to predict the performance fade characteristics at constant-current

pulses different from the first constant-current pulses and the second constant-current pulses.

20. The method of claim 19, further comprising including a rate expression comprising a
multiple sigmoid model in the mechanistic level model to predict future performance fade as a

function of future time.

21. The method of claim 19, further comprising including a rate expression comprising a
multiple sigmoid model in the mechanistic level model to predict future power characteristics

using future conductance loss characteristics as a function of future time.

22. The method of claim 13, further comprising using constant-current pulses that emulate
alternating current techniques for impedance determination by using pulse durations of the
constant-current pulses corresponding to the inverse-square-root of frequency of the alternating

current techniques.

23. A system, comprising:
an electrochemical cell;
monitoring hardware operably coupled to the electrochemical cell and configured for sampling
cell characteristics of the electrochemical cell; and
a computing system operably coupled to the monitoring hardware and configured for:
developing a mechanistic level model of an electrochemical cell to determine
performance fade characteristics of the electrochemical cell using the sampled
cell characteristics for:
first constant-current pulses applied to the electrochemical cell at a first aging
period and at three or more current values bracketing a first exchange

current density; and
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second constant-current pulses applied to the electrochemical cell at a second
aging period and at three or more current values bracketing the second
exchange current density; and
analyzing the mechanistic level model to estimate performance fade characteristics over

aging of a similar electrochemical cell.

24, The system of claim 23, wherein the computing system comprises a memory for storing
computing instructions and a processor operably coupled to the memory and configured for
executing the computing instructions to carry out the acts of developing a mechanistic level

model and analyzing the mechanistic level model.

25. The system of claim 23, wherein the computing system is further configured for

providing:

the first constant-current pulses with current values of about one-half, two times, and four times
the first exchange current density; and

the second constant-current pulses with current values of about one-half, two times, and four

times the second exchange current density.

26. The system of claim 23, wherein the computing system is further configured for
including a rate expression comprising a multiple sigmoid model in the mechanistic level model

to predict future performance fade as a function of future time.

27. The system of claim 23, wherein the computing system is further configured for
including a modified BV expression in the mechanistic level model to predict the performance
fade characteristics at constant-current pulses different from the first constant-current pulses and

the second constant-current pulses.

28. The system of claim 27, wherein the computing system is further configured for
including a rate expression comprising a multiple sigmoid model in the mechanistic level model
to predict future power characteristics using future conductance loss characteristics as a function

of future time.

29. The system of claim 23, wherein the computing system is further configured for using

constant-current pulses that emulate alternating current techniques for impedance determination
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by using pulse durations of the constant-current pulses corresponding to the inverse-square-root

of frequency of the alternating current techniques.

30. A computer-readable medium including computer-executable instructions, which when
executed on one or more processors, perform the acts comprising:
developing a mechanistic level model of an electrochemical cell to determine performance fade
characteristics of the electrochemical cell using:
first constant-current pulses applied to the electrochemical cell at a first aging period and
at three or more current values bracketing a first exchange current density; and
second constant-current pulses applied to the electrochemical cell at a second aging
period and at three or more current values bracketing the second exchange
current density; and
analyzing the mechanistic level model to estimate performance fade characteristics over aging of

a similar electrochemical cell.

31. The computer-readable medium of claim 30, further comprising computer-executable

instructions for instructing a charge circuit to provide:

the first constant-current pulses with current values of about one-half, two times, and four times
the first exchange current density; and

the second constant-current pulses with current values of about one-half, two times, and four

times the second exchange current density.

32. The computer-readable medium of claim 30, further comprising computer-executable
instructions for including a rate expression comprising a multiple sigmoid model in the

mechanistic level model to predict future performance fade as a function of future time.

33. The computer-readable medium of claim 30, further comprising computer-executable
instructions for including a modified BV expression in the mechanistic level model to predict the
performance fade characteristics at constant-current pulses different from the first

constant-current pulses and the second constant-current pulses.

34. The computer-readable medium of claim 33, further comprising computer-executable

instructions for including a rate expression comprising a multiple sigmoid model in the
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mechanistic level model to predict future power characteristics using future conductance loss

characteristics as a function of future time.

35. The computer-readable medium of claim 30, further comprising computer-executable
instructions for using constant-current pulses that emulate alternating current techniques for
impedance determination by using pulse durations of the constant-current pulses corresponding

to the inverse-square-root of frequency of the alternating current techniques.
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