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ELECTROCHEMICAL CELL DIAGNOSTIC SYSTEMS AND METHOBDS

USING SECOND ORDER AND HIGHER HARMONIC COMPONENTS

CROSS-REFERENCE TO RELEATED APPLICATION(S)

{001] This application claims the benefit under 35 US.C. § 119 of the carlier filing
dates of US. Application Serial Numbers 62/131,698, filed March 11, 2015, and
62/280,6106, filed Januarv 19, 2016. The entire contents of the afore-mentioned priority

applications are hereby incorporated by reference in their entirety for any purpose.

STATEMENT REGARDING RESEARCH & DEVELOPMENT

1002} This imvention was made with government support under contract
P200A 120023 awarded by the U.S. Department of Education and under contract DGE-
1258485 awarded by the National Science Foundation. The government has certain
rights in the invention.

TECHNICAL FIELD

1003} Examples described herein relate to diagnostics for electrochemical cells and

includes examples of nonlinear analysis for batteries.

BACKGROUND
004} Energy storage has the capability to dramatically reduce global greenhouse gas

cmissions by fundamentally changing the way cnergy is delivered and consamed,
mcluding by the transportation scctor and electric utiliies. To date, battery
implementation in our vehicles and electric gnd has been slow and himited to a fow
carlier adopters willing to pay a premium over other technologies. Today, batterics are
discarded prematurely and operated under overly conservative protocols due to limited
mtormation on the health of the battery.

1003] The true benefits of energy storage are still severely hmited by high costs as
batteries remain a major expense for utilities and car manafacturers. Moreover, despite
their significant cost, batteries are not currently used to thewr full potential in 2
mdimentary cffort to prolong their useful life and avoid unsafe conditions that can

result in catastrophic events. For example, electric vehicle (EV) batieries are often
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replaced when their capacity (and thus the vehicle’s driving range) decreases to a
maximum of 70%. Although these batteries may no longer be suitable for EV use, their
remaining capacity offers a significant value that is currently unrealized in the market.
Recyching the mdividual cells 15 an option; however, it is difficult to eoxtract
components that still have value. There are also environmental impacts from discarding
and recycling batteries such as release of process gasses nto the atmosphere as well as
other toxic chemicals that must be dealt with. Ensuring that cach battery is used to its
full potential can reduce the environmental burden of mamufacturing and recycling
additional batteries.

{006] Implementing cost effective energy storage is difficult in past due to a lack of
information about the asset itself. It 15 difficult to get quality data related to the health
of batteries. Despite the complexity and safety concerns associated with lithium ion
batteries, current technologics use relatively simplistic methods of estimating critical
battery parameters and information. This inaccuracy leads to large safety marging and
poor application of optimization protocols contributing to high cosis and uncertamty
about remaming useful ife. This uncertainty makes 1t difficult {o resell a used electrical
vehicle battery to a secondary market since the buver has no assurances about the

quality of the system.

SUMMARY

{007] Examples of methods are described herein.  Some example methods include
stimulating non-lincar modes of at least one clectrochemical cell using a stimulus
having a stimulus frequency and detecting a response of the at least one
electrochemical cell. A response frequency of the response may be a second or greater
harmonic of the stimulus frequency. Based, at least in part, on the response, methods
may include displaying an indication of an mtcmal state of the at least one
clectrochenucal cell.

{008} In some examples, displaying the indication of the internal state comprises
displaving an indication of degradation. The indication of degradation may inchude an
indication of asymmetry in a charging and discharging behavior of the at least one

electrochemical cell.

[V
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1009} In some examples, the stimulus frequency 1s selected to be above frequencies at
which thermodynamic relationships and slow mass transfer dominate the response.
{019 In some examples, displaying the indication of the internal state of the at least
one clectrochemical cell may include displaving an indication of degradation when the

response exceeds a threshold magnitude.

{611} In some examples, the at least one clectrochemical cell comprises a hithium ion
battery. In some examples, the at least one ¢lectrochemical cell comprises a battery 1n
an clectric vehicle.  Stumulating the non-linear modes of the at lcast one
electrochemical cell may include applying the stimulus during braking of the electric
vehicle. Stimulating the non-linear modes of the at least onc electrochemical cell may
mclude applying the stimulus using a charging cable of the clectric vehicle.

{0173} In some examples, displaying the indication of the ntemal state of the at least
one electrochemical ccll may include displaying an indication of remaining life of the
at least one electrochemical cell.

{013} In some examples, the at least one electrochenical cell includes a batiery in an
clectric vehicle, and displaying the mdication of the imtemal state of the at least one
clectrochemical cell comprises displaving an indication of estimated range of the
electric vehicle using the battery.

{014 Some example methods further nclude performing a comparison of the
response with clectronic signatares indicative of particular internal states, and wherein

displaving the indication of the internal state is based. at least in part. on the

comparison.
{015} Example electromic signatures may nclude Nvquist plot shapes of a second or

higher harmonic component at different degradation states. The indication of the
nternal state may include an indication of degradation.

{816} Example electronic signatures include thresholds of real impedance of a second
or higher harmonic component at different degradation states. The indication of the
mtemal state may include an indication of degradation.

{017} Example systems are described herein.  An example svstem may include a
signal generator configured to apply a stimulus having a stimulus frequency to at least
one electrochemical cell. ¢ stimulus may be configured to excite at least one non-

linear mode of the at least one electrochemical cell. Example svstems may further
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mclude measurement circuitry configured to detect a response of the at least one
clectrochemical cell to the stimulus wherein the response inclades a second or greater
harmonic component.  Example systems may further include a display device
configured to display an indication of an internal state of the at lecast one
electrochemical cell based, at least in part of the second or greater harmonic component
of the response.

{018} In some examples, the stimulus frequency is selected to be above frequencies at
which thermodynamic relationships and slow mass transfer dominate the response.
{019} In some examples, the at least one electrochemical cell comprises a battery of

an electric vehicle.

{1020 In some examples, the signal gencrator includes a component of a charging
svstem for the electric vehicle.

{621} In some examples, the signal gencrator may be configured to apply the stimulus
during braking of the electric vehicle.

{022} In some examples, the indication of the internal state includes an indication of a
range of the electric vehicle using the battery.

1023} In some examples, the indication of the internal state includes an mdication of
degradation of the battery.

{024] Some example svstems further include a memory configured to store electronic
signatures representative of particolar internal states. Example systems may further
melude at least one processing unit configured to conduct a comparison of the second
or greater harmonic component of the response with the eloctronic signatures. The

mdication of the internal state may be based, at least in part, on the comparison.

025} In some examples, the electronic signatares are derived from empirical data.
{026] Example systems may further include at least one processing unit and a memory

encoded with executable mstructions for modeling that, when executed, cause the at
least one processing unit to model behavior of the at least one electrochemical cell
using parameters for clectrode asymmetry.

{027} In some examples, the exccutable instructions for modeling further include
mstructions for predicting a predicted respounse of the at least one electrochemical cell
and comparing the predicted response with the response, and wherein the indication of

the mtemal state is based, at least in part, on the comparing.



WO 2016/145374 PCT/US2016/022119

1028] In some examples, the executable instructions for modeling further include

mstructions for fitting a model to the response.

BRIEF DESCRIPTION OF THE DRAWINGS

{029] FIG. 1 is a schematic illustration of a system arranged in accordance with

examples deseribed herein.

1036 FIG. 2 15 a Mygust plot of a response of a batiery at several states of
degradation.
{0831 FIG. 3 is a flowchart of a method arranged m accordance with examples

described herein.

{0632} FI1G. 4 illustrates Fourier transforms of a stimulus and response arranged in
accordance with examples described herein.

{033} FIG. 5 iHustrates measured and predicted second order harmonic components of
electrochemical cell responses in accordance with examples described herein.

{034 FIG. 6 illustrates measured and predicted second order harmonic components of

electrochemical cell responses in accordance with examples described herein

DETAILED DESCRIPTION

035} Certain detatls are set forth below to provide a sufficient vanderstanding of
embodiments of the mvention. However, 1t will be clear to one skilled v the art that
embodiments of the invention may be practiced withowt varous of these particular
details. In some instances, well-known circuits, electrochemical cell components and
materials, control signals, timing protocols, and software operations have not been
shown in detai in order to avoid unnecessanly obscuning the described embodiments of
the invention.

036} Examples descnbed herein relate to diagnostics for electrochemical cells {e.g.
batteries) faciliutated by nonhinear responses of the electrochemical celis. Nonlinear
responses generally refer to responses which include second and/or higher order
harmonic components. Generally, an electrochenucal cell {e.g. a battery cell) may be

stimulated with cither an oscillating current or voltage stimulus at a specified frequency



WO 2016/145374 PCT/US2016/022119

{or combination of frequencies) m order to drive a nonlinear response within the
clectrochemical eell.

1037} The nonlincar response is characterized by a response signal containing not just
the fundamental {¢.g. stimulus) frequency, but also integer multiples of the fundamental
frequency {and in some examples the sums and differences between frequencics when a
combination of input frequencies are used.)

{038} Figure 1 is a schematic illustration of a system arranged m accordance with
examples described herein. The svstem 100 includes an electrochenucal cell 102, a
signal generator 104, measurement circoitry 106, a compoting device 114 which may
include one or more processing unit(s} 112 and memory 110, and a display device 108,

{039] The signal gencrator 104 and the measurcment circuitry 106 may be connected
to the electrochenical cell 102, For example, the signal generator 104 and measurement
circuitry 106 may be electrically comnected to one or more electrodes of the
electrochemical cell 102, The signal gencrator 104 may apply one or more stimuli o
the clectrochemical cell 102, and the measurement circuitry 106 may measure a
response of the electrochemical cell 102 to the stimuli,

048] A computing device 114 mav be coupled to the measurement circuitry 106
and/or signal generator 104. The computing device 114 mav mchide one or more
processing unit(s) 112 {¢.g. processor(s), custom circuitry, or combinations thereof) and
memory 110, The computing device 114 may be programmed {¢.g. by encoding the
memory with executable instructions) to perform actions descnibed herein. The
computing device 114 may control operation of the measurement circuitry 106 and/or
signal generator 104 m some examples. The computing device 114 may receive
measurements from the measurement circuitry 106 and/or analvze data received from
the measurement circutry 106,

[041] A display device 108 may be coupled to the computing device 114 and/or to the
measurement circuitry 106, The display device 108 may display an indication of the
mtemal state of the electrochemical cell 102 n accordance with the measurements
taken by the measurement circuttry 106.

1042} Any of a vanety of electrochemical cells may be utilized in svstems described
herein. The electrochemical cell 102, for example, may be implemented using a battery,

such as a hithtum ion battery. The clectrochemical cell 102 may be implemented using a

&
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fuel cell in some examples. Although a single ¢lectrochemical cell 102 is shown m
Figure 1, multiple electrochenncal cells mayv be used in example systems. In some
examples, each electrochemical cell may receive individual respective stimuli and have
a measured ndividual responsc. In some examples, multiple electrochentical cells may
be stimulated together and a combined response received and analvzed as described
herein.

{043} A battery used to implement the electrochemical cell 102 may be an electric
vehicle battery. Generally, clectric vehicles include hybnid’ vehicles which may operate
from time to time on battery power and from time to time using fossil fuels.

{044 The signal generator 104 may apply a stimulus having a stinmilus frequency to
the clectrochenucal cell 102, The stimulus {¢.g. perturbation signal) may be selected to
excite at least one non-linear mode of the electrochemical cell 102, For example, the
stimalus may be a current signal having a particular frequency. In some examples, the
stimulus may be a voltage signal having a particular frequency. In some examples,
multiple stimuli may be provided. For example respective stimulus signals may be
provided, each having a respective freqguency, to obiain a response from the
electrochemical cell 102 across a number or range of frequencies.

045} The stimulus may be selected to excite at least one non-hinecar mode of the
electrochemical cell 102, For example, the stimuius may have an amplitude selected to
elicit second order and/or higher harmonic components in the response. For example, at
low periurbation amplitudes, a largely linear response (c.g. no significant higher
harmonics) may be measured; however, as the perturbation amplitude is increased, the
second and/or third and/or higher harmmonics begin to be distinguishable from the noise
as a function of the perturbation amplitude squared and cobed, respectively.

{046} The stimulus frequency may refer to a frequeney of oscillation of the stimmudus
signal, a periodicity of the stimulus signal, or combinations thereof. Any of a variety of
stimuplus signals may be used including, but not limited to, sine waves, square waves,
tnangle waves, tmpulses, and combinations thercof. In examples where the
clectrochemical cell 102 is implemented as a battery, the stimulus frequency or
frequencies may in some examples be in the range of 10mHz to 10kHz.

{047} The stimulus frequency may be selected to investigate a particular physical

process or processes taking place in the electrochemical cell 102, Bifferent frequencies
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generally may be used to mvestigate processes occurring on different timescales. For
example, at low frequencics, thermodynamic relationships and slow mass transfer may
generally dominate the system; however, as the frequency of the perturbation signal
wmereases, the positive and negative clectrode reaction kinetics and double-laver
capacitances may result in charactenistic responses. Similarly, these time constants may
be reflected in the higher harmonic response as well, allowing methods descnibed
herein 1o resolve the electrochemical cell's intermal state more clearly 1n some examples
than current diagnostic technology based on static current/voltage measurements.

048] In some examples, the stimulus frequency is selected to be outside (e.g. above)
a range at which thermodynamic relationships and slow mass transfer domunate the
response of the electrochemical cell 102, The frequencics at which thermodynamic
relationships and slow mass transter domunate the response of the electrochemical ccll
102 may generally be above 10-100Hz, above 0.3 Hz in some examples, above 1 Hz in
somg cxamples, above 5 Hz in some examples, above 10Hz in some cxamples, above
50Hz in some examples, above 100 Hz in some cxamples, above 200 Hz in some
examples, above 300 Hz in some examples, above 400 Hz in some examples, above
500 Hz in some examples, above 600 Hz m some examples, above 700 Hz in some
examples, above 800 Hz in some examples, above 900 Hz in some examples, above
1080Hz in some examples.

{049} Deternining the frequency at which the clectrochemical ccll 15 above the
thermo/mass transfer regime may be performed in some cxamples by theorctically
calculating the different timescales of diffusion and kinetics. In some examples, the
frequency at which the clectrochemical cell is above the thermo/mass transfer regime
may be performed experimentally, for example by measuring a full spectra of a battery
and modeling the particelar ranges over which the mass transfer or kinetics dominate.
For some example batteries, this approximate point 1s ~1Hz (¢.g. above 10Hz the cell 15
squarely in the kinetics regime and below .1 Hz the cell is in the mass transfer regime .}
In some examples, a single frequency or selected group of frequencies may be probed
rather than a full spectra of the electrochemical cchl.

{054 The signal generator 104 may be implemented, for example, using a voltage
source, a current source, or other signal generating circuitry or devices. The signal

generator 104 may include a data acquisition {(BAQ) board/computer/power amplifier
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setup. Vanous electrodes may be used to physically apply and receive the signals from
the battery or other test device. Additional or alternative equipment may be used as
well. In some examples, the signal generaior 104 may be implemented using a portion
of a charging system for an electric vehicle. In some examples, the signal generator 104
may be implemented using an electric motor of an electric vehicle and/or braking
svstems of an electric vehicle. In some examples, for example where data for battery
diagnostics is desired during operation of the vehicle, the signal generator 104 may
apply a stimulus to the electrochemical cell 102 during operation of the vehicle, such as
during braking. The svstem 100 may include one or more sensors {¢.g. vehicle sensors)
which may provide an indication to the signal generator 104 {e.g. directly or through
the computing device 114) that braking 15 occurring. Responsive to the indication that
braking is occwrring; the signal generator 104 may provide a stimulus to the
electrochemical cell 102.

{051} The measurement circuitry 106 may detect a response of the electrochemuical
cell 102 to the stimulus provided by the signal generator 104, The response may
mclude a second or greater harmonic component. Harmonic component generatly refers
to a component of a response occurring at a harmonie frequency relative to the stinndus
frequency. A second hammonic, for example, may be a portion of the response occurring
at twice the stimulus frequency. A third harmonic, for example, may be a portion of the
response occurring at three times the stimudus frequency.

{052} In some examples, for example where the signal gesnerator 104 provides a
voltage stimulus, the measurement circuitry 106 may measwre a current response. In
some examples, for example where the signal generator 104 prowvides a current
stimulus, the measurement cirenitry 106 may measure a voltage response.

{053} The measuarement circuitry 106 may be implemented, for example, using
circuitry for detection of a voltage or current between clectrodes of the electrochemical
cell 102,

{054} When the stimulus frequency is selected to be cutside the range where
thermodynamics and mass transfer donunate, the second harmonic component of the
response (which may be measured by the measurement circuitry 106) may be indicative
of the symmetry of the reaction kinetics in the electrochemical cell 102, For example,

in a perfectly symmetric rechargeable batiery {¢.g. reflecting an ideal reaction in which

9
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charging and discharging are equally casy) the second harmonic component of the
response may approach zero. As soch, perturbing a battery at this amplitude and
frequency may generate a harmonic signature useful in onderstanding any breakdown
in the symmetry of the reaction kinetics as well as the presence of degradative {e.g.
generally non-symmetrnic/irreversible) side reactions. Additionally, in some examples
the size of the harmonics (which may be scaled by ratios) may be related to the
historical normal vse vs. abuse cases in a battery. For example, a shape of the third
hammonic component of the response in this frequency range may grow in magoitude as
the damage to the battery (e.g., the depth to which the cell was overdischarged} is
increased.

055] In some examples, clectronic signatures may also be used to predict a remaining
usable lifetime of a battery. For example, a particular pattern or threshold of second-
order or higher harmonics may be indicative of a particular remaining usable lifetime.
In some examples, second-order or higher barmomics may be sensitive fo the
mhomogeneity in the battery and mav be used to predict a state-of-power of the battery
{c.g. the battery’s propensity to accept and/or deliver a particular charge or discharge
power}. Electronic signatures may be used which are indicative of the state-of-power
of the batiery. In some examples, electronic signatures may be used to estimate
physical and/or empirical parameters for battery modeling and/or control.

{056} A computing device 114 may be coupled to the measurement circuitry 106
and/or the signal generator 104. The computing device 114 may analyze the response
detected by the measurement cirenitry 106, For example, the computing device 114
may analyze a second or third harmonic component of the response in some examples.
The computing device 114 may determine an mdication of an internal state of the
clectrochemical cell 162 based on the analysis of harmonic components of the
response, such as the second and/or third harmonic components.

{657} Examples of mternal states of the electrochemical cell which may be
determined in accordance with examples described herein include, but are not limited
1o, degradation of the clectrochemical cell, asymmetry of the electrochemical cell,
remaining charge of the electrochemical cell, and combinations thereof. Another
example of intemal state of the electrochemical cell 102, for example when the

electrochemical cell 102 is implemented using an electric vehicle batiery, is range of

10
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the battery {c.g. mileage the vehicle s estimated to be able to go given the current
charge of the battery}.

{058} The computing device 114 may be implemented, for example, using one or
nore computing systems such as a server, controller, microcontroller, deskiop, laptop,
tablet, mobile phone, appliance, automobile, or combinations thereof

{659] It 1s to be understoed that arrangement of components of the compating device
114 may be guite flexible, and although processing unit{s} 112 and memory 110 are
shown together in Figure 1, these components may be distributed and clectronic
communication in some examples. In some examples, more than one memory device
may be used, and the memorics may be co-located or distributed. The computing
device 114 may be programmed {c.g. the memory 110 may be cocoded with exccutable
mstructions which, when executed, cause the computing device 114 to perform actions
described hercin}.

{060} In some examples, the memory 110 may mchude electronic signatures indicative
of various internal states of the clectrochemical cell 102, For example, threshold values
for second or higher order harmonics may be stored in the memory [10. In other
examples, electronic signatures may mchide amplitudes of responses across particolar
frequency ranges indicative of a particular internal state - ¢ g. degradation, range value,
asymmetry value, charge level The electronic signatures may be developed from
empirical data in some examples. For example, other electrochemical cells (not shown
m Figure 1} may be measured in cortain known internal states - ¢.g. degradation, range
values, asvmmetry values, charge levels. The sccond and higher order barmonic
responses of these electrochemical cells in known states may be determuned and stored
as electronic signatures of the state.

061} The processing unit{s} 112 may conduct a comparison of the second or greater
harmonic component of the response with the electronic signatures (¢.g. in accordance
with executable instructions stored, for example, in memory 110, and/or 1n accordance
with custom circuitry or firmware}. The processing unit{(s) 112 may determune an
micmal state of the electrochemical cell 102 based, at least in part, on the companson.

{062} The computing device 114 may compute a Fourier transform {e.g. a Fast
Fourier Transform) of the stimulus provided by the signal generator 104 and/or the

response measured by the measurement circuitry 106. The Founer transform may vield

11
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Founer cocthicients, generally representing a magnitude for cach of a plurality of
harmonic components of the signal. These components may be used to conduct analysis
described berein.

{063 In some examples, the computing device 114 may compute a model of the
electrochemical cell 102, For example, the computing device 114 may be programmed
{e.g. the memory 110 may be encoded with executable instructions for modeling) such
that the processing unit(s} 112 may model behavior of the electrochemical cell 102, The
model used may include paramcters for clectrode asymmetry. The paramcters for
clectrode asymmetry may be denived from measorements of second order harmonic
responses of electrochemical cells. The model may utilize son-svmmetric charge
transfer coefficients in some examples. In some examples, the computing device 114
may compare a response of the electrochemical cell 102 to a modeled (e.g. predicted)
response of the electrochemical cell 102, In some examples, an mdication of the
mtemal state of the electrochemical cell 102 may be identified based on the comparison
between the modeled (¢.g. predicted) response and the measured response.  In some
cxamples, the measured response may be used to fit the model to the measured
response, which may in some examples improve the accuracy of the model
predicting future responses.

[064] A display device 108 may be in communication with the computing device 114
The display device 108 may be wired or wireless communication with the computing
device 114, The display device 108 may display an indication of the internal state of the
clectrochenucal cell 102 based on the sccond or greater harmonic component of the
response. The display device 108 may be implemented using, for example, an LCD,
LED, or holographic display. The display device 108 may be implemented for example
using a display, a dashboard, a heads-op display, an augmented or virtual reality

display, or combinations thereof,

{065] Figure 2 18 a Nyquist plot of a response of a battery at several states of
degradation.
{066] The Nyguist plot 200 depicts the imaginary and real potential of the third

harmonic component of a battery's response (¢.g. transfer function) over a range of
frequencies. The Nyquist plot 200 depicts the real portion of the transfer fanction {e.g.

voltage in mV) along the x axis and the imaginary portion of the transfer function {e.g.
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voltage in mV) along the v axas. The Nyquist plot 200 mclhudes line 202, hine 204, and
line. Line 202 represents third harmonic components of responses of the battery across
a range of frequencies when the battery is healthy. Line 204 represents third harmonic
components of responscs of the battery across a range of frequencies when the battery
has been overdischarged a moderate amount (e.g. overdischarged to 1.3V in an
example). The line 206 represents the third harmonic component of responses of the
battery across a range of frequencies when the electrochemical cell 102 has been
significantly overdischarged {c.g. overdischarged to 2.0V m an example).

1067} In some examples, the Nyquust plot 200 may represent empirical data that may
be used to develop clecironic signatures described herein. For example, shapes of the
tines 202, 204, and 206 may be stored in, for example, the memory 110 of Figure 1.
The signal gencrator 104 may provide a stimulus across a range of frequencies to the
electrochemical cell 102, and the measurement circuitry 106 may measure at least third
hammonic components of the response of the electrochemical cell 102, The computing
device 114 may compare the response measured by the measurement circuitry 106 to
the stored electronic signatures (e.g. the hines 202, 204, 206) to determine which 1s a
best match, and provide an indication of the internal state of the electrocherucal cell
102 {e.g. if the clectrochemical cell 102 is healthy, moderately overdischarged, or
signiticantly overdischarged). I the measured response is best matched to the line 202,
the computing device 114 may provide an mdication that the electrochemical cell 102
is healthy. If the measured response is best matched to the line 204, the computing

evice 114 may provide an mdication that the electrochemical cell 102 has been
moderately overdischarged. If the measured response 1s best matched to the line 206,
the computing device 114 may provide an indication that the electrochemical cell 102
has been sigmificantly overdischarged.

{068] Accordingly, in examples described herein Nyquist plot shapes of second, third,
or higher order harmonics may be utilized as electionic signabires. Second, third, or
higher order harmonic Nyvquist plot shapes may be responses of electrochemical cells
which may be analyzed to provide an indication of the internal state of clectrochemical
cells described herein.

{069] Nygust plots may involve stimulating and measuring  responses  of

electrochemical cells across a range of frequencies. In some cxamples, a single
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frequency may be used to stimulate the electrochemical cell and a threshold may be
used to provide indication of an intemnal state of the electrochemical cell.

{074 Referring again to Figure 2, point 208, point 210, and point 212 are points on
tine 202, line 204, and tinc 206 respectively which were taken at a same frequency.
Accordingly, it can be seen that a threshold of real potential magnitude may be used to
discern between line 202, line 204, and line 206 at the frequency at which the points
208, 210, and 212 were taken. In some examples, the memory 116 of Figure 1 may
store a real potential threshold value of, for example between the values of points 208
and 210 as a moderate degradation threshold, and a real potential threshold value of| for
example, between the values of points 210 and 212 as a significant degradation
threshold.

{871 In operation, the signal generator 104 wmay provide a stimulus to the
electrochemical cell 102 at a frequency to which the points 208, 210, and 212
correspond. The third harmonic compounent of the response may be measured by
measurement circuitrv 106 and analyzed by the computing device 114, If the real
potential 1s below the first threshold, the computing device 114 may provide an
mdication of the internal state of the clectrochemical cell 102 as healthy. If the real
potential is above the first threshold but below the second threshold, the computing
device 114 may provide an indication of the internal state of the electrochemical cell
102 as moderately degraded. If the real potential is above the second threshold, the
computing device 114 may provide an indication of the internal state of the

clectrochenical cell 102 as significantly degraded.

{872] Figure 3 1s a flowchart of a method arranged v accordance with examples
described herein. The method 300 mayv be mmplemented, for example using the system
160 of Figure 1.

{473} The method 300 includes stimulating non-linear modes of at least one
clectrochemical cell 1 block 302, detecting a response of the at least one
clectrochemical cell, including at least a second or higher order harmonic component in
block 304, and displaving an indication of an imternal state of the at least one

electrochemical cell m block 306.
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1074} Biock 302 recites sumulating non-hincar modes of at least one clectrochemical
cell. For example, the electrochemical cell 102 may be stimulated by the signal
generator 104, Non-linear modes generally refer to modes at which second order or
higher harmonic components are prescut above a noise level in the response. From a
physical perspective, the non-lincar modes may refer to operational regions bevond
where thermodynamic relationships and slow mass transfer operations dominate the
electrochemical cell behavior.

[475] In some examples, a frequency and/or amplitude of the stimulus may be
selected to ehicit a non-lincar response from the electrochemical cell. For example, a
frequency and magnitude may be selected which are sufficiently large to vield a
second, third, and/or higher order harmonic component in the response which is greater
than a noise level.

{676} Voltage and/or current signals mayv be provided to clectrodes of an
electrochemical cell {e.g. a battery) in block 302 to achieve the described stimulating.
In some cxamples, a single frequency may be used. fn other examples, a range of
stimulus frequencies and/or muitiple stinwilus frequencies may be used.

{077} Stimulating in block 302 may occur at rest or during use of a system containing
the clectrochemical cell. For example, the electrochemical cell may be implemented
using a battery, such as an electric vehicle battery. The stimulating in block 302 may
occur during vehicle use, such as during braking. In some examples, the stimulating in
block 302 may occur periodically {e.g. hourly, daily, weekly, monthly) as a routine
battery diagnostic. Periodic stimulation may allow for tracking of the clectrochemical
cell’s performance over time, and may allow in some examples for a warning or other
indication to be provided when the clectrochemical cell’s performance falls below a
threshold.

{678] Block 304 recites detecting a response of the at least one electrochenucal cell,
inchuding at least a sceond or higher order harmonic component. Generally, the second
or higher order harmonic component may refer o a second or greater harmonic of the
stimulus frequency. For example, the measurement circuitry 106 of Figure 1 may detect
a response of the electrochenucal celi 102,

{079} Block 306 recites displaving an indication of an internal state of the at least one

electrochemical ccll. For example, the display device 108 of Figure 1 may display
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mdication of the internal state. The indication of the iternal state may be based, at least
in part, on the second or higher order harmonic components of the response detected in
block 304.

{080 Anv of a vanety of indication of the micmal state may be displayed, as
discussed herein, mncluding an indication of degradation. In some examples, the
mdication of degradation may include an mdication of asymmetry in a charging and
discharging behavior of the at least one electrochemical cell.

{081} The response detected n block 304 may be analyzed to determine the
indication. The analysis may include computing a Fourier transform of the stimulas
used in block 302 and the response detected in block 304,

{082} The internal state of the at least one chemical cell may be determined through
analysis of the second and/or higher order harmonic components of the response
detected in block 304. For example, the detected response may be compared with one
or more stored signatures, each mdicative of a particular indernal state (¢.g. degradation,
asvmmetry, remaining life, charge state, range).

{083} In some examples, the stored signatures may include shapes of Nyqust plots of
third harmonic components of responses over a varnety of frequencies. In some
examples, the stored signatures may include thresholds of real or imaginary portions of
the response. For example, an indication of health may be displaved if a measured real
portion of a third harmonic component of a response to a stimulus frequency is below a
first threshold. An mdication of moderate degradation may be displaved if 3 measured
real portion of a third hammonic component of a response to a stimulus froquency 1s
between a first and second threshold. An mmdication of significant degradation may be
displayved if a measured real portion of a third harmonic component of a response to a
stimubus frequency is greater than a second threshold.

{084] In some examples, the internal state may be a range available to an elecinic

chicle using the electrochemical cell. To assess range, the harmonic response of the
electrochemical cell is dependent upon the current state of charee of the battery.
Accordinglv, a value or ratio of the second or higher order barmonics may be used to
predict the state of charge, and therefore range, of the electrochenmical cell. Degradation
and remaining usable Life are also related to the size and shape of the harmonics. In

some examples the correlation mav not necessarily be one to one and machine learning
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technigues may be used to predict degradation and remamming usable hite from the
second and/or higher order harmonic responses. In some examples, the harmonic
shapes/sizes may be used as features for predicting the intemal state of the
electrochemical cell (e.g. batiery).

{085] Examples of methods described herein mav be used as diagnostics for the
onling detection of degradative of unsafe states during battery {(dis)charging.

{086} Figure 4 illustrates Fourier transforms of a stimulus and response arranged in
accordance with cxamples described herein.

{087} Figure 4a illustrates a Fourier transform of a current stimulus provided to a
battery i accordance with examples described herein. The graph in Figure 4a plots
current magnitude in mA agamst harmonic order k {eg. 1, 2, 3, etc}). Figure 4a
ilustrates the stimulus as a perturbation signal having multipie different amplitudes -
25mA, S0mA, 100mA, 200mA. Generally, the Fourier transform ilustrates only a
component for a first order harmonic component {(e.g. k=1}. The magnitude of that
component increases with increasing magnitude of the perturbation signal.

{088} Figure 4b itlustrates a Fourier transform of a voltage response provided from
the battery responsive to the stimulus shown i Figure 4a. The graph in Figure 4b plots
voltage magnitude i mY against harmonic order k {eg. 1, 2, 3, ¢ic.y Figure 4b
ilustrates the stimulus as a perturbation signal having multipie different amplitudes -
25mA, S0mA, 100mA, 200mA. As the amplitude of the perturbation signal increases,
an increase may be seen in the presence of sccond and third order harmonic
components {e.g. k=2, k=3}. The inset in Figure 4b illustrates an exploded view of the
second and third harmonic components. Note that the harmonme components increase
with increasing stimolus amplitude (e.g. perturbation signal amplitude).

{089} From the foregoing it will be appreciated that, although specific embodiments
of the invention have been described herein for purposes of illustration, various
modifications may be made without deviating from the spirit and scope of the
myention.

EXAMPLES

{690} Nonlinear electrochemical mmpedance spectroscopy (NLEIS) was applied to

batteries using a 750mA-h Li,Co0y/C cell purchased from AA Portable Power Corp.
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{(Richmond, CA). The cell was held at a 3.8V state of charge and room temperature.
Experiments were carried using an Autolab PGSTATIZ8N potentiostat with a
frequency response analyzer module (Autolab FRA32). The measurements used a four
electrode configuration with voliage scunsing at the cell terminals.

{091] A single cosine current modulation waveform with frequency ey and amplitude

A was sent 1o the potentiostat:

[092] Fes 88,y = AF Befexplim €1, (A)
1093} where § = v—1% , and He denotes the real component of the bracketed function.

The actual time domain current perturbation applied to the battery by the
potentiostat, F{& AF, wy 3, and the measured voltage response, Wit AF, a5}, were recorded
for a wide range of mput frequencies (s} and amphitude (A7) parameters. Time domain
data were recorded after the system had reached a steady periodic state. A minimuom of
10 steady periodic cycles were logged with & = 4024 time domain measurements for
both current and voltage. A rest time of 15 minutes was provided between each
frequency sweep to provide a consistent baseline.

{094 Fast Fourier transformation of the steady penodic current and voltage
wavetforms resulied n spectra contaming complex Founer coefficients at mteger

multiples, &, of the fundamental frequency, &,

[095] FEE( = Hkwy:al), (8)

1096} and

{097} FET{¥} = Flhwga). (O

{698] As detailed below, the standard (hnecar) electrochemical impedance S} 1

tied to the & = 1 Fourier coefficients of current and voltage, whereas the nonlinear
clectrochenical impedance spectra are tied to the & = 2 voltage Fournier coefficients.
{099} In every expenment perfommed, the complex Fourer spectra had a harmonic
structure comprised of mteger & valuss. The lack of sub-harmonic (¢ < & < 1) or
anharmonic (non-integer k) response in the system indicates that the battery {and
potentiostat) were stable, mn all cases, to the finite amaplitude current modulations
applied to the battery. The stability of this systemn allows for a simplified

computational approach for estimating the linear and nonlinear response of the system.
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{6108] A fast analvtic-numeric formulation may be used, beginning by expanding all
dependent vanables i the governing eguations and boundary condition in a complex

Fourner series

oo kY L=
. . S .
Fx. 585 w = Fa é? Sy A% sy Fexp{fley 8 § 5 “ B3 88, oy ) enpies £}
Ye=2 = a=
{6101] where X denotes any of the dependent variables (such as Li” concentration or

potential in the electrolvie or solid, current, voltage, cte.), X, are the complex Fourier
cocfficients for the respective dependent variables, x s the wvector of spatial
independent vanables (x, 1), ¢ 15 time, AT 15 the current modulation amplitude, and ay is
the fundamental frequency of the perturbation.

{6162] To analvze the linear and nonlinear harmonic response, we use the pseudo 2-
dimensional (P2D) battery model to represent the coupled transport and reaction
occurring in our experimental clectrochemical cell. This mathematical model includes a
set of coupled, nonhinear partial differential equations governing the electrolvie
potential (@), electrolyte concentration (¢}, solid-state potential {(¢®}, and solid-state
concentration {¢®} in the porous electrodes and the electrolyte potential and electrolvte
concentration 1 the separator. Nonlinear current-overpotential relationships at cach
electrode describe lithium mtercalation or demtercalation rates. The effect of double-
laver charging, which is tvpically ignored in dc models, is also mcluded for the
solid/clectrolvte interfaces of each porous clectrode.

{0163] The amplitude dependence of these complex Fourier coefficients can be
expressed by expanding each in a regular perturbation series in powers of the current

modulation amphtude,

o8
Rlwbhogd = 3 8P o)
r=0
{6104] The resulting double-indexed complex cocfficients £ (0 Y within the

summation of Eq. (E) are key frequency dispersion coefficients for the Fourier
cocthicients at harmonic number, &, and order of nonlinear coupling, p
When & = g = %, the governing equations and boundary conditions represent the tinear
response of the system to infinitesimal current modulations, Whenk=p =32, the

governing equations and boundary conditions represent the leading order 2™ harmonic

=
o

o

[an
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response of the system of eguations to fimite perturbations, and so on.  Solutions
for g » &, represent corrections o the leading order & =p solations that can be
compuied to better match the harmonic response for larger perbirbations of the system.
Thus, when & = 1 and p = 3, the sum of two ferms in Hguation (H) represents a better
estimate of the first harmonic Fourier coefficient for the finite amplitude modulation
than simply using the first E = & » = f term.

{0165] The practical implications of this mathematical formalism s fast computation of
theoretical hincar and nonlincar dyvnamics of a battery that can be directly compared
with experiments.  More specifically, the complex voltage Fourier coefficients

measured experimentally at each harmonic, &, can be directly computed as

{0106] x=GaF g, {F)
{01071 where @{l{k = L:8f, 8} is the & Fourier coefficient for the solid state potential
evaluated at the boundary of the positive current collector (v = 1) and §{x = &8 )

is the value at the negative current collector £x = €. Using Hq. (E), the leading order

approximations for the first three values of &, are

{6108] V(aF e = aFE (feg) (@)
[{(109] when& =g=1,

{8116] V8 e )= &P ({on} (H)

{6111] whenk =p=3, and

[(¢112] Hlakagt = aF% 8 e {1}

{8113] when §=g=3% (here we ignore the dc values atk =p=¢). The double

mdexed coefficient & s} m Eqg. (G) 15 identically equal to the normal (linear)

-3

3 &
2 lay

clectrochemical impedance of the system. Z;.484} is the leading order nonlinear
electrochemical impedance derived from the second harmonic of the voltage response
to a pure cosive input curremt and Fgpfey} is the leading order vonlinear
clectrochemical impedance derived from the third harmonic response.

{6114] Fourtier coefficients for the current and voltage waveforms measured at the
battery tormunals, derived from experimental data, given by Equations (B) and (C), are
related to the leading order double-index Fourier coefficients we compute, following
the formalism of Hquations (G)-(1). In particular,

{0115] iy &) = A8 (fon ) {4)
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T &8 = M"‘?Mga\g} . (L}

In Equations (J)-(L}, measured values from the Fourier transformation of the
time domain data (deft hand sides), are expected to be dependent on the current
modulation amplitude. The coefficients of the power relationships should be, to leading
order, equal to what the double-index Fourier coefficicnts we compute for the lincar
and nonhnear components of our model. Evidence that this formalism holds will be the
functional amplitude dependence predicted in the equations,

{0128] Perfoct implementation of Equation {A) is challenging for any power amplifier,
so under some frequency and amplitude conditions there is measurable harmonic
distortion m the power spectrum of the wnput cwrrent waveform (measured total
hammonic distortion, THD, 1s <00.5%). Figurc 4a shows the current input spectrum for

arg = 1 Hz for a range of pertwbation amplitudes. Figure 4b shows a series of

corresponding voltage spectra. A practical wmplication of THID is that we use
Flion 87% rather than &F for calculating the double-indexed Fourier coefficients from
experimental data, since it 1s the actual current modulation amplitude applied to the
battery. Harmonic distortion m the input signal also adds a lincarly daven contribution
to the higher order voltage response. This distortion is most significant at high
frequencies; however, for the qualitative analysis presented herg, the effect 18 small
enough to be neglected.

{0121] In addition to a large peak at the fundamental frequency (& = 1), the measured
steadv periodic voltage response contains measurable signals m the nonlnear
harmonics (& 2 2}. As the battery system is nonlinear, the value of the higher harmonic
components (& = 3) depends nonlinearly on the amplitude of the current perturbation
and these voltage harmonics appear to grow out of the background as the perturbation
amphitude 1s increased.

18122} Measuring and computing the double-index voltage coefficients over a range of
frequencies provides insights into the system at different physical timescales. Figuwre 5
shows a Nvqust representation of the experimentally measured second harmonic

response at logarithmically spaced froquencies from 10kHz to 100mHz (Figure 5A) and

2}
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the computed response spectra of the P2D mode! using base case parameters for a
Li,Cold; cell (Figure 5B} A Nyquist representation of the experimentally measured
response was obtained at loganthmically spaced frequencies from 10kHz to 100mHz
and compared with the computed response spectra of the PZD model using base case
parameters for a LiCoOy cell. While the measured and computed first and third,

&

& 1feeg} and & olen ), harmonic coefficients were qualitatively comparable in shape,

the measured second harmonic, £ 1 {ax}, differs significantly from what the base case
parameters predicted computationally (see Figures SA and 5B). While the quantidative
differonces in &g le? and 2.8} can be attrbuted to a lack of optimizing the
parameters used for the particular batterics examined, the stark difference in shape and
size of the £ {ey} computations shows that we are not correctly capturing all of the
svstem’s physics.

{8123] This difference is captured in the expansion of the Buotler-Volmer kinetics

resulting in the following second harmonic reaction term,

[0124]  fpp= SETHg gsie
10125 o
{6126} where wis the overpotential, iyis the exchange current density, and «, and

&, are the anodic and cathodic charge transfer coefficients, respectively. When these
transfer coefficients are set to 0.5 as s typically assumed in battery models, the second
term in Equation (M) vanishes and the second harmonic is close to zero at the
frequencies dominated by the reaction kimetics (1Hz to 1kHz). The overall symmetry
between the kinetics at each clectrode is also mathematically present in the sccond
harmonic as the first term in Equation (M}, however, analysis shows that this term is
small and contributes negligibly to the response for the parameters used.

{6127] Using non-symmetric charge transfer cocfficients results in a behavior which is
quabtatively similar to the experimentally measured response. Changing the anodic
charge transfer coefficient, &, from 0.5 to 0.65 for the reaction kinctics at the negative
electrode was evaluated. Figure 6B shows the effect of changing the anodic charge
transter coefficient, gy, from 0.5 to 0.65 for the reaction kinetics at the negative
clectrode. Figure 6A is a copy of Figure SA for reference, showing the experimentally

measured second harmonic component of the battery response. Use of the non-
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symmetric charge transter coefficients has improved the shape of the modeled response
in Figure 6B relative to that shown m Figure 3B. Breaking the symmetry of the
reaction at either electrode results in a sizeable response at the frequencies dominated
by the reaction kinetics and the phase of the response depends on the direction of
svmmetry breaking.

{8128] Bringing together the formalism of a physics based model for interpreting the
nonlinear response with the ability to measure bamonics of the lithivm ion battery
enables a wide range of fiture opportunities. For instance, nonlincar impedance based
techniques could provide significant improvements over de methods for noninvasive
parameter estimation in P20 models which are used for both model predictive control
as well as battery design and optimization.

{8129] Accordingly, nonlinear EIS may be applied to iithium ion batteries. A
frequency domain formulation of the P2D model may be uvsed as a tool to analyze the
higher order harmounics in the voltage response to a moderate amplitude current
perturbation. Companng experimentally measured and computed harmonic cocfticicnts
shows that the typical svmmetric reaction kinetics used in P2D modeling 18 not

consistent with the measurable second harmonic in the battery.
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CLAIMS

What 1s claimed is:

1. A method comprising:

stimulating non-lmear modes of at least one electrochemical cell using a
stimulus having a stimulus frequency;

detecting a response of the at least one electrochemucal cell, wherein a response
frequency of the response is a second or greater harmonic of the stimmulus frequency;
and

based, at icast in part, on the response, displaying an indication of an interpal

state of the at least one electrochenucal cell.

2. The method of claim 1 wherein displaying the indication of the mternal state

comprises displaving an indication of degradation.

3. The method of claim 2 wherein the indication of degradation comprises an
indication of asymmetry in a charging and discharging behavior of the at least one

electrochemical cell.

4. The method of claim 2, wherein the stimulus frequency is selected to be
above frequencies at which thermodynamic relationships and slow mass transfer

dominate the response.

5. The method of claim 1 wherein displaying the indication of the wtemal state
of the at least ome clectrochemical cell comprises displaying an mdication of
degradation when the response exceeds a threshold magnitude.

6. The method of claim 1 wherein the at least one electrochemical cell
comprises a lithium ion battery.

7. The method of claim 1 wherein the at least one electrochemical cell
comprises a battery in an electric vehicle, and wherein stimulating the non-lincar modes
of the at least one electrochemical cell comprises applymng the stimulus during braking
of the e¢lectnic vehicle,

8. The method of claim 1 wherein the at least one electrochemical cell

comprises a battery 1n an electric vehicle, and wherein stimulating the non-lincar modes
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of the at least one electrochemical cell comprises applving the stimulus using a

charging cable of the electric vehicle.

9. The method of claim 1 wherein displaying the indication of the mternal state
of the at least one clectrochemical cell compnises displaving an indication of remaining
life of the at least one clectrochemical cell.

10. The method of claim 1 wherein the at least one clectrochemical cell
comprises a battery in an clectric vehicle, and wherein displaying the indication of the
internal state of the at least one electrochemical cell comprises displaying an indication

of estimated range of the electric vehicle using the battery.

11. Fhe method of clamm 1 further comprising performing a comparison of the
response with electronic signatures indicative of particular internal states, and wherein
displaving the indication of the internal state is based, at least in part, on the

comparson.

12. The method of claim 11, wherein the electronic signatures comprise Nyquist
plot shapes of a second or higher harmonic component at different degradation states,

and wherein the indication of the internal state comprises an indication of degradation.

13, The method of claim 11, wherein the clectronic signatures comprise
thresholds of real impedance of a second or higher harmonic component at different
degradation states, and wherein the indication of the internal state comprises and

indication of degradation.

14. A system comprising:

a signal generator configured to apply a stimulus having a stimulus frequency o
at least one clectrochemical cell, wherein the stimulus is configured to excite at least
one non-linear mode of the at least one electrochemical cell;

measurement circoitry configured to detect a response of the at least one
electrochemical cell to the stimulus wherein the response includes a sccond or greater
harmonic component; and

a display device configured to display an indication of an internal state of the at
least one electrochemical cell based, at least 1o part of the second or greater harmonic

component of the response.
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15. The svstem of claim 14, wherein the stimulus frequency is selected to be
above frequencies at which thermodynamic relationships and slow mass transfer

dominate the response.

16. The system of claim 14 wherein the at least one electrochemical cell

comprises a battery of an electric vehicle.

17. The system of claim 16 wherein the signal generator comprises a component

of a charging system for the electric vehicle.

18. The system of claim 16 wherein the signal generator 1s configured to apply

the stimulus duning braking of the electric vehicle.

19. The system of claim 16, whercin the indication of the mternal state

comprises an indication of a range of the clectric vehicle using the battery.

20. The system of claim 16, wherein the indication of the internal state

comprises an indication of degradation of the batiery.

21, The system of claim 14 further comprising a memory configured to store
electronic signatures representative of particular internal states, the system further
comprising at lcast onc processing unit configured to conduct a coraparison of the
second or greater harmonic component of the response with the clectronic signatures,
and wherein the indication of the mternal state is based, at least in part, on the

COMpParison.

22. The system of claim 21 wherein the electronic signatores arc derived from

empirical data.

23. The system of claim 14 further comprising at least one processing unit and a
memory encoded with executable instructions for modeling that, when executed, cause
the at least one processing unit to model behavior of the at least one electrochemical
cell using parameters for electrode asymmetry.

24. The system of claim 23 wherein the executable instructions for modeling
further include instructions for predicting a predicted response of the at least one
clectrochenuical cell and comparing the predicted response with the response, and

wherein the mdication of the mternal state 1s based, at least in part, on the companng,
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25. The sysiem of claim 24 wheremn the executable instructions for modeling

further include mstructions for fitting a model to the response.
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International application No.
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According to International Patent Classification (IPC) or to both national classification and IPC
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C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2006/0284617 A1 (KOZLOWSKI et al) 21 December 2006 (21.12.2006) entire document 1-6, 9-17, 19-22
;_ :l“ 8, 18, 23-26
Y US 2011/0196545 A1 (MIWA) 11 August 2011 (11.08.2011) entire document 7.8,18
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A US 2011/0254564 A1 (WERELIUS et al) 20 October 2011 (20.10.2011) entire document 1-25

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T" later document published afier the international filing date or priority
’ date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family
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