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(57) ABSTRACT

An electrochemical system testing apparatus may comprise
a testing module electrically coupled to the electrochemical
system. The testing module may comprise a discharge
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circuit configured to draw current from the electrochemical
system at a plurality of different rates and to continuously
draw current from the electrochemical system once a test of
the electrochemical system is commenced. The apparatus
may also comprise a measurement module which may be
configured to measure voltage across terminals of the elec-
trochemical system and current drawn from the electro-
chemical system during the test. The apparatus may also
comprise a processor configured to compensate at least in
part the measured voltage for voltage drift which was
generated by continuously drawing current from the elec-
trochemical system and to compute a state of health of the
electrochemical system based at least in part on the com-
pensated voltage and the measured current.
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APPARATUS AND METHODS FOR TESTING
ELECTROCHEMICAL SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority from U.S. application No.
62/994,687 filed 25 Mar. 2020 and entitled APPARATUS
AND METHODS FOR TESTING ELECTROCHEMICAL
SYSTEMS which is hereby incorporated herein by reference
for all purposes. For purposes of the United States of
America, this application claims the benefit under 35 U.S.C.
§ 119 of U.S. application No. 62/994,687 filed 25 Mar. 2020
and entitled APPARATUS AND METHODS FOR TEST-
ING ELECTROCHEMICAL SYSTEMS which is hereby
incorporated herein by reference for all purposes.

FIELD

This invention relates to testing electrochemical systems
such as electrical batteries and fuel cells. Example embodi-
ments provide apparatus and methods for testing electro-
chemical systems.

BACKGROUND

Electrochemical systems (e.g. batteries, fuel cells, etc.)
are used to provide electrical power in a wide range of
applications. For example, batteries are found in automo-
biles, air planes, marine vessels, portable electronics,
watches, remote weather stations, communication equip-
ment, uninterruptable power supplies, etc. Electrochemical
systems have limited life spans. Such systems tend to
degrade with age. There is a need for ways to accurately and
efficiently determine conditions of batteries and other elec-
trochemical systems. This need is particularly acute for
electrochemical systems that are used in critical applications
(i.e. where failure could lead to severe undesirable conse-
quences) and/or for managing large numbers of electro-
chemical systems (e.g. batteries in a large fleet of vehicles or
a large fleet of battery powered devices).

A typical life cycle of an electrochemical system includes
a phase during which the electrochemical system has opti-
mal performance, a phase during which the electrochemical
system has satisfactory performance which meets the per-
formance requirements but no longer has optimal perfor-
mance and a phase during which the electrochemical system
no longer meets its performance requirements and service
and/or replacement of the electrochemical system is
required. It would be very useful to be able to predict in
advance when an electrochemical system will fail or when
the performance of the electrochemical system will fall
below a threshold. This would permit the electrochemical
system to be replaced or serviced during scheduled main-
tenance rather than having to take equipment out of service
because its power source failed.

A problem is that the condition of an electrochemical
system is dependent on many factors (e.g. historical use,
environmental conditions, number of charge/discharge
cycles, exposure to mechanical forces (e.g. shock, vibra-
tion), variations in material composition of electrodes or
other parts, physical damage, variations in manufacturing
tolerances, etc.). This complicates making accurate assess-
ments of a state of health of an electrochemical system.
Additionally many known battery testing systems and meth-
ods require several hours of charging and discharging of a
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battery to complete a test. It is not practical to perform such
tests regularly, especially on a large number of batteries.

There remains a need for improved apparatus and meth-
ods for testing electrochemical systems.

SUMMARY

This invention has a number of aspects. These aspects
have synergies when combined but may also be applied
individually or in any combination. These aspects include,
without limitation:

systems and methods for testing electrochemical systems

such as batteries or fuel cells;

systems and methods for drawing an electrical current

from electrochemical systems;
systems and methods for compensating for the effects of
different conditions of an electrochemical system (e.g.
temperature, state of charge, state of equilibrium, etc.)
on estimates of state of health and/or other parameters;

systems and methods for estimating temperature of an
electrochemical system;

methods for autonomously classifying a state of health of

an electrochemical system;

leads for coupling to terminals of electrochemical sys-

tems;

cloud-based systems for monitoring state of health and/or

other parameters of electrochemical systems and meth-
ods involving such cloud based systems.

One aspect of the technology described herein provides an
apparatus for testing an electrochemical system. The appa-
ratus comprises a testing module adapted to be electrically
coupled to the electrochemical system. The testing module
comprises a discharge circuit configured to draw current
from the electrochemical system and to controllably vary a
magnitude of the discharge current. The discharge circuit
may be configured to draw current from the electrochemical
system continuously during testing of the electrochemical
system. The apparatus comprises measurement circuitry
configured to measure terminal voltage across terminals of
the electrochemical system and current drawn from the
electrochemical system by the testing module. The appara-
tus also comprises a processor. The processor is configured
to compensate the voltage measured by the measurement
module to at least in part compensate for voltage drift caused
by drawing current from the electrochemical system (con-
tinuously or otherwise) and to compute a state of health of
the electrochemical system based at least in part on the
compensated voltage and the measured current.

In some embodiments the testing module is configured to
perform a test sequence that includes varying the magnitude
of the discharge current at a plurality of different frequen-
cies.

In some embodiments the test sequence comprises a
plurality of sequential time periods and the measurement
module is configured to vary the magnitude of the discharge
current at a fixed frequency in each of the time periods
wherein the fixed frequency is different in different ones of
the time periods.

In some embodiments the test sequence includes one or
more time periods during which the magnitude of the
discharge current is modulated at a plurality of different
frequencies.

In some embodiments the discharge circuit is configured
to control the discharge current according to a waveform.

In some embodiments the waveform is a sinusoidal wave-
form.
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In some embodiments the frequency of the waveform is
set to each of a plurality of different values in a correspond-
ing plurality of sequential testing periods.

In some embodiments the discharge circuit is configured
or controlled to draw current according to a superposition of
a plurality of waveforms having a corresponding number of
different frequencies.

In some embodiments each waveform in the plurality of
waveforms is a sinusoidal waveform.

In some embodiments the discharge circuit is configured
or controlled to control the discharge current to have a
magnitude within a range that results in a linear response
from the electrochemical system.

In some embodiments the discharge circuit is configured
or controlled to minimize introduction of a bias or constant
current when drawing current from the electrochemical
system.

In some embodiments the discharge circuit is configured
or controlled to draw a current in the range of about 200 mA
to about 5 A from the electrochemical system.

In some embodiments the discharge circuit is configured
or controlled to draw a current in the range of about 0.2% to
5% of a C-rate of the electrochemical system multiplied by
a capacity value of the electrochemical system.

In some embodiments the testing module is configured or
controlled to vary the magnitude of the discharge current at
a first frequency and the processor is configured to deter-
mine a first response of the electrochemical system at a
frequency that is a harmonic of the first frequency.

In some embodiments the processor is configured to
compute a state of health of the electrochemical system
based at least in part on the first response.

In some embodiments the first response corresponds to
the second harmonic of the first frequency.

In some embodiments the first response corresponds to
the third harmonic of the first frequency.

In some embodiments the first response corresponds to
the second to fifth harmonic of the first frequency.

In some embodiments the processor is configured or
controlled to compute a ratio of the first response to a
fundamental response of the electrochemical system at the
first frequency.

In some embodiments the discharge circuit is configured
or controlled to draw a current having a magnitude sufficient
to force a non-linear response of the electrochemical system.

In some embodiments the discharge circuit is configured
or controlled to vary a magnitude of the discharge current
while the measurement module is monitoring the terminal
voltage and the discharge current and the processor is
configured to process the monitored terminal voltage and
discharge current to determine a first magnitude of the
discharge current at which the response becomes non-linear
and to set a magnitude of the discharge current based on the
first magnitude.

In some embodiments the discharge circuit is configured
or controlled to force a non-linear response of the electro-
chemical system by drawing a current in the range of about
5% to 10% of a C-rate of the electrochemical system
multiplied by a capacity value of the electrochemical sys-
tem.

In some embodiments computing the state of health
comprises computing one or more complex impedance
values of the electrochemical system at one or more corre-
sponding frequencies based on the compensated voltage and
the measured current.
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In some embodiments the processor is configured to
compute the complex impedance for each frequency at
which the electrochemical system is discharged.

In some embodiments the processor is configured to test
the validity of the complex impedance values by fitting real
and imaginary components of the complex impedance val-
ues to a model and assessing the validity of the complex
impedance values based on values of parameters of the
model.

In some embodiments the processor is configured to test
the validity of the complex impedance values by fitting the
complex impedance values to a transformable circuit.

In some embodiments the transformable circuit is a Kram-
ers-Kronig transformable circuit.

In some embodiments the processor is configured to test
the validity of the complex impedance values by evaluating
the complex impedance values with a Hilbert logarithmic
transform.

In some embodiments the processor is configured to
compute the state of health based on the computed complex
impedance values.

In some embodiments the processor is further configured
to trigger a new test of the electrochemical system if the
complex impedance values are found to be invalid.

In some embodiments the processor is further configured
to generate a user warning indicating that one or more of the
complex impedance values are invalid.

In some embodiments the processor is further configured
to confirm for a user when the complex impedance values
are valid.

In some embodiments the processor is further configured
to compare the complex impedance values to reference
impedance frequency spectra of other electrochemical sys-
tems of the same type as the electrochemical system that
have known conditions.

In some embodiments the processor is further configured
to fit parameter values for a model comprising a network of
ideal electrical components to the complex impedance val-
ues.

In some embodiments the apparatus further comprises a
cloud-based system.

In some embodiments the apparatus further comprises an
artificial intelligence (AI) module configured to determine
the state of health of the electrochemical system based at
least in part on the compensated voltage and the measured
current.

In some embodiments the Al module is configured to
receive at least one of: the measured voltage, the measured
current and parameters of a model fitted to the measured
voltage and current.

In some embodiments the Al module comprises a trained
neural network.

In some embodiments the Al module part of a cloud-
based system is connected to receive measured voltages and
currents obtained by the measurement module by way of a
data communication network.

In some embodiments the Al module is trained using data
collected by testing a number of calibration electrochemical
systems that are of the same type as the electrochemical
system and have a wide range of conditions from new and
meeting all performance specifications to end of life.

In some embodiments the data for the calibration elec-
trochemical systems is stored on the cloud-based system.

In some embodiments the Al module comprises at least
one algorithm selected from the group consisting of linear
regression, K-means, logistic regression, Naive Bayes, kNN,
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random forest, dimensionality reduction algorithms, gradi-
ent boosting algorithms and support vector machines.

In some embodiments the Al module is configured to
identify a subset of features that are relevant to determining
the state of health of the electrochemical system and to
disregard other features while determining the state of health
of the electrochemical system.

In some embodiments the Al module is configured to
identify a sub-range of frequencies that is most relevant to
determining the state of health of the electrochemical system
and to disregard data corresponding to frequencies outside
of the sub-range of frequencies.

In some embodiments the processor is configured to
compensate the voltage measured by the measurement mod-
ule using a genetic algorithm.

In some embodiments the genetic algorithm comprises
subtracting an average of the measured voltage signal from
the measured voltage signal, transforming the measured
voltage signal into a frequency domain signal, identifying a
voltage drift peak in the frequency signal corresponding to
the voltage drift and optimizing parameter values defining a
parameterized tuning curve such that subtracting the tuning
curve from the measured voltage signal minimizes the
magnitude of the voltage drift peak.

In some embodiments the genetic algorithm comprises
subtracting an average of the measured voltage signal from
the measured voltage signal prior to transforming the mea-
sured voltage signal.

In some embodiments the tuning curve is a non-linear
curve.

In some embodiments the tuning curve is a spline curve
having a plurality of sections joined at knots.

In some embodiments locations of the knots are evenly
spaced in a time dimension spanning an acquisition period
for the measured voltage signals.

In some embodiments the tuning curve is a polynomial or
an exponential decay curve.

In some embodiments the optimizing comprises making a
plurality of copies of a candidate curve obtained by initial-
izing the parameters of the training curve and randomly
adjusting the parameter values for each of the candidate
curves, subtracting each of the candidate curves from the
voltage signal to yield a corresponding candidate voltage
signal, transforming the candidate voltage signal into the
frequency domain and comparing the magnitudes for the
drift voltage peaks in the transformed candidate voltage
signals.

In some embodiments an objective function used by the
genetic algorithm is a function that has a value that is
proportional to a squared error between points of the dis-
charge signal and points on an idealized sine-wave.

In some embodiments the genetic algorithm comprises
one or more of: particle swarm, simulated annealing, gra-
dient descent and stochastic hill climbing.

In some embodiments the processor is configured to
compensate the voltage measured by the measurement mod-
ule by averaging local maxima and minima of the measured
voltage signal together to generate a compensation signal
and subtracting the compensation signal from the measured
voltage signal.

In some embodiments the processor is configured to fit a
first curve to the maxima of the measured voltage signal, fit
a second curve to the minima of the measured voltage signal
and then average the first and second curves to yield the
compensation signal.
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In some embodiments the first and second curves com-
prise decaying exponential curves, spline curves or polyno-
mial curves.

In some embodiments the processor is configured to
compensate the voltage measured by the measurement mod-
ule by filtering the measured voltage to generate a compen-
sation curve and subtracting the compensation curve from
the measured voltage data.

In some embodiments the processor is configured to
compensate the voltage measured by the measurement mod-
ule by measuring a characteristic drift by performing steps
comprising discharging the electrochemical system for a
period of time while measuring the terminal voltage of the
battery to yield a characteristic drift curve and subtracting
the characteristic drift curve from the measured voltage data.

In some embodiments the apparatus is configured to
obtain a first characteristic drift curve before performing the
testing of the electrochemical system.

In some embodiments the apparatus is configured to
obtain a second characteristic drift curve after performing
the testing of the electrochemical system.

In some embodiments the apparatus is configured to
obtain a first characteristic drift curve before performing the
testing of the electrochemical system and a second charac-
teristic drift curve after performing the testing of the elec-
trochemical system and to average the first and second
characteristic drift curves.

In some embodiments discharging the electrochemical
system for a period of time while measuring the terminal
voltage of the battery to yield a characteristic drift curve
comprises modulating the current drawn while discharging
the electrochemical system to match an average current of
the testing from the voltage signal measured during the
testing.

In some embodiments the apparatus comprises a clip for
coupling the testing module to a terminal of the electro-
chemical system. The clip may comprise a first part com-
prising a first conducting surface and a second part com-
prising a second conducting surface. The second part may be
pivotally coupled to the first part. At least one of the first and
second conducting surfaces may be shaped to conform to a
surface of the terminal of the electrochemical system. The
first part may be connected in the discharge circuit and the
second part may be connected to a voltage measuring part of
the measurement module.

In some embodiments the processor is configured to
perform a method for compensating for state of charge of the
electrochemical system. The method may comprise measur-
ing an open circuit voltage of the electrochemical system,
determining a scaling factor based on the measured open
circuit voltage, and scaling test data corresponding to a test
of the electrochemical system based on the scaling factor.

In some embodiments the processor is configured to
perform a method for compensating for rest time of the
electrochemical system. The method may comprise deter-
mining a time since the electrochemical system was last
charged and adjusting test data corresponding to a test of the
electrochemical system based on the determined time.

In some embodiments the processor is configured to
perform a method for determining temperature of the elec-
trochemical system. The method may comprise measuring
temperature of the electrochemical system using a tempera-
ture sensor for a first amount of time. The first amount of
time may be less than a second amount of time required for
the electrochemical system and the temperature sensor to
reach thermal equilibrium. The method may also comprise
determining a rate of change of temperature of the electro-
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chemical system based at least in part on the measured
temperature and the first amount of time. The method may
also comprise based at least in part on the determined rate of
change of temperature of the electrochemical system deter-
mining a temperature of the electrochemical system.

Another aspect of the technology described herein pro-
vides a method for testing an electrochemical system. The
method comprises drawing current from the electrochemical
system at a plurality of different rates, measuring voltage
across terminals of the electrochemical system and current
drawn from the electrochemical system as the current is
being drawn from the electrochemical system, compensating
at least in part the measured voltage for voltage drift which
was generated by drawing current from the electrochemical
system and computing a state of health of the electrochemi-
cal system based at least in part on the compensated voltage
and the measured current. The current may be drawn con-
tinuously from the electrochemical system.

Another aspect of the technology described herein pro-
vides a method for testing an electrochemical system. The
method may comprise continuously drawing discharge cur-
rent from the electrochemical system while controlling a
magnitude of the discharge current and measuring the dis-
charge current and a terminal voltage of the electrochemical
system, compensating the measured voltage to at least in
part compensate for voltage drift caused by continuously
drawing current from the electrochemical system and com-
puting a state of health of the electrochemical system based
at least in part on the compensated voltage and the measured
current.

Another aspect of the technology described herein pro-
vides apparatus for managing a plurality of electrochemical
systems. The apparatus comprises at least one testing appa-
ratus for testing an electrochemical system of the plurality of
electrochemical systems. The at least one testing apparatus
is configured to collect data corresponding to a condition of
the electrochemical system. The apparatus may also com-
prise a cloud-based system comprising a data store storing
data from previous tests of electrochemical systems and a
processor configured to determine the condition of the
electrochemical system based at least in part on the collected
data and the stored data. The apparatus may also comprise
a network interface communicatively coupling the at least
one testing apparatus with the cloud-based system.

Another aspect of the technology described herein pro-
vides a clip for coupling a lead to a terminal of an electro-
chemical system. The clip comprises a first part comprising
a first conducting surface and a second part comprising a
second conducting surface. The second part is movable
relative to the first part to engage a terminal of an electrical
system between the first and second parts (e.g. the first part
may be pivotally coupled to the second part). At least one of
the first and second conducting surfaces may be shaped to
conform to a surface of the terminal of the electrochemical
system.

Another aspect of the technology described herein pro-
vides a method for compensating for state of charge of an
electrochemical system. The method comprises measuring
an open circuit voltage of the electrochemical system, deter-
mining a scaling factor based on the measured open circuit
voltage and scaling test data corresponding to a test of the
electrochemical system based on the scaling factor.

Another aspect of the technology described herein pro-
vides a method for compensating for rest time of an elec-
trochemical system. The method comprises determining a
time since the electrochemical system was last charged and
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adjusting test data corresponding to a test of the electro-
chemical system based on the determined time.

Another aspect of the technology described herein pro-
vides a method for determining temperature of an electro-
chemical system. The method comprises measuring tem-
perature of the electrochemical system using a temperature
sensor for a first amount of time. The first amount of time
may be less than a second amount of time required for the
electrochemical system and the temperature sensor to reach
thermal equilibrium. The method may also comprise deter-
mining a rate of change of temperature of the electrochemi-
cal system based at least in part on the measured temperature
and the first amount of time and based at least in part on the
determined rate of change of temperature of the electro-
chemical system determining a temperature of the electro-
chemical system.

In some embodiments the temperature sensor is in thermal
contact with a terminal of the electrochemical system.

In some embodiments the temperature sensor is integrated
with a clip configured to provide an electrical connection to
the terminal of the electrochemical system.

Another aspect of the technology described herein pro-
vides all combinations of the aspects set out above includ-
ing: any two of the above aspects, any three of the above
aspects, any four of the above aspects, any five of the above
aspects, any six of the above aspects, any seven of the above
aspects or any eight of the above aspects.

Another aspect of the technology described herein pro-
vides the combination of any of the above aspects with any
feature or combination of features described in this disclo-
sure.

Further aspects and example embodiments are illustrated
in the accompanying drawings and/or described in the
following description.

It is emphasized that the invention relates to all practical
combinations of the features described herein, even if these
are recited in different claims, described and/or illustrated
with reference to different drawings and/or described in
different sentences, paragraphs or parts of the description.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate non-limiting
example embodiments of the invention.

FIG. 1 is a schematic illustration of an electrochemical
system testing apparatus according to an example embodi-
ment of the invention.

FIG. 1A is a graphic illustration (e.g. a Nyquist plot)
showing example impedance spectrums of a “good” battery
and a “bad” battery.

FIG. 2 is a flow chart illustrating a method according to
an example embodiment of the invention.

FIG. 3 is a schematic illustration of a testing module of the
FIG. 1 testing apparatus according to an example embodi-
ment of the invention.

FIGS. 3A to 3E are graphical illustrations of example
discharge signals which may be applied to draw a current
from an electrochemical system.

FIG. 4 is a schematic illustration of an example electrical
circuit for drawing current from an electrochemical system.

FIG. 5 is a flow chart illustrating a method according to
an example embodiment of the invention.

FIG. 5A is a graphical illustration of an example voltage
response.

FIG. 6 is a flow chart illustrating a method according to
an example embodiment of the invention.
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FIG. 7 is a flow chart illustrating a method according to
an example embodiment of the invention.

FIG. 8 is a flow chart illustrating a method according to
an example embodiment of the invention.

FIGS. 8A and 8B are graphical illustrations of example
voltage responses.

FIG. 8C is a graphical illustration of an example voltage
response to an initial discharge pulse.

FIG. 9 is a flow chart illustrating a method according to
an example embodiment of the invention.

FIGS. 10A and 10B are perspective views of an example
clip which may be used to couple a test lead to an electro-
chemical system.

FIG. 10C is a partial exploded perspective view of the clip
of FIGS. 10A and 10B.

FIG. 10D is a perspective view of an example clip which
may be coupled to an electrochemical system.

FIG. 11 is a schematic illustration of an example clip
coupled to a terminal of an electrochemical system.

FIG. 11A is a graphic illustration showing an example
output of a temperature sensor of the clip of FIGS. 10A and
10B.

FIG. 12 is a schematic illustration of an example circuit
coupling a temperature sensor of the clip of FIGS. 10A and
10B to an electrochemical system.

FIG. 13 is a schematic illustration of a battery manage-
ment system according to an example embodiment of the
invention.

DETAILED DESCRIPTION

Throughout the following description, specific details are
set forth in order to provide a more thorough understanding
of the invention. However, the invention may be practiced
without these particulars. In other instances, well known
elements have not been shown or described in detail to avoid
unnecessarily obscuring the invention. Accordingly, the
specification and drawings are to be regarded in an illustra-
tive, rather than a restrictive sense.

For the purposes described herein “module” means an
element or a group of elements which perform a function (or
functions). Each module described herein need not be physi-
cally separate or separable from other elements of the
system(s) described herein. In some cases a module
described herein need not correspond to a physical element
of a system (e.g. a module may be a software module, etc.).

The following description explains a number of technolo-
gies that have synergy when combined but may also be
applied individually, in other combinations and in other
contexts. In particular, the following description explains a
method and apparatus for testing batteries and other elec-
trochemical systems that can involve monitoring a battery or
other system under test while current is being drawn from
the battery or other system under test. The described testing
methods and apparatus may be applied alone or in combi-
nation with any or all of:

methods and/or apparatus for compensating for drift in

voltage that occurs during testing of an electrochemical
system,

methods and/or apparatus for compensating for different

states of charge of batteries under test;

methods and/or apparatus for estimating temperature of

an electrochemical system;

test leads having integrated temperature measurement and

associated methods;
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cloud-based systems for testing electrochemical systems
and/or processing and storing data relating to electro-
chemical systems and related methods.

Each of the above also may be applied individually and/or
in other contexts and/or combinations.
Testing Systems and Methods

One aspect of the technology disclosed herein provides
apparatus and methods for testing electrochemical systems
such as batteries, fuel cells, and/or the like using a spectro-
scopic approach (i.e. an approach that bases one or more
metrics on the response of an electrochemical system to
electrical signals at different frequencies).

An example of a metric that may be determined is state of
health (“SoH”). SoH is a value that indicates how perfor-
mance characteristics for a particular electrochemical sys-
tem match the original specifications for that system. A
system that is new would be expected to completely match
the original specifications for that system. For example, for
a new battery in perfect condition performance measures
such as: energy stored when fully charged, self-discharge
rate, internal impedance, voltage when fully charged, maxi-
mum discharge current, etc. may all meet design specifica-
tions for that model of battery. The new battery may be said
to have a SoH of 100%. As the battery is used and ages
performance measures may drop. Eventually the battery
may have degraded to the point where it is no longer
serviceable. SoH can provide a useful estimate of how much
life a particular battery has remaining before it is no longer
serviceable and/or how close to ideal is the performance of
the particular battery.

Some examples of the types of changes that can occur in
an electrochemical system with age and use include:

Loss of material from electrodes (e.g. as a result of

corrosion);

Change in the morphology of electrodes (e.g. changes in
surface area, growth of dendrites);

Loss of electrolyte;

Changes in concentration of chemical species in an elec-
trolyte;

Cracks or defects in electrodes, cell separators and other
components;

Accumulation of salts or other chemical species that may
be produced as a result of operation of the electro-
chemical system and/or chemical reactions among
chemical species present in the electrochemical system;

Degradation of ion conductive membranes.

These changes can all affect (usually adversely) the perfor-
mance of the electrochemical system.

Typically newer “good” batteries have a smaller range of
impedance values, have a more defined impedance spectrum
and have smaller initial impedances than older batteries that
have deteriorated somewhat. FIG. 1A illustrates an example
impedance spectrum of a good battery (solid curve) versus
an example impedance spectrum of a bad battery (dashed
curve). FIG. 1A is a Nyquist plot of the different impedance
spectrums.

SoH attempts to provide a single value that sums up a
complicated state of affairs. As such there are a great many
ways that a measure of SoH could be defined. Different
definitions of SoH could result in different SoH values for
the same battery. Applying the same measure of SoH to
different batteries of the same type can provide a very useful
way to compare different ones of the batteries and to make
decisions such as when to remove them from service. In
some embodiments apparatus according to the present tech-
nology is configured to test electrochemical systems and
generate a measure of SoH for each of the tested systems.
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It is possible to test every specified performance charac-
teristic for an electrochemical system and to compare the
results of such tests to the specifications for the electro-
chemical system. This would provide an excellent basis for
determining SoH as well as other parameters of and/or other
metrics that characterize the electrochemical system. How-
ever, in practice such testing would take much too long to be
practical.

The (complex) electrical impedance of an electrochemical
system typically varies with frequency. The impedance
spectrum of an electrochemical system depends on condi-
tions of the components of the electrochemical system. As
the components age and deteriorate the impedance spectrum
changes. Information about the impedance spectrum for an
electrochemical system is relevant to the performance of the
electrochemical system because changes to components of
an electrochemical system that affect performance typically
also affect impedance and vice versa.

For example:

areduction in surface area of an electrode in a battery may

reduce both a capacitive reactance component of the
impedance and a maximum current that can be drawn
from the battery (typically appears in the high to
medium frequency range of the impedance spectrum);

a reduction of concentration of current carriers in an

electrolyte may increase a resistive component of the
impedance and reduce a maximum current that can be
drawn from the battery (typically referred to as the
“diffusion region” in the art and may appear in the low
frequency region of the impedance spectrum);

a coating or deposit on an electrode of a battery may

increase a resistive component of the impedance, alter
a capacitive reactance component of the impedance and
reduce a maximum current that can be drawn from the
battery (typically referred to as the “charge transfer
region” in the art and may appear in the medium
frequency region).

Frequency ranges may be different for different batteries.
In some cases frequency ranges vary based on factors such
as battery type, battery chemistry, capacity, state of health
and/or the like. For a 12V lead acid battery, for example
(non-limiting):

frequencies greater than about 300 Hz may be considered

high frequency (e.g. 300 Hz to 2 KHz);

frequencies in the range of about 2 Hz to about 300 Hz

may be considered medium frequency;

frequencies less than about 2 Hz may be considered low

frequency.

One aspect of the invention tests electrochemical systems
by measuring impedances of the systems at different fre-
quencies and processing results of the impedance measure-
ments to characterize the electrochemical systems. For
example, the impedance spectrum may be processed to yield
a measure of SoH and/or estimates of electrical and/or
physical characteristics of the electrochemical system.

FIG. 1 schematically shows an example testing apparatus
10 for testing an electrochemical system 2. In the example
case shown in FIG. 1, electrochemical system 2 is a battery
3. However, as described elsewhere herein, electrochemical
system 2 may be any system having one or more electro-
chemical cells. In some embodiments electrochemical sys-
tem 2 comprises a fuel cell.

Testing module 4 is coupled to battery 3. For example,
leads 4A and 4B of testing module 4 may be coupled to
terminals 3A and 3B respectively of battery 3.

Testing module 4 is configured to test battery 3 by
discharging battery 3 at a plurality of different frequencies
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(i.e. testing module 4 draws current from battery 3 while
varying a magnitude of the current being drawn at a plurality
of different frequencies). In some embodiments, systems as
described herein set one or more frequencies or frequency
ranges for the testing automatically based on information
about the type of electrochemical system being tested.

Advantageously, and in distinction to many existing bat-
tery testing technologies, testing module 4 need not charge
battery 3. Testing module 4 may solely discharge battery 3
during a test. Testing module 4 does not need to incorporate
charging functionality.

As battery 3 is discharged at a rate that varies at one or
more different frequencies, testing module 4 measures volt-
age across the terminals of battery 3 (e.g. terminals 3A, 3B)
and current being drawn from battery 3. Testing may be
performed at one frequency at a time. For example, testing
module 4 may be configured to discharge battery 3 by
drawing a current from battery 3 and controlling the drawn
current to vary according to a sinusoidal waveform. The
frequency of the waveform may be set to each of a plurality
of different values in a corresponding plurality of sequential
testing periods.

As another example, testing module 4 may draw a current
that is simultaneously modulated at plural frequencies. For
example, in each of one or more testing periods testing
module 4 may be configured to draw a current from battery
3 and control the drawn current to vary according to a
superposition of a number of sinusoidal waveforms having
a corresponding number of different frequencies.

Preferably testing module 4 draws a current that results in
a linear (or close to linear) response from battery 3. For
example, testing module 4 preferably minimizes introduc-
tion of a bias or constant current when drawing current from
battery 3.

The current drawn by testing module 4 may be relatively
small. The drawn current is sufficient when both the drawn
current and corresponding variations in the voltage of bat-
tery 3 can be measured with sufficient precision by testing
module 4. This may depend on some or all of:

the sensitivity and resolution of the voltage and current

sensing components of testing module 4;

the magnitude of any electrical noise present in the

measured voltage and current signals; and

the characteristics of battery 3 (which affect the magni-

tude of variations in voltage which correspond to
variations in current draw).

For example, in some embodiments the current drawn
from battery 3 by testing module 4 is in the range of about
200 mA to about 5 A.

Typically, the impedance of a battery depends on the
energy storage capacity of the battery. For example, a larger
battery typically requires larger current draw in order to
achieve a measurable voltage response. To account for
varying sizes (e.g. capacities) of batteries to be tested, the
current drawn by testing module 4 may be scaled by a
capacity rating (i.e. a “C-rate”) of battery 3. In some
embodiments testing module 4 draws a current in the range
of about 0.2% C-rate to 5% C-rate multiplied by a capacity
value of battery 3. For example, for a battery having a
capacity of 1000 mAh with a C-rate of 2 C testing module
4 may be configured to draw a current in the range of
0.2%x%2x1000=4 mA to 0.5%x2x1000=10 mA.

In some embodiments a higher harmonic impedance
response may be extracted from the impedance spectrum.
For example, if battery 3 is discharged by a current having
a frequency component of 200 Hz a third harmonic imped-
ance response corresponding to a frequency of 600 Hz may
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be present in the output voltage signal and measured. The
higher harmonic impedance response may be correlated to a
condition of battery 3 (e.g. a state of health of battery 3). A
higher harmonic impedance response may be extracted by
forcing a non-linear response of battery 3. A non-linear
response may, for example, be forced by having testing
module 4 draw a higher current from battery 3. In some such
embodiments testing module 4 draws a current in the range
of 5% C-rate to 10% C-rate multiplied by the capacity value
of battery 3.

A complex impedance of battery 3 may be computed from
the measured voltage and current values for each frequency
at which battery 3 is discharged (and/or at harmonics of
those frequencies). The complex impedance may be
expressed, for example, as:

real and imaginary components of the impedance;

capacitive reactance, inductive reactance and resistive
components of the impedance; and/or

relative magnitude and relative phase shift of the current
and voltage signals.

In cases where testing module 4 has extracted a higher
harmonic response as described elsewhere herein, a ratio of
the higher harmonic response (e.g. a higher harmonic volt-
age response) to the fundamental or first harmonic response
may be computed.

The testing by testing module 4 may be processed to yield
an impedance spectrum for battery 3 made up of complex
impedance values for each of a plurality of frequencies
(and/or higher harmonic ratios (e.g. higher harmonic voltage
ratios)). The impedance spectrum may in turn be processed
to yield a SoH value or estimates of other parameters of
battery 3.

The validity of the complex impedance values (i.e. the
impedance spectrum(s)) may be tested through fitting real
and imaginary components of the complex impedance to a
model. In some embodiments, data is considered valid (i.e.
data that may be relied upon for classifying a condition of
battery 3) if the data satisfies certain criteria.

For example, data may be considered to be valid if:

battery 3 does not generally change electrochemically
during a discharge cycle with respect to time and
battery 3 generally returns to its initial electrochemical
state once a discharge signal is no longer applied to
battery 3 (e.g. the condition of “stability™);

a measured response of battery 3 is caused by application
of a discharge signal to battery 3 (e.g. the condition of
“causality”); and/or

a measured response of battery 3 is linear (or close to
linear) (e.g. the condition of “linearity”).

For example, real and imaginary components of the
complex impedance at different frequencies may be fit to a
transformable circuit. One non-limiting example of a trans-
formable circuit is the Kramers-Kronig transformable cir-
cuit. Such a circuit consists of an inductor and capacitor in
series with a string of RC (resistor capacitor) pairs. The
number of RC pairs may be, for example, less than or equal
to the number of frequencies in the complex impedances.
The number of RC pairs may be chosen such that the ratio
between positive valued and negative valued resistances
remains close to one. This may prevent over-fitting of the
values. The RC pairs may be connected in series or in
parallel.

Additionally, or alternatively, a Hilbert logarithmic trans-
form (known in the art as “Z-HIT”) may, for example, be
used to evaluate validity of the complex impedance values.

In both of the example cases described above, a model fit
may be obtained. A statistical analysis of the residuals
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between the model and the underlying data may provide
insight into the validity of the data.

If data is found to be invalid (e.g. have a low (less than
30%, 25%, 20%, 10%, 5%, ectc.) likelihood of being accu-
rate) a system as described herein may be configured in ways
that include one or more of:

Data that is not recognized as being valid (i.e. does not
satisfy the criteria) may be ignored or given reduced
weight.

Where data is not considered valid the testing may be
repeated. This may be done automatically. Conditions
of the testing may optionally be changed in a way that
avoids the problem that caused the data not to satisfy
one or more validity criteria. For example, where the
condition of stability does not apply (e.g. as determined
by checking battery characteristics such as OCV and/or
internal resistance before and after testing) the testing
may be repeated using a reduced current draw and/or
the testing may be repeated with a reduced set of
frequencies and/or battery 3 may be charged for a
period before repeating the testing.

For example, testing module 4 may perform a new test of
battery 3. If the data is found to be invalid repeatedly, testing
module 4 (or apparatus 10) may generate a user warning
(e.g. display an electronic warning message, print a warning
message, an alarm, turning on a warning indicator (e.g. a red
LED), etc.) indicating that the data is invalid. If the data is
found to be valid testing module 4 (or apparatus 10) may, for
example, confirm for a user that the data is valid (e.g. display
an electronic confirmation message, print a confirmation
message, turn on a confirmation indication (e.g. a green
LED), etc.).

The processing may directly or indirectly compare the
impedance frequency spectrum of battery 3 to impedance
frequency spectra of other batteries of the same type as
battery 3 that have known conditions.

An electrochemical system such as battery 3 may be
modelled by an electrical circuit made up of a network of
ideal electrical components (e.g. resistors, capacitors, induc-
tors). In fact an electrochemical system may be modelled by
many different models. Different ones of the models may, for
example, comprise different electrical circuits made up of
ideal electrical components. In some embodiments process-
ing the impedance spectrum of battery 3 comprises deter-
mining parameters for one or more electrical circuit models
for battery 3. The parameters may, for example, comprise
values for electrical components in the one or more electric
circuit models.

The electrical circuit models may be simple (e.g. a single
resistor or a single capacitor or a resistor capacitor and
inductor connected in parallel) or more complicated.

It is possible but not mandatory for any of the electrical
circuit models to map to a physical structure of battery 3. An
electrical circuit model may, for example, map to a structure
of a battery by including one or more components that
correspond to structures and interfaces in the battery such as
electrodes, electrode-electrolyte interfaces, and electrolyte
that would be expected to affect electrical properties of the
battery. If a battery has a plurality of cells connected in series
then an electrical circuit model may map to the structure of
the battery by including sets of components that map to each
cell connected in series. For example, an electrode of a cell
may be modeled as having a first impedance. An electrolyte
solution within the cell may be modeled as having a second
impedance connected in series with the first impedance. The
first impedance may comprise an RC circuit. The second
impedance may also comprise an RC circuit. Other compo-
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nents of the cell may be modeled with different impedances.
Although the impedances have been described as being
connected in series, this is not mandatory.

The impedance frequency spectrum for any given elec-
trical circuit model is determined by parameters which
specity values of components in the model (e.g. resistance of
resistors, capacitance of capacitors and inductance of induc-
tors). An electrical circuit model may be fitted to match test
results of a particular battery 3 by finding values of the
parameters applicable to that electrical circuit model that
cause the impedance frequency spectrum for the electrical
circuit model to most closely fit the impedance frequency
spectrum that has been measured by testing unit 4. This
yields a set of parameter values that depend on the current
condition of the battery under test and which will change
with changes in condition of the battery under test.

Where two or more electrical circuit models are fitted to
the impedance frequency spectrum for the battery under test
a set of parameters is obtained for each of the electrical
circuit models.

Results of the test by testing module 4 may be processed
to generate data that characterizes battery 3. Advantageously
the data includes values that are useful for managing battery
3 (e.g. 2 SoH value or an estimate of a performance
characteristic of battery 3 that may be used to make deci-
sions such as whether to replace battery 3). For example,
testing module 4 may determine (without limitation):

parameters of a model (or models) corresponding to

battery 3;

a state of health of battery 3 (e.g. as described elsewhere

herein);

other characteristics of battery 3.

Apparatus 10 may comprise an Al module 6. Al module
6 may classify a state of health of battery 3 based on data
collected from the test of battery 3. Al module 6 may receive
the raw data (e.g. measured pairs of current and voltage
values), parameters of a model fitted to the raw data, both
raw data and the parameters of the model, etc.

Training of Al module 6 may determine what weight
should be given to each type of data that is input into Al
module 6. For example, in some cases Al module 6 may give
the model parameters 80% weight and the impedance data
20% weight or vice versa. In some embodiments a given
type of data that is input into Al module 6 is given zero
weight. In some embodiments Al module 6 is trained to give
specific input data highly indicative of a state of health of
battery 3 a high weight. Similarly, Al module 6 may be
trained to give input data generally not indicative of a state
of health very little or no weight.

In some embodiments a trained neural network or other
Al module 6 is connected to receive results of testing of
battery 3 and to output a SoH value and/or estimate(s) of
other performance characteristics of battery 3. Al module 6
may be physically co-located with testing module 4 (e.g. Al
module 6 may be packaged in a housing together with the
circuits of testing module 4 that acquire the impedance
frequency spectrum of battery 3). Additionally, or alterna-
tively, Al module 6 may be provided by a cloud-based
system 7. In such cases testing module 4 may communicate
with Al module 6 (and cloud-based system 7) via a wired or
wireless network interface 8. Having Al module 6 on
cloud-based system 7 may advantageously increase process-
ing power and/or speed of Al module 6. In some embodi-
ments Al modules 6 are provided in both testing module 4
and cloud-based system 7. In some embodiments an Al
module 6 is distributed between testing module 4 and
cloud-based system 7.
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Al module 6 may take as inputs test data obtained by
testing unit 4. This test data may include one or more of:

parameters for one or more electrical circuit models that

have been fitted to the data obtained by testing the
battery;

data specitying the measured impedance spectrum of

battery 3; and

raw testing data (e.g. sampled voltage and current wave-

forms obtained while testing battery 3).

Preferably, Al module 6 is trained using data collected by
testing a number of calibration batteries that are of the same
type as battery 3 and have a wide range of conditions from
new and meeting all performance specifications to end of
life. The data for the calibration batteries may, for example,
be stored on cloud system 7. The data for the calibration
batteries may be obtained as described above for battery 3
and may comprise any of the test data described above.

In some embodiments testing module 4 may access the
calibration data via network interface 8.

Al module 6 may, for example, comprise a neural network
that has been trained using the calibration data by back-
propagation or another training algorithm. The neural net-
work may, for example, comprise a number of layers each
having a set of nodes. The nodes are interconnected with one
another. Each node has one or more inputs and an output.
Each node asserts an output value that is a function of values
presented at its inputs. Each node may assign a weight to
each input and may specify a function (usually a non-linear
function such as a sigmoid or tanh function) which combines
the weighted input values to yield the output value of the
node.

The neural network may comprise an input layer having
a set of nodes configured to receive data about a battery 3 (or
other electrochemical system) being tested. The nodes of the
input layer may be connected to receive data regarding the
battery 3. For example:

one set of input nodes may be connected to receive as

input real parts of the complex impedances in the
impedance frequency spectrum. For example if the
impedance frequency spectrum specifies complex
impedance at thirty frequencies this set of input nodes
may comprise 30 nodes.

one set of input nodes may be connected to receive as

input imaginary parts of the complex impedances in the
impedance frequency spectrum.

one set of input nodes may be connected to receive as

input the ratios of higher harmonic responses to a first
harmonic response (e.g. higher harmonic voltage
responses to the first harmonic voltage response). For
example, if a measured frequency spectrum comprises
harmonic ratios for 30 different fundamental frequen-
cies, the set of inputs may comprise 30 nodes each
configured to receive one of the harmonic ratios as
input. For example, if a fundamental frequency is 500
Hz, harmonic frequencies may be 1000 Hz (i.e. the
second harmonic frequency), 1500 Hz (i.e. the third
harmonic frequency), 2000 Hz (i.e. the fourth harmonic
frequency), etc.

one or more sets of input nodes may each be connected to

receive values for parameters of a corresponding elec-
trical circuit model that have been fitted to the imped-
ance frequency spectrum as described herein.

one set of input nodes may be connected to receive raw

sampled voltage values obtained while battery 3 was
being tested.
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one set of input nodes may be connected to receive raw
sampled current values obtained while battery 3 was
being tested.

one set of input nodes may be connected to receive values

indicating a type of battery 3 (e.g. a model number
and/or performance specifications (such as capacity,
voltage, etc.) and/or battery chemistry type).

one set of input nodes may be connected to receive values

containing information regarding the specific battery 3
being tested (e.g. when was it made, when was it placed
in service, what kind of service is the battery 3 in,
where was it made).

one set of input nodes may be connected to receive one or

more parameters related to a state of the battery (e.g.
temperature, open circuit voltage, rest time, state of
charge, etc.)

Depending on an architecture of the neural network some
(e.g. for a sparse network) or all (e.g. for a dense network)
of the nodes of the input layer are interconnected with other
nodes of the neural network (e.g. outputs of the input layer
nodes are provided as inputs to nodes in other layers). The
way in which the nodes are interconnected is determined by
an architecture of the neural network.

The neural network may include one or more intermediate
layers each having a set of nodes connected to receive
outputs from a previous layer and to generate outputs which
are supplied as inputs to nodes of a subsequent layer. The
intermediate layers are trained (e.g. by setting weights for
the inputs of the nodes as described elsewhere herein) to
autonomously process the input data to determine a state of
health or an estimate of another performance parameter for
the battery (or electrochemical system) being tested. This
may commonly be referred to as “classitying” the input data.
An output layer having a set of nodes provides the results of
the processing or classification.

A neural network may be implemented in hardware or in
one or more data processors programmed to implement the
neural network using a neural network programming envi-
ronment such as Tensorflow™.

Nodes in the neural network may assign different weights
to different inputs. The weight assigned to an input deter-
mines how important that input is to the processing or
classification of the data. In some embodiments, as
described elsewhere herein, specific nodes or sets of nodes
corresponding to specific parameters (e.g. certain frequen-
cies, a state of charge, current amplitude, etc.) may have
higher weights than remaining nodes or sets of nodes.
Typically parameters corresponding to such nodes or sets of
nodes have a stronger influence on the classification of the
data than parameters corresponding to the remaining nodes.

Al module 6 may be trained using a dataset collected by
testing a plurality of batteries in a lab environment. In some
embodiments a portion of the dataset is used to train Al
module 6 and a portion of the data set is used to verify Al
module 6. The dataset may be labelled. Training Al module
6 may involve setting weights for nodes in a neural network
for example.

In some embodiments Al module 6 is contemporaneously
updated (e.g. retrained) once a test of battery 3 is complete.
For example a completed test of battery 3 may be uploaded
to the dataset with which Al module 6 is trained. Based on
an outcome of the test of battery 3, one or more parameters
(e.g. node weights, etc.) may be adjusted.

Al module 6 may comprise one or more presently known
or future developed machine learning algorithms. For
example, Al module 6 may comprise one or more of the
following algorithms (non-limiting):
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Linear Regression;

K-Means;

Logistic Regression;

Naive Bayes;

kNN;

Random Forest;

Dimensionality Reduction Algorithms;

Gradient Boosting Algorithms;

Artificial Neural Networks;

Deep Neural Networks;

Recurrent Neural Networks;

Convolutional Neural Networks;

Support Vector Machines;

etc.

In some embodiments Al module 6 can determine impor-
tance of features (e.g. how relevant specific features in the
data are to determining a performance characteristic of
battery 3). In such embodiments Al module 6 may reduce
processing time by focusing on features relevant to deter-
mining performance of battery 3 while disregarding other
features. For example, if only a sub-range of frequencies is
relevant for determining performance of battery 3 (e.g. a
State of Health of battery 3), Al module 6 may determine
such sub-range of frequencies and disregard frequency val-
ues outside of the sub-range. In some such embodiments Al
module 6 comprises a Random Forest algorithm.

In some embodiments Al module 6 is configured to
self-verify validity of the processing completed by Al mod-
ule 6 and/or the validity of the data measured by testing
module 4 (e.g. a computed impedance spectrum, a measured
response of battery 3, etc.). If, for example, data (e.g. a
classification produced by Al module 6, a measured voltage
response, etc.) deviates from what the data is expected to be
based on past measurements, Al module 6 may verify
whether a fault condition has been produced. A fault con-
dition may occur, for example, if Al module 6 incorrectly
classifies data, if testing module 4 incorrectly measured data,
etc.

For example if the output of Al module 6 is configured to
produce a probability distribution for the classes (e.g. how
confident Al module 6 is about its output), a fault condition
may be detected by analyzing the produced probability
distribution. A probability of about 50% may indicate a fault
condition (e.g. Al module 6 is unsure about the classification
it provided). In some such embodiments Al module 6
comprises a function which assigns probabilities to each
classification based on how confident Al module 6 is that the
classification is correct. In some embodiments the function
is a SoftMax activation function.

Additionally, or alternatively, Al module 6 may verify
whether a fault condition has been produced by comparing
a produced classification to a predicted classification of data.
For example, Al module 6 may predict what a classification
should be based on previously collected data (and the
corresponding classifications). If the produced classification
and the predicted classification differ by more than a thresh-
old amount, Al module 6 may indicate that a fault condition
has been produced. In some embodiments a fault condition
is produced if the produced classification and the predicted
classification are not a perfect match. In some embodiments
a fault condition is produced if the produced classification
and the predicted classification are less than a 90% or higher
match. In some embodiments a fault condition is produced
if the produced classification and the predicted classification
are less than an 80% or higher match.

Once a test of battery 3 is commenced, testing module 4
discharges battery 3 and modulates the magnitude of the
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discharge current according to one or more test signals
having different frequency compositions.

Battery 3 may, for example, be tested according to
example method 12 shown in FIG. 2.

In block 13 battery 3 is discharged. As described else-
where herein, battery 3 may be discharged with a plurality
of signals having different frequencies. As battery 3 is
discharged, voltage across the terminals of battery 3 and/or
current being drawn from battery 3 are measured. In block
14 a frequency response of the complex impedance of
battery 3 is computed from the measured voltage and/or
current data.

Parameters of one or more circuit models may be fitted to
the resulting impedance frequency spectrum in block 15.
The parameters of the model(s) may be compared to param-
eters for other batteries of the same type as battery 3 with
known conditions to assess a state of health of battery 3.
Additionally, or alternatively, block 15 may directly com-
pare the impedance frequency spectrum against known
impedance frequency responses for other batteries of the
same type as battery 3 with known conditions to assess the
state of health of battery 3. The state of health may be
provided to a user via input/output interface 9 (e.g. a display,
a print-out, a light corresponding to the state of health, etc.).

Testing module 4 may be configurable to test different
types of battery 3. To facilitate this, testing module 4 may be
configured to use:

different test signals (e.g. different frequencies or sets of
frequencies) and/or different current levels;

different electrical circuit model(s); and/or

different configuration and/or training of Al module 6;
for testing different types of battery 3.

Where a battery 3 to be tested may be one of several types
there is a need for some way to determine which one of the
types battery 3 belongs to. Information regarding the type of
battery 3 may be determined, for example, by:

Receiving information about the specific type of battery 3
(or other electrochemical system) to be tested from a
user via input/output interface 9. For example, a user
may input one or more of a model number, rated
voltage, rated current, etc. using an input device such as
a keyboard, touchscreen, etc. coupled to testing module
4.

Testing module 4 may automatically determine a type of
battery 3 being tested. This may be done, for example
by scanning a barcode or other unique identifier, acquir-
ing type information from a RFID tag or other data
store associated with battery 3, etc.

Al module 6 may be trained to recognize one or more
different types of battery based on the raw data.

In some embodiments a state of health of battery 3 may
be determined autonomously by Al module 6. In some
embodiments testing module 4 computes parameters of a
model (or models) corresponding to battery 3 from the
measured impedance frequency response. The computed
parameters may be provided to Al module 6 as inputs. Al
module 6 is trained to classify a state of health of battery 3
based at least in part on the computed model parameters. In
some embodiments testing module 4 provides the measured
impedance frequency response directly to Al module 6 as
input. In such embodiments Al module 6 is trained to
classity a state of health of battery 3 based at least in part on
the measured impedance frequency response. In some
embodiments Al module 6 receives both computed model
parameters and the measured impedance frequency response
as inputs.
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Although apparatus 10 and method 12 have been
described with reference to test battery 3, apparatus 10
and/or method 12 may be applied to test fuel cells or other
types of electrochemical systems. In some such embodi-
ments components of apparatus 10 (e.g. Al module 6) may
need to be trained, calibrated, etc. for a different type of
electrochemical system before apparatus 10 may be used to
test such electrochemical system.

More specific aspects of example ways in which appara-
tus 10 and/or method 12 may be implemented will now be
described.

FIG. 3 is an expanded schematic view of example testing
module 4 connected to test battery 3. Testing module 4 may
be configured to test batteries having electrolytic and/or
galvanic cells. Battery 3 may optionally be rechargeable.
Battery 3 may, for example, be a rechargeable lithium-ion
battery, an alkaline battery, a lead acid battery, an aluminum-
air battery, sodium ion, lithium-sulphur, solid state lithium-
ion, graphene, fluoride-ion, etc.

Terminals 3A, 3B of battery 3 are connected to leads 20A,
20B of discharge module 20. Discharge module 20 loads
battery 3 during a test of battery 3. As described elsewhere
herein discharge module 20 may discharge battery 3 with a
plurality of signals having different frequencies or frequency
compositions. Each of the signals draws a current from
battery 3 which corresponds to the frequency or frequencies
of the signal. In some embodiments a single signal com-
prises two or more frequencies. For example, a first signal
having a first frequency and a second signal having a second
frequency may be superimposed to generate a single dis-
charge signal. In some embodiments a switching network,
multiplexers and/or the like combine signals into a single
discharge signal to be applied to battery 3. In some embodi-
ments a waveform comprising two or more frequency com-
ponents is applied to control discharge of battery 3.

Once a test of battery 3 is commenced, discharge module
20 preferably continuously discharges battery 3. “Continu-
ously discharges” means that battery 3 is not charged while
a current is drawn from battery 3. “Continuously discharges”
may also mean that battery 3 is not charged between
application of distinct discharge signals to battery 3. “Con-
tinuously discharges” may also mean that a single discharge
signal comprising varying frequencies is applied for the
duration of a test (e.g. a single signal have different fre-
quencies at different times).

Each of the signals may comprise a signal having any type
of waveform (e.g. sine, square, triangular, etc.). However, a
signal which comprises a few (e.g. 1 to 10) frequency
components (e.g. a signal that is a sine wave or a superpo-
sition of 2 to 10 sine waves of different frequencies) is
preferred in some cases because such signals may simplify
analysis and/or reduce the time required to acquire enough
data to compute the impedance frequency spectrum for
battery 3. A signal for continuously discharging battery 3
may comprise a waveform having exclusively negative
portions (e.g. the negative portions of a periodic sine wave,
square wave, triangular wave, etc.). Such discharge signals
may, for example, be represented as waveforms comprising:

negative portions of a sinusoidal wave (see e.g. FIG. 3A);

negative portions of a square wave (see e.g. FIG. 3B);
negative portions of a triangular wave (see e.g. FIG. 3C),

a combination of two or more of the above (see e.g. FIG.

3D);

a periodic wave having values less than or equal to O (e.g.

a sinusoidal wave as shown in FIG. 3E);
etc.
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Each discharge signal that is applied to battery 3 may have
a different frequency (e.g. a DC signal, an AC signal having
a frequency of 5 Hz, an AC signal having a frequency of
1000 Hz, etc.). In some embodiments the plurality of signals
comprises signals having frequencies in the range from 2
kHz to 0.1 Hz. In some embodiments the plurality of signals
comprises 20 or more (e.g. 30) signals having different
frequencies. In some embodiments the plurality of signals
comprises 10 or more signals having different frequencies.
Increasing the number of different signals may improve
accuracy of the test performed by testing module 4. How-
ever, increasing the number of different signals may also
increase an amount of time required to complete a test of
battery 3. In some embodiments the range of frequencies is
tailored to a specific battery 3 (e.g. based on physical size,
capacity, properties, etc. of the battery 3 being tested).

In some cases a state of health of battery 3 may be based
on the complex impedance of battery 3 at only a few
frequencies or a single frequency (e.g. a reduced frequency
set). The sub-range of frequencies may be selected such that
the complex impedance of battery 3 in the sub-range varies
with the parameter (or parameters) which determines state of
health. For example, in some cases the state of health of
battery 3 may be correlated to the thicknesses of electrodes
of battery 3. For example, the electrodes may become
thinner as battery 3 ages as a result of corrosion and/or other
processes. In this case the sub-range of frequencies may be
selected to include selected frequencies which produce
different complex impedances based on how thick the elec-
trodes of battery 3 are.

In some cases the sub-range may comprise the higher end
of the frequency spectrum for smaller batteries (i.e. smaller
Rated Electrical Capacity). In some cases the sub-range may
comprise the lower end of the frequency spectrum for larger
batteries (e.g. diffusion region typically appears at lower
frequencies for larger batteries). Larger batteries have a
higher Rated Electrical Capacity than smaller batteries. For
example, for an automotive starter battery a smaller Rated
Electrical Capacity may be about 40 Ah and a higher Rated
Electrical Capacity may be about 200 Ah. For a Li-ion
mobile phone battery, for example, a smaller Rated Electri-
cal Capacity may be about 1000 mAh and a higher Rated
Electrical Capacity may be about 4000 mAh.

Each signal typically does not draw a large current from
battery 3. For example, each of the plurality of signals may
draw a current of about 500 mA or less. An amount of
current that is drawn may be dynamically varied by appa-
ratus 10. However, testing module 4 preferably keeps a
voltage variation of each cell of a battery 3 below a threshold
level. In some embodiments the voltage variation of each
cell resulting from drawing the testing current is 10 mV per
cell or less.

Testing module 4 may adjust a signal that is to be applied
to battery 3 in order to maintain a voltage variation of each
of the cells within battery 3 below a threshold level. For
example, testing module 4 may apply an initial excitation
signal (e.g. via discharge module 20) to battery 3. A voltage
response of battery 3 may be measured while the initial
excitation signal is applied to battery 3. Based on the
measured voltage response, an amplitude of the current to be
drawn by each signal of the plurality of signals may be set
such that drawing the set amount of current would not
exceed the threshold for voltage variation of the cell.

As another example, a desired amplitude of the voltage
variation across the terminals of battery 3 caused by modu-
lating the current drawn from battery 3 may be set. In such
embodiments an amplitude of the current drawn from bat-
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tery 3 may be dynamically varied such that the variation in
the voltage across the terminals of battery 3 is at the desired
amplitude.

In some cases a state of health of battery 3 may be
determined by performing an initial quick test (for example,
a test lasting less than 10 seconds) without having to fully
test battery 3. If the initial quick test is not conclusive, a full
test (for example, a test lasting in the range of about 30 to
60 seconds) of battery 3 may be run. In some cases a state
of health of battery 3 may be determined by analyzing the
computed impedance spectrum at only a few frequencies. In
some such embodiments an initial test of battery 3 is
performed by discharging battery 3 at only a few frequen-
cies. If processing of the test results indicates that the battery
has a “bad” state of health then the testing of battery 3 may
be ceased. If processing of the test results indicates that the
battery has an “excellent” state of health then the testing of
battery 3 may also be ceased. If the initial test of battery 3
is not conclusive the number of frequencies at which battery
3 is discharged at may be increased. In some embodiments
a full test (e.g. tested using full frequency range) of battery
3 is performed when the initial test is not conclusive.

In some embodiments discharge module 20 comprises a
closed loop current regulator. Such a regulator may, for
example comprise a PID controller. Such regulator varies
the current draw from battery 3 (e.g. by varying application
of the load) to cause the actual current drawn from the
battery to track a waveform of the desired current draw.
Applying closed loop control of the drawn current may
provide one or more of:

preventing or reducing unbound oscillation (e.g. out of

control oscillation) of a load;

assisting discharge module 20 with applying the desired

load;

etc.

In some embodiments discharge current may be dynami-
cally varied. The control loop in controller 22 may set a
desired target discharge current (e.g. a constant amplitude
current, a current having a constant envelope, a current
having a desired waveform, etc.) to be drawn from battery
3. The target discharge current may be adjusted as needed or
desired throughout a test of battery 3 to achieve a desired
battery current and voltage response. For example, one or
more parameters such as amplitude, envelope, waveform,
etc. of the desired current may be varied. Additionally, or
alternatively, application of a load to a current may be varied
to vary the current that is drawn from the battery as
described elsewhere herein. Achieving a desired current and
voltage response may facilitate apparatus 10 to derive
improved (or the best possible) impedance measurements
within battery 3’s excitation minimums and maximums.

In some embodiments discharge module 20 measures
parameters of the discharge signals applied to draw a current
from battery 3. Discharge module 20 may monitor voltage,
current, etc. of the discharge signals. Discharge module 20
may dynamically adjust parameters of the discharge signals
to achieve a desired loading of battery 3 during a test.

The applied voltage and current may be measured simul-
taneously during application of the discharge signal to
battery 3. For example, the applied voltage and current may
be measured simultaneously using two independent analog
to digital converters (ADCs). In some embodiments the
voltage response of battery 3 may be simultaneously mea-
sured with the applied current and/or voltage. The ADCs
may be triggered to perform analog to digital conversions at
exactly the same time. This advantageously eliminates any
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phase shift issues that may occur with multiplexed voltage
and current measurements that are inherent with multiplexed
ADC conversions.

The voltage and current are typically measured at a
sampling frequency that is at least double the frequency of
the discharge signal. To reduce the amount of data collected
the sampling frequency may be varied with the frequency
content of the discharge signal (e.g. if frequency of the
discharge signal increases the sampling frequency may be
increased, if frequency of the discharge signal decreases the
sampling frequency may be decreased, etc.). However this is
not mandatory. In some embodiments the sampling fre-
quency remains constant. In such embodiments the sampling
frequency is at least twice the frequency of the highest
frequency component of the discharge signal. In some
embodiments the voltage and current are measured using a
single cycle of the discharge signal. In some embodiments
the voltage and current are measured using multiple cycles
of the discharge signal. For example, 2, 3, 4, 5, etc. cycles
may be used.

In some cases the maximum frequency of the measured
voltage and/or current response is different than the maxi-
mum frequency of the discharge signal. In such cases the
voltage and/or current are measured at a sampling frequency
that is at least double the frequency of the measured voltage
and/or current response.

Measurement module 21 measures performance charac-
teristics of battery 3 as battery 3 is discharged by the applied
plurality of discharge signals. Measurement module 21
typically measures voltage across terminals 3A and 3B and
current flowing through battery 3. Measurement module 21
may, for example, comprise a first analog-to-digital con-
verter (ADC) coupled across the terminals of battery 3. An
output of the first ADC provides voltage values correspond-
ing to the voltage across the terminals of battery 3. In some
embodiments a buffer circuit (e.g. a unity gain amplifier,
etc.) is coupled between the battery and the DAC.

A precision shunt resistor connected in series with the
load (e.g. load 34 described elsewhere herein) may be
coupled to a second ADC for measuring the current being
supplied by battery 3. Preferably an amplifier circuit is
coupled between the shunt resistor and the second ADC. The
output of the second ADC provides measured current values.
Preferably the first and second ADCs are synchronized (e.g.
using a single clock signal). This advantageously eliminates
a phase shift from being introduced between the measured
voltage values and the measured current values. In some
embodiments measurement module 21 comprises a suitable
voltmeter and/or current monitor (ammeter, Hall effect sen-
sor, etc.).

In some embodiments measured voltage and current val-
ues (e.g. values measured by measurement module 21) are
conditioned. In some embodiments a low-pass anti-aliasing
filter is applied to decimate the measured voltage and current
values. In such embodiments the filter removes high fre-
quency noise and reduces the number of data points. Such
filter may, for example, comprise a digital low pass filter
having a window function corresponding to the Hamming
window. The cut-off frequency may be selected to pass the
highest frequency component of the discharge signal. In
some embodiments the cut-off frequency is set to 10 kHz or
less (e.g. 5 kHz).

By measuring the terminal voltage (i.e. the voltage across
terminals 3A and 3B of battery 3) and/or the current flowing
through battery 3, testing apparatus 10 may compute a
frequency varying complex impedance of battery 3. Typi-
cally both the terminal voltage and current flowing through
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battery 3 are measured. However, in cases where the current
that is drawn is known (e.g. the load is configured to draw
a set current) it may not be necessary to measure the
(known) current. One or more performance characteristics
of battery 3 (e.g. state of health, etc.) may be generated by
correlating the computed frequency to one or more expected
impedance responses (or models) derived from testing bat-
teries of the same type as battery 3.

Controller 22 is coupled to discharge module 20 and
measurement module 21. Controller 22 comprises one or
more processors configured to control discharge module 20
to apply the plurality of signals to battery 3. Additionally, or
alternatively, controller 22 may generate machine execut-
able instructions which control measurement module 21 to
measure parameters associated with battery 3. In some
embodiments one or both of discharge module 20 and
measurement module 21 comprises a dedicated controller. In
some embodiments controller 22 dynamically adjusts
parameters of one or more of the signals in the plurality of
signals.

Controller 22 may also compute the complex impedance
frequency spectrum of battery 3. The computed impedance
data may, for example, be stored in data store 25. In some
embodiments controller 22 fits one or more models repre-
sentative of a battery to the computed impedance data.

Data collected by testing module 4 may be input to Al
module 6. As described elsewhere herein, Al module 6
determines a state of health and/or estimates other perfor-
mance parameters of battery 3. Al module 6 may be
executed within testing module 4. In some embodiments Al
module 6 is on cloud system 7. In some embodiments Al
module 6 is at least in part on testing module 4 and at least
in part on cloud system 7.

A user may provide information about battery 3 (e.g. a
model of battery, state of charge, etc.) to testing module 4
(e.g. to controller 22) via input/output interface 9 as
described elsewhere herein. Testing apparatus 10 (or testing
module 4 more specifically) may provide the results of a test
of'battery 3 to a user via input/output interface 9 as described
elsewhere herein.

In some embodiments testing module 4 comprises a
charger 23. Charger 23 may charge a battery 24 or other
electrochemical device which powers testing module 4 (or
apparatus 10 generally) using current drawn from battery 3
while a test of battery 3 is being performed.

In some embodiments discharge module 20 comprises a
constant current sink circuit (e.g. a “voltage to current sink”
in the art). In such embodiments an op-amp drives a power
transistor (or transistors) as a current sink power device in a
closed feedback loop. A controller (e.g. controller 22) may
generate a discharge signal which controls application of a
load to battery 3. The circuit may apply the load in a manner
which tracks the waveform of the discharge signal (e.g. the
current drawn from battery 3 tracks the waveform of the
discharge signal). Preferably the circuit is operable in the
range of 0 Hz (i.e. constant DC current) to tens of kHz (i.e.
lower frequency AC current). The discharge signal may have
any waveform. For example, the discharge signal may have
a waveform that is sinusoidal, square, triangle, complex
and/or the like as described elsewhere herein.

FIG. 4 is a schematic diagram showing an example
discharge circuit 30 which may be found within discharge
module 20.

An output of controller 22 (or another controller of
apparatus 10) may be coupled to a digital to analog converter
(DAC) 31. Controller 22 provides a digital discharge signal.
DAC 31 coverts the digital discharge signal into an analog
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signal. The analog signal is provided to op-amp 32. An
output of op-amp 32 may be provided to load 34. Load 34
may comprise one or more power transistors such as MOS-
FETs, bi-polar junction transistors, etc. Op-amp 32 in com-
bination with load 34 effectively servos application of load
34 to battery 3 based on a frequency of the discharge signal
and the waveform of the discharge signal (e.g. the current
drawn from battery 3 tracks the waveform of the discharge
signal). Preferably load 34 comprises at least one circuit
element which limits an amount of current that is drawn
from battery 3 (e.g. a resistive element, etc.).

In some embodiments an output of op-amp 32 is provided
to optional loading circuit 33. Loading circuit 33 may
comprise one or more power transistors such as MOSFETs,
bi-polar junction transistors, etc. Additionally, or alterna-
tively, loading circuit 33 may comprise a resistive network,
one or more filters, one or more additional amplifiers, etc.
which may modify characteristics of the analog discharge
signal (e.g. amplitude, frequency, etc.). Op-amp 32 in com-
bination with loading circuit 33 may effectively variably
servo application of load 34 to battery 3 based on a fre-
quency of the discharge signal, the waveform of the dis-
charge signal and any modifications made to the discharge
signal by loading circuit 33.

Feedback loop 35 provides for dynamic adjustment of the
current draw. Dynamically adjusting the current draw based
on differences between the actual current draw and the
current draw specified by the discharge signal allows load 34
and/or loading circuit 33 to draw current from battery 3 in
a manner which more closely resembles the waveform of the
discharge signal.

Preferably load 34 is not just a fixed resistive load that
will have a varying discharge current depending on the
battery voltage according to Ohm’s law. Rather the combi-
nation of switching circuit 33 with load 34 permits appli-
cation of load 34 to be varied (e.g. via switching circuit 33)
for the current drawn from battery 3 to track the waveform
of the discharge signal. As described elsewhere herein the
current drawn from battery 3 may be varied by varying the
discharge signal.

In some embodiments application of load 34 is filtered.
For example, one or more circuit elements such as capaci-
tors, inductors, resistors and/or the like may be connected
across load 34, feedback loop 35 and/or the like. The filter
may prevent oscillation of circuit 30. Additionally, or alter-
natively, the filter may remove noise or other electromag-
netic interference from interfering with the test of battery 3.
This advantageously may provide for a more accurate test of
battery 3.

In some embodiments controller 22 may dynamically
vary in real time application of load 34 by varying the digital
discharge signal that is input into DAC 31.

FIG. 5 is a block diagram of an example method 40 for
testing a battery 3.

In block 41 a battery to be tested (e.g. battery 3) is coupled
to the testing system (e.g. apparatus 10 described elsewhere
herein). A discharge signal draws current from battery 3 in
block 42 at a frequency which corresponds to the frequency
of the discharge signal.

As the battery is discharged, blocks 43 to 47 measure
performance characteristics of the battery being tested. In
block 43 a plurality of measurements of the voltage across
the battery terminals (i.e. the terminal voltage of the battery)
are taken. Block 43 also takes a plurality of corresponding
measurements of the current flowing through the battery.

Especially because the battery being tested according to
example method 40 is continuously being discharged (e.g.
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the battery is not re-charged between discharge cycles), an
intrinsic voltage drift may be present in the measured
voltage data. Processing the voltage data without somehow
compensating for the intrinsic voltage drift may skew test
results and provide an incorrect measurement of the bat-
tery’s performance. In block 44, the intrinsic voltage drift
present in the measured voltage data is removed. Block 44
may execute a drift compensation method as described
elsewhere herein.

Method 40 computes a complex impedance of the battery
from the measured voltage and current data. Preferably
method 40 computes the complex impedance in the fre-
quency domain. In some embodiments block 45 computes
the Fourier transform of both the compensated voltage data
and the measured current data. In block 46 the fundamental
frequency or frequencies of the voltage data and the current
data is located from the Fourier transform. In block 47 the
complex impedance at the fundamental frequency(ies) is
computed by dividing the compensated voltage data by the
current data at the fundamental frequency(ies).

Block 48 determines whether additional discharge signals
are to be applied to the battery being tested. If yes, then
method 40 returns to block 42 where the battery is dis-
charged by applying the next discharge signal. The next
discharge signal to be used is selected in block 49. If the
battery is not to be discharged with any additional discharge
signals, method 40 proceeds to block 50.

In block 50 one or more circuit models representative of
the battery are fit to the computed impedance data using any
model fitting algorithm presently known or discovered in the
future. In an example embodiment the Levenberg Marquardt
fitting algorithm is used. In some embodiments, a fitting
algorithm of the group consisting of simplex, least squares
and particle swarm is used.

Depending on when method 40 is performed and/or on
what type of battery (or other electrochemical system)
method 40 is performed on, method 40 may generate dif-
ferent results. Without limitation to any particular theoretical
explanation, this is because factors such as the state-of-
charge of the battery being measured, the size of the battery,
rest time of the battery, temperature of the battery, etc. may
cause alterations in the impedance properties of the battery
being tested. As described elsewhere herein such factors
may be input into the battery testing system by a user and/or
may be measured by the battery testing system. Block 51
adjusts parameters of the models fit to the impedance data in
block 50 to compensate for such factors. Any compensation
method as described elsewhere may be used.

Block 52 classifies a state of health of the battery being
tested based on the impedance data and/or the model param-
eters. Block 52 may for example provide a machine learning
module (e.g. Al module 6) trained to classify the battery
based on impedance data and/or model parameters which are
inputted into the system. The classification may provide
information about the battery’s state of health to a user. In
some embodiments block 52 classifies the battery as “good”,
“satisfactory”, “ok”, “bad”, etc. In some embodiments the
classification provides an estimated length of time the bat-
tery’s state of health will remain above a threshold. For
example, such classification may classify the battery as
“Good for one more year”, “Good for two more years”,
“Satisfactory for at least six months”, etc. In some embodi-
ments block 52 classifies the battery by assigning a value in
a range (e.g. a SoH in the range of 0% to 100%). In some
embodiments the output of block 52 includes a confidence
indicator.
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Dynamic Current Adjustment

In some embodiments testing module 4 is configured to
dynamically adjust current that is drawn from battery 3 to
keep the impedance spectrum response of battery 3 in a
range that is linear (or close to linear). For the impedance
spectrum response of battery 3 to be linear (i.e. linearly
related to the current signal), typically a voltage across each
cell of battery 3 should not exceed a threshold value (e.g.
about 10 mV peak-to-peak). If the response of battery 3
approaches or exceeds the threshold value, testing module 4
may automatically reduce the current drawn from battery 3
by an amount sufficient to keep the voltage of the response
of battery 3 below the threshold voltage. If the response of
battery 3 is undesirably small, testing module 4 may auto-
matically increase the current drawn from battery 3 by an
amount sufficient to keep the voltage of the response of
battery 3 at a sufficient voltage for measurement.

Testing module 4 may, for example perform a potentio-
static method which dynamically adjusts the drawn current
to maintain the voltage across each cell of battery 3 within
a preset voltage range (e.g. about 10 mV peak-to-peak). In
some embodiments a voltage across each individual cell of
battery 3 is estimated by dividing a voltage between the
terminals of battery 3 by the total number of cells within
battery 3.

Dynamically adjusting the drawn current from battery 3
may have one or more of the following advantages:

Maintains voltage response of battery 3 below a threshold
peak-to-peak value (e.g. below about 10 mV) by vary-
ing the drawn current across the frequency band to
reduce total droop and maintain linearity (or close to
linearity) of the impedance spectrum response from
battery 3.

Fits a measured voltage signal at each frequency within a
desired predefined window (e.g. fits the measured volt-
age signal within a voltage measurement window,
maintains an amplifier input within its valid range,
maintains a programmable gain amplifier input within
its valid range, etc.).

Adjusts a discharge offset voltage to ensure a full-scale
range of a downstream analog to digital converter
(ADC) is not exceeded.

etc.

Information about a voltage droop (or voltage drift)
and/or an amplitude of a voltage signal at each frequency
may be used to adjust the current drawn to maintain the total
voltage drift to be within a predefined threshold range and/or
an amplifier gain (e.g. gain of the programmable gain
amplifier) to be within a threshold range (e.g. within a valid
range of the amplifier) for the next frequency scan.

In some embodiments dynamic current adjustment is
performed by first applying an initial discharge signal to
battery 3 (e.g. a sinusoidal discharge signal at a constant
frequency (e.g. a frequency matching the first test fre-
quency), a short discharge pulse, etc.). In some embodi-
ments a 2 KHz sinusoidal discharge signal having an ampli-
tude of 1A is applied. In some embodiments a short
discharge pulse (e.g. 100 ms) having an amplitude of 1A is
applied.

In some embodiments the initial discharge signal has a
frequency and/or current peak amplitude that is the same as
the frequency and/or current peak amplitude of a first
discharge signal which be applied to the battery once a test
is commenced. In some embodiments the initial discharge
signal has a current in the range of about 0.2% C-rate to 5%
C-rate multiplied by a capacity value of battery 3.
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The voltage response to the initial discharge signal may be
filtered (e.g. to remove noise, to separate out a particular
frequency or frequency band, etc.). An initial change in
voltage (AV,,,,) is computed from the voltage response to the
initial discharge signal. Resistance of the battery cell may
then be computed from AV,,, and the amplitude of the
discharge current that was applied (R=AV,,./I). A desired
current amplitude required to maintain a desired peak-to-
peak voltage may then be computed by dividing the desired
peak-to-peak voltage by the computed resistance (L,,,,,=V,,/
R).

The computed desired current amplitude may then be
used to commence a test of battery 3. For each frequency,
testing module 4 may:

1. Filter a measured voltage response to the applied

discharge current.

2. Compute a change in voltage (e.g. peak to peak
amplitude of voltage response for the particular
response (see e.g. AV in FIG. 5A)) and a total voltage
value at the end of the current draw for that frequency
(e.g. battery 3 no longer being discharged at that
frequency).

3. Compute a resistance (R) of battery 3 at the particular
frequency. It is unnecessary to compute the resistance
for the first frequency since this has already been done
using the initial discharge signal as described above.

4. If the change in voltage is larger than the threshold
peak-to-peak voltage range that is to be maintained, a
new reduced current value for the next frequency may
optionally be computed. The new reduced current value
may, for example, be computed as follows:

new

(Change in voltage)—(Desired Voltage Range (“Vpp™))
New = .
R

L., may then be used to set an amplitude of the current
draw for the next frequency.

5. Compute an amount of voltage droop or drift for that
frequency (e.g. droop=voltage at start of test at the
frequency—voltage at end of test at that frequency). The
voltage droop may be communicated to the voltage
drift/offset and/or gain setting routines described else-
where herein. In some embodiments voltage droop may
be interpolated from a portion of the voltage response
for that frequency (e.g. voltage droop between two
points not corresponding to the start and end times of
the signal for that frequency may be used to interpolate
a total voltage droop for the signal).

6. Repeat for next frequency as desired.

FIG. 5A is a graphical illustration of example measured
voltage signals. V,, to V, corresponds to a voltage droop
demonstrated in a measured voltage signal response to a
current drawn at a first frequency. Vj, to V, corresponds to
a voltage droop demonstrated in a measured voltage signal
response to a current drawn at a second frequency. Vi, to V3
corresponds to a voltage droop demonstrated in a measured
voltage signal response to a current drawn at a third fre-
quency. As shown in FIG. 5A, V,, V, and V; correspond
to minima of the voltage response.

Voltage Drift Compensation

As discussed above, continuously discharging the battery
throughout a testing cycle without re-charging the battery
can result in a state of charge of the battery being reduced
sufficiently to cause a shift in the terminal voltage of the
battery by the end of a testing cycle (i.e. a “voltage drift”
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occurs). A voltage drift may be reduced or eliminated from
the measured voltage by quantifying the voltage drift and
adjusting the measured voltage to compensate for the quan-
tified voltage drift. In some embodiments the quantified
voltage drift is subtracted from the measured voltage.

Voltage drift compensation may be applied, for example,
to compensate for voltage drifts that occur as a result of a
battery testing protocol which results in discharge of a
battery during testing. Voltage drift compensation as
described herein may be applied in other contexts as well
including cases where voltage drift is caused by a battery
being charged during testing.

Example 1—Genetic Algorithm

In some embodiments apparatus 10 executes a genetic
algorithm which compensates for the voltage drift. In some
embodiments the genetic algorithm may be like method 60
shown in FIG. 6.

In block 61 a tuning curve is initialized. The tuning curve
may be defined by a set of fixed parameters and a set of
tuning parameters. Preferably, the tuning curve is a non-
linear curve. In some embodiments the tuning curve is a
spline curve having a plurality of sections joined at knots.
For example the curve may comprise a 2" order b-spline
with 6 knots. In such embodiments, the fixed parameters can
be times corresponding to the knots. The tuning parameters
may be the spline coefficients.

For example, the knot locations may be evenly spaced in
a time dimension spanning the acquisition of voltage signals
from an electrochemical system. For example, if testing a
battery involves a sequence of 28 test signals which have an
average duration of 1.25 seconds (total test time of 35
seconds) the knots may be placed at 5 second intervals.

In some embodiments the tuning curve is any other spline.
In some embodiments the tuning curve is a polynomial. In
some embodiments the tuning curve is an exponential decay
curve.

Block 62 finds the average of the measured voltage signal
and subtracts this value from the measured voltage signal
(i.e. a “processed voltage signal”). Removing the average
signal advantageously removes the DC component from the
analysis thereby simplifying the method. However, block 62
is not mandatory.

Block 63 transforms the measured voltage signal into a
frequency domain. For example, block 63 may compute the
Fourier transform of the measured voltage signal (e.g. using
a suitable algorithm such as the fast Fourier Transform
(FFT)).

In block 64 a peak associated with the voltage drift is
located. If the measured voltage signal was processed
according to block 62 so that there is no DC (zero frequency)
component, the voltage drift peak will typically be the first
peak in the Fourier transform. The magnitude of the voltage
drift peak may be used as an objective function in an
optimization of the tuning parameters of the tuning curve
(e.g. method 60 aims to find tuning parameters such that
when the tuning curve is subtracted from the measured
voltage signal the magnitude of the objective function is
minimized).

Block 65 subtracts the initial candidate curve from the
measured voltage signal. The difference is the first best
candidate signal. The initial curve is the first best candidate
curve. The tuning parameters of the initial curve are the first
best candidate tuning parameters.

In block 66 an optimization is performed to get the best
compensated voltage signal by minimizing the value of the
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Fourier peak of the drift voltage. In some embodiments the
voltage signal is optimized according to example method 70
(see e.g. FIG. 7).

Block 71 makes N copies of candidate curve 80. The
number of copies N corresponds to a desired number of
iterations of optimization method 70. Fewer iterations may
reduce an execution time of method 70. However, a greater
number of iterations may result in a better (e.g. closer)
optimization. In some embodiments block 71 makes 10
copies of candidate curve 80. In some embodiments block
71 makes fewer than 10 copies of candidate curve 80. In
some embodiments block 71 makes more than 10 copies of
candidate curve 80. In some embodiments block 71 makes
between 5 and 50 copies of candidate curve 80. Randomly
adjusting multiple copies of a candidate curve may facilitate
a more thorough search of the candidate (e.g. multiple points
corresponding to the different copies may be observed
instead of just a single point of a single copy).

A first copy of candidate curve 80 is passed to block 72.
In block 72 the tuning parameters of the copied candidate
curve 80 are randomly adjusted. For example, controller 22
may randomly select a set of tuning parameters. The set of
tuning parameters may, for example, be randomly adjusted
by generating a random number from a uniform distribution
between —j and j. The random number may then be added to
the current tuning parameters. For example, j may be 0.005.
Preferably j is large enough to overcome local minima.
Preferably j is also not large enough that it results in an
inability to find a good solution. The uniform distribution
may be exchanged for any random distribution (e.g. normal,
beta, Cauchy, etc.). Preferably the random distribution is
symmetrical about 0. This may facilitate exploring the
solution space evenly.

In block 73 a new candidate compensation curve is
generated from the fixed parameters and the new tuning
parameters which were set in block 72.

In block 74 the new candidate curve is subtracted from the
processed voltage signal. The difference is the new candi-
date voltage signal.

In block 75A the average of the new candidate voltage
signal is subtracted from the candidate voltage signal. In
block 75B the Fourier transform of the new candidate signal
is computed. Block 75B locates the peak associated with the
drift voltage. If the located peak is lower in magnitude than
the current best value the best parameters are updated
(blocks 76 and 77). In such cases the current peak value
becomes the new best value, the new candidate compensa-
tion curve becomes the new best candidate and the adjusted
voltage becomes the new best adjusted voltage.

Block 78 verifies whether additional candidate curve
copies are to be optimized. If so, block 79 selects the next
copy of candidate curve 80 and returns method 70 to block
72. Otherwise, method 70 terminates and returns the best
values.

In some embodiments where the discharge signal is a sine
wave (and the voltage signal is therefore expected to also be
a sine wave) the objective function may be replaced with a
function having a value that is proportional to a squared
error between points of the discharge signal and points on an
idealized sine-wave.

In some embodiments the optimization algorithm is a
single objective optimization algorithm. In some embodi-
ments the optimization algorithm is one of the group con-
sisting of particle swarm, simulated annealing, gradient
descent and stochastic hill climbing.

Example 2—Averaging Maxima and Minima

In some embodiments voltage drift is compensated by
averaging local maxima and minima of the measured volt-
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age signal together to generate a compensation signal which
may be subtracted from the measured voltage signal (see e.g.
example method 90 of FIG. 8).

Block 91 receives and processes the measured voltage
data. Block 91 may be configured to retrieve (e.g. generate
machine instructions to retrieve measured voltage data from
a data store, memory module, etc.) and/or receive (e.g.
generate machine instructions to receive the measured volt-
age data). Block 91 traverses the measured voltage data to
locate local maxima and minima of the measured voltage
data. In some embodiments block 91 does not register
maxima and minima separated from each other by less (or
more) than a threshold amount (e.g. block 91 may ignore
local maxima and minima corresponding to noise present in
the measured voltage data). In some embodiments topo-
graphic prominence is used to decide if a local extremum is
significant or not.

Block 92 separates the registered maxima and minima
into distinct groups. The registered maxima (e.g. registered
“peaks” of the measured voltage data) may be separated into
a first group. The registered minima (e.g. registered
“troughs” or “valleys” of the measured voltage data) may be
separated into a second group.

Curves representative of the points in each of the distinct
groups are generated in block 93. First and second curves
may be fit to the points of the first and second groups
respectively. In some embodiments the first and/or second
curves are decaying exponential curves (however this is not
mandatory and other types of curves may be used as the first
and second curves). In some embodiments the first and/or
second curves may be spline curves, polynomial curves,
and/or the like.

Block 94 combines the curves generated in block 93 to
generate a compensation curve. Block 94 may, for example,
average the first and second curves together to generate the
compensation curve. In such embodiments, the compensa-
tion curve is representative of the voltage drift.

The compensation curve may be subtracted from the
measured voltage data in block 95 to generate a compen-
sated voltage signal. This advantageously reduces or com-
pletely eliminates voltage drift from the compensated volt-
age data.

In some embodiments method 90 may register a reduced
number of maxima and minima. For example, method 90
may register every n” (e.g. every 2%, 3’%, 4% etc.) maxima
or minima. In some cases, voltage drift is small (e.g.
between 0.02 mV and 1.6 mV). In such cases processing
time required to complete method 90 may be reduced by
reducing the number of maxima and minima that are regis-
tered with minor (or no) impact on the quality of voltage
compensation.

Example 3—TFiltering

In some embodiments method 90 filters the measured
voltage data to generate the compensation curve. The com-
pensation curve may then be subtracted from the measured
voltage data to generate the compensated voltage signal.

Example 4—Characteristic Drift

In some embodiments battery 3 is discharged by a known
amount. A characteristic drift may be determined by mea-
suring changes in the voltage of the battery as a result of the
discharging. For example the battery may be discharged
with a constant current for a discharge period. Voltage across
the terminals of battery 3 may be measured during the

10

15

20

25

30

35

40

45

50

55

60

32

discharge period. The resulting curve of voltage as a func-
tion of time may be identified as the characteristic drift.

For example, it may be desired to subject a battery 3 to a
testing protocol as described herein in which the battery 3 is
discharged while modulating discharge current at different
frequencies. The discharge period for evaluating voltage
drift may be selected to have a length equal to the aggregate
duration of the testing discharges. A current to be drawn
during the discharge period may be selected to be an average
current drawn by the testing discharges. During the dis-
charge period the voltage of the battery 3 under test may be
sampled periodically. The sampled values may be stored and
used to represent the characteristic drift which may be
subtracted from the voltage signal measured during the
testing discharges.

In some embodiments the characteristic drift may be
measured as described herein before and after the testing
discharges and the before and after characteristic drifts may
be averaged to obtain a characteristic drift to be subtracted
from the voltage signal measured during the testing dis-
charges.

In some embodiments the average current draw of the
testing discharges may vary over the course of the testing
discharges. In such cases the current drawn during the
discharge period may be modulated to track variations in the
average current of the testing discharges. For example, if the
average current of the testing discharges decreases, an
amplitude of the current drawn during the current discharge
period may be modulated to have a higher amplitude (e.g. to
offset the decreased average).

A test of battery 3 may then be performed according to
any of the methods described elsewhere herein. The mea-
sured voltage values may be concatenated together. The
characteristic drift may be subtracted from the concatenated
data (or signal) to compensate the concatenated data for
voltage drift. The compensated data may then be split back
into its respective parts (or signals).

Voltage Measuring Window

As described elsewhere herein a voltage response of a
battery or other electrochemical system may be measured.
The voltage response may drift over time and may have
different magnitudes under different test conditions. A mea-
surement circuit is typically capable of measuring voltages
within a particular range or “measuring window”. For
example a specific measurement circuit may be capable of
measuring voltages in a range of a minimum measurable
voltage, for example 0 volts to some maximum measurable
voltage, for example 15 volts. If the voltage response is
outside the measuring window (e.g. has a voltage below the
minimum measurable voltage or above the maximum mea-
surable voltage) then the measurements may be clipped.

FIG. 8A illustrates an example voltage response where
voltages below 8V are clipped (the voltage measuring win-
dow is between 8V and 10.5V).

In some embodiments a measurement circuit is configured
to allow the measuring window to be adjusted. For example,
one or both of the minimum and maximum measurement
voltages may be adjustable. FIG. 8B illustrates the example
voltage response of FIG. 8A with the voltage measuring
window adjusted to have a lower measurable voltage such
that voltages below 8V are no longer clipped.

In the example case where the measurement circuit com-
prises a variable gain amplifier and an analog to digital
converter connected to digitize an output voltage of the
variable gain amplifier a measuring window may be set by
setting a gain and offset applied by the variable gain ampli-
fier to establish a measuring window between a suitable
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minimum measurable voltage and a suitable maximum
measurable voltage. The measuring circuit may, for
example, be configured so that a voltage response at the
minimum measurable voltage of the measuring window is
within a measuring range of the analog to digital converter
and at or near one end of the measuring range and a voltage
response at the minimum measurable voltage of the mea-
suring window is within a measuring range of the analog to
digital converter and at or near a second end of the mea-
suring range of the analog to digital converter.

Where the voltage response is subject to drift, the voltage
response may not remain in a measuring window even if the
voltage response initially falls within the measuring win-
dow. To capture the drifting voltage response, the measuring
window may be made large enough to accommodate
expected drift of the voltage response.

In some embodiments clipping of the measured voltage is
avoided by setting the voltage measuring window to span a
large voltage range. For example, the voltage measuring
window may cover a full voltage range of a battery 3 being
tested (e.g. from OV to the maximum open circuit voltage of
battery 3). In some cases however setting the voltage mea-
suring window to span a large voltage range may unfavour-
ably reduce measurement resolution (e.g. due to a finite
resolution (number of steps) provided by an analog to digital
converter).

In some embodiments the voltage measuring window is
set based on a predicted amount of voltage drift. In some
embodiments the voltage measuring window is predicted
based on a type of battery 3 being tested (e.g. specific types
of batteries may have corresponding specific amounts of
voltage drift).

Data specitying the expected drift may be retrieved and
applied to set a measuring window. In some embodiments
apparatus 10 stores predicted voltage measuring window
amounts. The voltage measuring window may be set to be
large enough to cover the full range of the predicted amount
of voltage drift. By setting the voltage measuring window
based on the predicted amount of voltage drift a higher
measurement resolution may be maintained. In some
embodiments a buffer amount (e.g. 5%, 10%, 15%, etc.) is
added to the predicted amount of voltage drift.

In some embodiments voltage drift is predicted for a
particular battery being tested. This may be done, for
example, by applying an initial discharge pulse and mea-
suring characteristics of a response to the initial discharge
pulse prior to performing any of the testing methods
described herein. A measuring window may then be set
based on the predicted voltage drift. The measuring window
may be set prior to applying test discharge signals as
described herein.

One or more parameters representative of the battery’s
response to the initial discharge pulse may be used to predict
voltage drift. In some embodiments a response to the initial
discharge pulse corresponds to an exponential decay. Param-
eters of the exponential decay may be used to predict the
voltage drift.

In some embodiments one or more of the following
parameters are used to predict voltage drift:

an initial voltage drop (AVin) (see e.g. FIG. 80);

a final settled voltage (Vj,,,,) after the discharge pulse is
complete (e.g. voltage after 100 ms if a 100 ms dis-
charge pulse is applied);

exponential fit parameters corresponding to the voltage
response (e.g. exponent, multipliers, time constant,
etc.);

etc.
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In some embodiments voltage drift is predicted by:

Applying a discharge pulse of an amplitude equivalent to
an average of the current which will be drawn during a
test for a set amount of time. Typically the set amount
of time is short (e.g. 100 ms). If, for example, 1 A of
peak current will be drawn during a test then the
discharge pulse may have a depth of 0.5 A. If different
current amounts are drawn during a test, the amplitude
of the discharge pulse may be determined with a
weighted average of the different current amounts that
will be drawn during the test.

Finding pulse droop by calculating voltage drop (V,,.,~
OCV,,,..;.0) over the duration of the pulse (e.g. at t=100
ms for a 100 ms discharge pulse). “OCV,,,,;” means
the initial open circuit voltage of battery 3.

Predicting a voltage drift based on the measured response
to the discharge pulse.

In some such embodiments a predicted voltage drift may

be represented as follows:

Predicted Voltage Drift=B(Pulse Droop)”

wherein B and D are numeric coefficients.
For example, a specific predicted voltage drift may be
represented as follows:

Predicted Voltage Drift=38.213(Pulse Droop)%444.

FIG. 8C illustrates an example pulse voltage response to
a discharge pulse of 1A for 100 ms.

In some embodiments one or more parameters of the
response to the initial discharge pulse and/or parameters of
a voltage rise during a rest period prior to a test may be used
as input data to improve accuracy of any of the SoH
determination methods described elsewhere herein. In some
embodiments such parameters may be input features which
improve training of Al module 6.

State of Charge Compensation

The impedance frequency spectrum of a battery may vary
as state of charge of the battery varies. In cases where the
impedance spectrum is applied to determine parameters of
electrical circuit models the parameters may also be altered
as a result of the state of charge of the battery. This issue can
be addressed by charging a battery 3 that is to be tested to
a standard state of charge (e.g. fully charged) prior to testing
the battery 3. A disadvantage of requiring that batteries must
be at a standard state of charge for testing is the time
required to adjust the state of charge (e.g. by charging). It
can take a significant time to bring a battery to the standard
state of charge (or even to verify that the battery is at the
standard state of charge). Depending on the condition (e.g.
SoH) of a battery 3 it may not be possible in some cases to
bring battery 3 to the standard state of charge.

Classifying a state of health of battery 3 without com-
pensating for different states of charge which battery 3 may
have may result in an inaccurate (or less accurate) assess-
ment of the state of health of battery 3.

Preferably, testing module 4 (or apparatus 10 generally)
compensates for different states of charge of the different
batteries being tested. For example, controller 22 may scale
impedance data and/or parameters of models based on a
measured state of charge of the battery.

State of charge may be compensated, for example, by
scaling computed complex impedance values of an imped-
ance frequency spectrum (which may, for example, be
measured as described herein) and/or parameters of a model
by one or more scaling factors. The one or more scaling
factors may be determined by testing the same battery 3 at
different states of charge and observing how the measured
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impedance frequency spectrum and/or parameters of one or
more models change with the state of charge.

For some battery chemistries open circuit voltage (OCV)
is a reasonably reliable indicator of state of charge. A scaling
factor may be expressed as a scaling function of OCV
(“f(OCVY"). The scaling function may be any function that
has parameters that allow the function to be fitted reasonably
well to the way that a particular value or parameter changes
with OCV.

For example, the scaling function may be a polynomial
function having coefficients that may be set. Consider the
case where a particular parameter p has a value ps.;  4arge
when a battery is fully charged and the same parameter has
a value p,,...... When the battery is at another state of
charge having an open circuit voltage OCV. In this case, for
a suitably constructed f(OCV):

Prncasured= 1T OCY)Pauys charge

and 50, if P,,eusmeq 18 known (e.g. by computation or mea-
surement) Pr,y; cparge €an be calculated by:

Dmeasured

Dyl charge = 1+ /(0CP)

In this manner, parameter values used for further computa-
tions (e.g. assessment of SoH) may be adjusted to the
corresponding values that would have been determined if the
battery had been fully charged before processing the param-
eter values to estimate SoH (or other performance measure).

It is often sufficient for f(OCV) to be a second order
polynomial of the form:

FCV)=A(OCV)2=B(OCV)+C

where A, B, and C are fixed coefficients. For example, for a
particular case f(OCV) may be given by:

F(OCV)=0.728(0CV2—18.787(0CV)+121.21

A different function f(OCV) may be applied to compen-
sate each parameter (and/or each complex impedance) to
account for the state of charge of a battery under test not
being the standard state of charge.

In some embodiments state of charge is compensated by
adjusting computed impedance values based on a look up
table.

Such scaling functions, look up tables, etc. may, for
example, be computed by measuring parameters of a battery
as a function of OCV in a lab environment and then fitting
scaling function(s), look up tables, etc. to the measured
parameters.

In some embodiments parameters that are not sensitive to
different states of charge need not be modified by scaling or
otherwise to compensate for different states of charge of a
battery 3. Such parameters may be directly used to deter-
mine state of health of battery 3 (or other performance
characteristics) without having to first compensate for state
of charge. This may, for example, reduce processing time
and/or an amount of resources required to process the
measured data.

In some embodiments apparatus 10 autonomously com-
pensates for different states of charge of battery 3 without
having to acquire specific data and/or compensation param-
eters to compensate for the state of charge of battery 3. In
some embodiments measured OCV data of battery 3 is
provided to Al module 6 as an input. Al module 6 may train
itself to autonomously compensate for effects resulting from
different states of charge based on the provided OCV data.
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In some embodiments no information about state of charge
of battery 3 is provided to Al module 6. In such embodi-
ments Al module 6 may train itself to compensate for effects
of the state of charge of battery 3 based on the other data that
is inputted into Al module 6.

In some such embodiments Al module 6 trains itself to
autonomously compensate for different states of charge of
battery 3 through a method of unsupervised learning. Al
module 6 may train itself to identify correlations within data
sets that are inputted into Al module 6. For example, Al
module 6 may perform clustering on data that is inputted
into Al module 6. Each cluster of data may represent data
which is representative of similar (or the same) performance
characteristics of battery 3 (e.g. each cluster of data may
have similar or the same OCYV values). Each such cluster of
data may be correlated to a specific state of charge of battery
3 by Al module 6.

Adjustment for Recent Charging

For at least some battery types, testing a battery soon after
it has been charged (e.g. within 60 minutes of charging for
some models of battery 3) may result in incorrect (or less
accurate) test results. Once a battery finishes charging,
charge is concentrated around the battery’s electrodes. The
battery must rest for the charge to be distributed within the
battery. This can, for example, impact a state-of-charge
reading.

In some embodiments testing data is adjusted to compen-
sate for less than ideal rest times. For example, testing
module 4 (or apparatus 10 generally) may adjust (e.g. by
scaling) the computed impedance data and/or parameters
determined based on the impedance data based on a measure
that indicates rest time since the battery was last charged.

In some embodiments testing module 4 compensates for
rest time by interpolating to estimate a rest time and scaling
the computed impedance data accordingly. For example,
testing module 4 may be configured to perform example rest
time compensation method 100 shown in FIG. 9.

In block 101 testing module 4 measures OCV of battery
3 (e.g. a terminal voltage between terminals 3A, 3B of
battery 3). In block 102 testing module 4 waits for a waiting
period (typically a few seconds) before measuring the OCV
of battery 3 a second time in block 103. In block 104 a rate
of change of the OCV is calculated. For example, method
100 may subtract the second OCV measurement from the
first OCV measurement. Method 100 may optionally divide
the resulting difference by the amount of time which elapsed
between the two measurements.

Method 100 may determine a scaling factor for a param-
eter or value based on the rate of change of OCV. It is
expected that the rate of change of OCV is highest just after
a battery has been charged and that the rate of change of
OCV decreases with rest time since the battery was last
charged.

A scaling factor for a parameter is determined in block
105. The scaling value may, for example, be calculated as a
function of the rate of change of OCV. In some cases
predetermined scaling factor values are provided. The scal-
ing factor values correspond to different ranges or bins.
Block 105 may determine which of a plurality of bins the
rate of change of OCV determined in block 104 corresponds
to and may then apply the scaling factor(s) associated with
that bin to adjust parameter value(s) and/or impedance
values.

For example, a first bin may correspond to a high rate of
change (rate of change of OCV exceeds a threshold (e.g. 3
mV/min)) which may imply that the battery has rested for
less than 5 minutes. A second bin may correspond to a range
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of moderate rates of change (e.g. about 100 pV/min) that
may, for example, imply that the battery has rested for about
5 to 30 minutes. A third bin may correspond to a range of
slow rates of change (e.g. about 20 uV/min) that may imply
that the battery has rested for about 30 to 60 minutes. A final
bin may correspond to negligible rate of change (e.g. rate of
change below a second threshold (e.g. 4 1V/min)) that may
imply that the battery has rested for more than 60 minutes.

In block 106, the model parameters are multiplied by a
scaling factor associated with the type of rate of change the
computed rated of change was grouped into. In some
embodiments there is a separate scaling factor for each
parameter and/or complex impedance.

In some embodiments a charger (part of or separate from
apparatus 10) used to charge battery 3 may communicate
with testing module 4 (or apparatus 10 generally) to provide
charging information to testing module 4. In such embodi-
ments the charger may provide information about the charg-
ing cycle (e.g. current duration of charging cycle, parameters
of charging signal (e.g. voltage, current, etc.), etc.) to testing
module 4. Testing module 4 may then use this information
to adjust its testing methodology (e.g. scale values such as
raw data, computed impedance data, computed model
parameter values, etc. based on the provided charging infor-
mation). For example, the charger may communicate to
testing module 4 how long it has been since the charge was
completed. In such cases, testing module 4 may compute or
look up the exact recovery time for the specific battery being
tested and may determine adjustment factors based on the
recovery time. In some embodiments the charging rate (e.g.
fast charge vs. slow charge) is used to further refine the
adjustment factors. For example, the adjustment factors may
be scaled differently based on what the charging rate was.

The charger and testing module 4 (or apparatus 10) may
communicate using any known wired or wireless commu-
nication interface. In some embodiments a charger is inte-
grated with apparatus 10.

Temperature Measurement and Compensation

Performance characteristics of battery 3 may vary as
temperature of battery 3 changes. In some embodiments a
system for measuring temperature of battery 3 is integrated
into apparatus 10. Additionally, or alternatively impedance
values and/or values of parameters derived from the imped-
ance values may be adjusted based on the temperature of
battery 3.

In some embodiments one or both of leads 4A and 4B of
testing module 4 (or apparatus 10) comprise a clip 108
coupled to an end of the lead (see e.g. FIGS. 10A to 10C).
Clip 108 may comprise temperature sensor 110. For
example a thermistor 111 may be installed close to a metal
conducting surface 112 of clip 108 (see e.g. FIG. 10A).
Coupling clip 108 to a terminal of battery 3 places one or
more conducting surfaces of the clip in contact with one or
more surfaces of the terminal of the battery. Having these
surfaces contact each other allows for the transfer of heat
from battery 3 to the conducting surface(s) of the clip. After
enough time has passed the clip and the terminal of the
battery will be in thermal equilibrium.

Accuracy of the data provided by temperature sensor 110
may be improved by increasing contact of one or more
sensing surfaces of temperature sensor 110 with faces of
conducting surface 112. In some embodiments one or more
faces of conducting surface 112 directly abut sensing sur-
faces of temperature sensor 110. For example, a face 112A
of conducting surface 112 may abut sensing surface 111 A of
thermistor 111 (see e.g. FIGS. 10B and 10C). In some
embodiments thermistor 111 comprises a sensing plate

25

30

35

40

45

55

38

111B. Sensing plate 111B may increase the sensing surface
of thermistor 111. In some embodiments sensing plate 111B
abuts a bottom portion of a conducting surface 112 (see e.g.
FIG. 10C).

Preferably there is low thermal resistance between termi-
nals of battery 3 and the conducting surfaces (e.g. conduct-
ing surfaces 112) of a clip (e.g. clip 108). Preferably there is
also low thermal resistance between the conducting surfaces
and sensing surfaces of the temperature sensor (e.g. sensor
110). This may improve sensitivity of temperature sensor
110.

Low thermal resistance may, for example, be a thermal
resistance in the range of about 0.002 to 0.069 mK/W.
Materials having low thermal resistance may, for example,
be copper, brass, aluminum, gold, stainless steel and/or the
like.

Preferably there is also high thermal resistance between
conducting surfaces 112 of a clip and other portions of the
clip. This may prevent (or reduce) heat transfer between
conducting surfaces 112 and other portions of the clip. This
may, for example, reduce the likelihood that heat may
erroneously be transferred between the other portions of the
clip and temperature sensor 110 (which may introduce error
in data produced by temperature sensor 110). This may also
reduce the likelihood that heat from a conducting surface
112 will be dissipated through the other portions of the clip
thereby reducing the temperature reading obtained by tem-
perature sensor 110. In some embodiments the clip com-
prises a thermal insulator between a conducting surface 112
and one or more other of the lead (e.g. the outer casing, a
wall of the lead, etc.).

High thermal resistance may, for example be a thermal
resistance in the range of about 4 to 5.88 mK/W or more.
Materials having high thermal resistance may, for example,
be epoxy, nylon, PVC, ABS, a polycarbonate (PC) and/or
the like.

In some embodiments one conducting surface 112 of a
clip 108 is electrically isolated into two distinct portions (see
e.g. distinct portions 112-1 and 112-2 in FIG. 10D). This
may facilitate, for example, having a Kelvin connection
when the lead is coupled to a terminal of battery 3. In some
embodiments one of the distinct portions acts as a reference
electrode (e.g. portion 112-1) and the second distinct portion
acts as a working electrode (e.g. portion 112-2). The refer-
ence electrode may, for example, be connected to a voltage
monitor. The working electrode may, for example, be con-
nected to a variable lead (e.g. load 34 described elsewhere
herein). In some embodiments the lead comprises an elec-
trical isolator between the two distinct portions.

In some embodiments the clip comprises both a tempera-
ture sensor 110 and a conducting surface split into two
distinct portions (e.g. to provide a Kelvin connection as
described elsewhere herein). In some embodiments tempera-
ture sensor 110 (e.g. thermistor 111) abuts the other con-
ducting surface which is not split into two distinct portions
(e.g. in embodiments where the clip comprises two opposing
conducting surfaces). In such embodiments temperature
sensor 110 may be positioned relative to the un-split con-
ductive surface as described elsewhere herein. In some
embodiments sensing surfaces of temperature sensor 110
abut one of the two distinct portions of the split conducting
surface but not both. This may facilitate running wiring from
temperature sensor 110 and the distinct portions of the split
conducting surface on the same side of the clip. In some
embodiments sensing surfaces of temperature sensor 110
abut both of the distinct portions of the split surfaces. In



US 12,571,851 B2

39

some such embodiments a sensing surface which spans both
the distinct portions is not electrically conductive.

Typically there is a delay between a time that a clip is
coupled to a terminal of the battery and the time at which the
contacting surface(s) of the clip and the terminal of the
battery reach a state of thermal equilibrium. During this
delay the temperature output of temperature sensor 110 does
not represent the temperature of battery 3. The temperature
sensed by temperature sensor 110 changes until an equilib-
rium temperature is reached.

Where the clip is initially at a lower temperature than the
terminal of the battery to which the clip is connected then a
difference between the temperature of the clip (measured by
the temperature sensor) and the temperature of the terminal
of battery 3 to which the clip is coupled generally tracks an
inverse exponential function (see e.g. FIG. 11A). This is
advantageous because the first time derivative of an expo-
nential function is directly correlated to the value of the
exponential function. So, the rate at which the temperature
measured by temperature sensor 110 is changing is indica-
tive of the temperature difference between the clip and the
terminal of battery 3 to which the clip is connected. The
specific relationship between the rate of change of the
temperature measured by temperature sensor 110 and the
temperature difference between the clip and the battery
terminal depends on factors such as:

the thermal mass of battery 3;

the thermal mass of the clip; and

the thermal conductivity of the connection between the

terminal and the clip.
The combined effect of these factors may be determined by
calibrating the temperature sensor 110 relative to a type of
battery in a lab environment.

A model for determining an internal temperature of the
battery based on the equilibrium temperature may also be
developed by calibrating the temperature sensor relative to
a type of battery in a lab (e.g. testing the temperature sensor
and battery in number of different environmental tempera-
tures).

By measuring a rate of change of the output of the
temperature sensor and using the thermal equilibrium model
for the specific type of battery being tested (i.e. determining
how far from reaching equilibrium the contact surfaces and
temperature sensor are) to estimate the temperature differ-
ence between the temperature sensed by the temperature of
the terminal of battery 3 the temperature of the terminal of
battery 3 may be determined by adding the calculated
temperature difference and the temperature measured by
temperature sensor 110. This allows temperature of battery
3 to be quickly determined (i.e. the system need not wait for
the lead and the terminal to reach thermal equilibrium).
Based on the equilibrium temperature, an internal tempera-
ture of the battery may be determined.

In some embodiments temperature sensor 110 measures
the rate at which the temperature measured by temperature
sensor 110 may be changing (e.g. “dT/dt”). The measured
rate of change may be processed to yield a model defining
a relationship between the rate of change and the tempera-
ture difference (e.g. “AT”) between the clip and the battery
terminal (e.g. “ft(AT)”). As described elsewhere herein the
model may be determined by calibrating temperature sensor
110 relative to a type of battery in a lab environment. To
determine the temperature difference (AT) an inverse of the
model function may be taken. The temperature of the battery
may be determined by adding the computed temperature
difference (AT) to the measured temperature (e.g. “T”).
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Apparatus 10 is preferably configured to receive signals
from temperature sensor 110. For example, apparatus 10
may be configured to receive one or more wires extending
from temperature sensor 110 to apparatus 10. In some
embodiments temperature sensor may communicate wire-
lessly with apparatus 10. Apparatus 10 may also comprise a
data store configured to store information about a calibrated
model for temperature sensor 110 (e.g. model parameters,
inverse parameters of the model, etc.). In some embodi-
ments the model is simple. For example, the temperature
difference (AT) may be obtained by multiplying the rate of
temperature change (e.g. “dT/dt”) with a scaling value.
Apparatus 10 may also comprise one or more logic circuits
and/or processors configured to control temperature sensor
110 and/or determine the temperature of the battery as
described above.

In some embodiments temperature sensor 110 (and/or clip
108) comprises local storage. In some such embodiments
information (or a portion of the information) about a cali-
brated model for temperature sensor 110 may be stored
locally with temperature sensor 110. The measurements
taken by temperature sensor 110 may be processed (at least
partially) locally on temperature sensor 110 (and/or clip
108). The processed data may be communicated to apparatus
10. In some embodiments the data is communicated wire-
lessly. In some embodiments the processed data is commu-
nicated by wired connection.

In some embodiments the calibration data comprises a
range of values such as the rate of temperature change,
measured temperature, etc. which the measurements taken
by temperature sensor 110 may fall within for a specific
battery type. If the measurements taken by temperature
sensor 110 fall outside of this range, temperature apparatus
10 may warn the user that the measurements taken by
temperature sensor 110 fall outside of a range defined by the
calibration data. For example apparatus 10 may warn a user
that clip 108 may not be positioned properly relative to the
battery.

The temperature of battery 3 may be estimated without
waiting for the lead to come into thermal equilibrium with
the corresponding terminal of battery 3. This may be done by
measuring a rate of change of the temperature reading of
temperature sensor 110 against time and extrapolating from
the rate of change a predicted temperature of battery 3.
Advantageously this can reduce time required for testing
because apparatus 10 need not wait for temperature sensor
110 to reach steady state in order to determine the tempera-
ture of battery 3.

Alternatively, or additionally, the lead may comprise an
infrared type sensor 113 mounted proximate to the conduct-
ing surface.

Temperature sensor 110 may be calibrated by testing the
temperature sensor(s) with multiple batteries and indepen-
dently measuring temperatures of the batteries. Such tests
may be conducted in varying temperature settings. The data
may be used to generate a formula specific to the tempera-
ture sensor within the electrode.

In some embodiments temperature sensor 110 continu-
ously measures temperature of battery 3. Apparatus 10 may
record this data and average the data to obtain a baseline
temperature T,. Upon apparatus 10 commencing a test of
battery 3, apparatus 10 may record an initial starting tem-
perature T, at the time the test was commenced. Once the
test is over, apparatus 10 may record a finishing temperature
T, at the time the test was completed. The temperature of
battery 3 may then be computed, for example, as follows:

T=To+M(T\-T5)

wherein M is a scaling value. M may be determined during
the performed calibration tests as described above. In some
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embodiments M is a constant. In some embodiments M is
dependent on T, and T,.

A number of scaling values and models based on battery
type may, for example, be stored in data store 25 (e.g. stored
locally on testing module 4, stored in cloud system 7, etc.).
Once a user inputs a type of battery being tested (or the
system ascertain what type of battery is being tested in any
other manner), the appropriate scaling values and model(s)
may be retrieved from the data store.

Accuracy of the temperature readings made by the tem-
perature sensors depend in part on the surface (e.g. surface
112) conducting heat from the battery to the temperature
sensor. The inventors have discovered that thermal conduc-
tion of the surface (and therefore the accurateness of the
temperature measurement) may be improved by construct-
ing a lead to have one or more contact surfaces which
conform to a shape of the battery terminal (which may, for
example, comprise a post). Having the contact surfaces
conform to the shape of the battery increases a surface area
of the contact surface which is in contact with the battery
post thereby increasing thermal conduction of the surfaces
(see e.g. FIG. 11).

In some embodiments apparatus 10 measures temperature
of battery 3 with an accuracy of £5° C. In some embodi-
ments apparatus 10 measures temperature of battery 3 with
an accuracy better than £5° C.

In embodiments where apparatus 10 comprises two or
more temperature sensors 110 (e.g. one temperature sensor
110 on each of two leads), readings from the different
temperature sensors may be averaged together. In some
embodiments readings from temperature sensors which vary
from the remaining readings by more than a threshold
amount may be discarded (i.e. not considered by apparatus
10).

In some embodiments signals from temperature sensors
110 are conditioned. For example, apparatus 10 may com-
prise a filtering circuit designed to remove electromagnetic
noise from the temperature readings. In some embodiments
the signals from the temperature sensors may be amplified,
buffered, etc. prior to being processed. The temperature
sensors may be powered via a power source from testing
module 4 (or apparatus 10).

In some embodiments thermistor 111 may be electrically
coupled to apparatus 10 as shown in example circuit 120 of
FIG. 12. Thermistor 111 and/or the infrared sensor may be
a commercially available sensor.

In some embodiments apparatus 10 comprises only one
lead which comprises a temperature sensor. In some
embodiments the lead with the temperature sensor is
coupled to the negative terminal of battery 3. In some
embodiments the lead with the temperature sensor is
coupled to the positive terminal of battery 3.

In some cases there is a significant temperature variation
between the internal parts of a battery being tested (e.g.
battery 3) at which electrochemical reactions occur (e.g. a
center of battery 3 and temperatures of surface portions of
the battery that are accessible for temperature measurements
(including battery terminal posts). The variation in tempera-
ture may result in an inaccurate estimation of battery tem-
perature if the temperature of the battery is assumed to be the
same as the temperature of the battery’s terminal posts.

In some embodiments a temperature estimation algorithm
correlates one or more measurements from a thermistor (e.g.
thermistor 111) or other temperature sensor measuring a
temperature of an external surface of battery 3 to an internal
temperature of battery 3.
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The temperature estimation algorithm may, for example,
comprise a statistical estimator. In some embodiments the
statistical estimator comprises a minimum mean square error
(MMSE) estimator (e.g. an estimator which attempts to
minimize a mean square error of a random variable). In
some embodiments the MMSE estimator comprises a linear
MMSE (LMMSE) estimator (e.g. an estimator which opti-
mizes a linear function).

Internal temperature of battery 3 may, for example, be
estimated as follows:

=W+b

wherein X represents an estimate of the internal temperature
x of battery 3, W is a matrix (e.g. a row vector), y is a
measurement vector (e.g. a column vector) and b is an offset
scalar.

b and W may be calculated from calibration measurement
vectors (y) corresponding to known values of x (e.g. known
battery internal temperatures). Such values of x and the
calibration measurement vectors (y) may be experimentally
obtained in a lab setting by, for example, testing multiple
batteries at multiple different internal temperatures. Optimal
values for b and W may, for example, be represented as
follows:

b5y

W=CyyC, ™
wherein X and y are the means of calibration values x and y
respectively which were experimentally obtained as
described above, Cy- is the cross-covariance of calibration
values x and y and C, is the auto-covariance of calibration
value y.

The measurement vector y may comprise one or more of
the following:

initial battery post temperature (e.g. battery post tempera-

ture at start of test);

final battery post temperature (e.g. battery post tempera-

ture at end of test);

average battery post temperature;

initial rate of change of battery post temperature;

final rate of change of battery post temperature;

average rate of change of battery post temperature;

ambient temperature;

internal battery temperature estimates obtained from

another algorithm;

another measurement or estimate of a property of the

battery;

etc.

In some embodiments the statistical estimator is modified
to estimate both internal temperature and at least one other
property of the battery. In such embodiments x and b
become vectors and the dimensions of matrix W increase. In
some embodiments the statistical estimator estimates the
other property alone (i.e. does not estimate internal tem-
perature of the battery but rather estimates the other property
of the battery).

In some embodiments internal temperature of the battery
is estimated with a state observer. In some embodiments the
state observer comprises a Kalman filter. In some embodi-
ments the state observer receives as input any measurement
vector y described herein.

Cloud Functionality

As described elsewhere herein, apparatus 10 may com-
prise and/or interact with a cloud-based system 7. Cloud-
based system 7 may host a library containing data from lab
tests of a large number of batteries. Data collected during a
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test of battery 3 may be uploaded to cloud-based system 7.
For example, user entered data, measured voltage and cur-
rent, measured temperature of battery 3, measured state of
charge, etc. may be uploaded to cloud-based system 7.
Cloud-based system 7 may, for example and without limi-
tation, use such data to:

further train Al module 6 to improve performance, accu-

rateness, etc. of Al module 6;

perform calculations more efficiently reducing processing

time;

calibrate apparatuses 10 which are in communication with

cloud-based system 7;

report results of a test to a user (e.g. by providing an

online report);

etc.

Some of the methods described elsewhere herein require
computation of a number of complex, computationally
intensive algorithms (e.g. model fitting, machine learning,
etc.). Performing such algorithms on cloud-based system 7
may provide increased processing capabilities compared to
the local processing capabilities of an apparatus 10.

In some cases apparatus 10 acquires impedance data (e.g.
a complex impedance frequency spectrum). Apparatus 10
may communicate the impedance data to cloud-based sys-
tem 7. Additionally, apparatus 10 may communicate any
information about battery 3 which was provided by a user.

In some embodiments apparatus 10 may perform model
fitting. In such embodiments apparatus 10 optionally com-
municates model parameters to cloud-based system 7. In
some embodiments the model fitting may be performed
directly on cloud-based system 7. For example, apparatus 10
may communicate impedance data to cloud-based system 7
for further processing. In some cases, if apparatus 10 does
use cloud-based system 7 to compute a model fit, fit param-
eters may be sent to cloud-based system 7 separately from
the computed impedance data.

Cloud-based system 7 may then proceed to classify a state
of health of battery 3 based on one or more of the computed
impedance data, the model parameters, user provided infor-
mation about battery 3, etc.

In some embodiments battery 3 is identified by a unique
identifier. Data obtained from tests performed on battery 3
including EIS data, measured voltage data, measured current
data, temperature, etc. may be stored in cloud-based system
7. The unique identifier may index the data. Additionally, or
alternatively, testing module 4 may comprise a printer. The
printer may print out a label for a battery 3 that is being
tested. The label may include information identifying the
battery and/or performance data. In some embodiments the
label includes one or more of the unique identifier assigned
to the battery 3 being tested, measured EIS data, measured
voltage data, measured current data, temperature, etc.

In some embodiments testing module 4 may comprise a
scanner for quickly identifying a battery 3 (e.g. a barcode
scanner, OCR scanner, computer vision scanner). Once a
battery 3 is identified testing module 4 may pull stored data
corresponding to battery 3 from cloud-based system 7. The
stored data may be displayed to a user. In some embodi-
ments testing module 4 predicts performance of battery 3
based on data stored in cloud-based system 7 for identical
(or similar) batteries.

In some embodiments cloud-based system 7 comprises
data corresponding to a fleet of batteries 3 (i.e. a plurality of
batteries 3). Each battery in the fleet may be identified by a
unique identifier. Cloud-based system 7 and/or Al module 6
may analyze the data corresponding to the fleet of batteries
to determine useful patterns in the data, threshold identifiers

5

10

15

20

25

30

35

40

45

50

55

60

65

44

(e.g. a threshold voltage response indicative of imminent
failure of a battery), optimize usage of the fleet of batteries,
etc. Non-limiting example cases of how data corresponding
to a fleet of batteries may be used include:

The data corresponding to the fleet of batteries may be
analyzed to determine performance of different batter-
ies in the fleet used in different environmental condi-
tions. Performance of a battery 3 may decrease faster if
the battery 3 is exposed to harsher environmental
conditions (e.g. hot environments, very cold environ-
ments, very humid environments, etc.). For example,
certain impedance parameters corresponding to specific
effects (e.g. aging effects, depletion of ion concentra-
tions, etc.) may be present sooner for batteries operat-
ing under higher temperatures (e.g. a temperature over
30° C.). Usage of the fleet of batteries may be opti-
mized by identifying which batteries in the fleet are
more likely to fail sooner based on the environmental
conditions the batteries are exposed to. Additionally, or
alternatively, usage of the fleet of batteries which
comprises batteries having different states of health
may be optimized by allocating batteries to different
environmental conditions based on their state of health
(e.g. a brand new battery may be allocated to an
environment prone to harsh environmental conditions
while a battery having a lower (e.g. 80%, 70%, etc.)
state of health may be allocated to an environment
having less harsh environmental conditions).

The data corresponding to the fleet of batteries may be
analyzed to identifying effects on the state of health of
the batteries in the fleet based on usage of the batteries.
A state of health of a battery may decrease faster if the
battery is subject to more strenuous use (e.g. rapid
charging, rapid discharge, etc.). Certain parameters in
the measured impedance data may correspond to more
strenuous use. Identifying such parameters may facili-
tate better management of the fleet of batteries which
prolongs the life of the fleet of batteries. The fleet of
batteries may be managed by reducing strain on the
batteries by changing a usage profile, exposing differ-
ent sets of the batteries to the more strenuous use at
different times, etc.

etc.

Cloud-based system 7 may provide a central means for
processing the data corresponding to the fleet of batteries.
Cloud-based system 7 may report results of the analysis
simultaneously to different users (e.g. owners of fleets of
batteries, manufacturers of batteries, designers of technolo-
gies dependent on the batteries, etc.). In some embodiments
cloud-based system 7 automatically communicates data cor-
responding to a risk of battery failure that exceeds a preset
threshold amount. The threshold amount may be set by a
user of cloud-based system 7.

In some cases a battery may not meet required perfor-
mance characteristics for one application but may meet
required performance characteristics of a second applica-
tion. For example, a battery may not have the required
performance characteristics for powering a vehicle but may
still be reliably used to power a transmission tower or for
grid storage. Cloud-based system 7 may monitor and/or
analyze data corresponding to a battery to identify when the
battery may no longer be suited for its initial intended
purpose. Cloud-based system 7 may also identify one or
more different systems the battery may still be used to
power. In some embodiments Al module 6 is trained to
periodically (e.g. every month, week, day, etc.) monitor data
corresponding to the battery to determine a state of health of
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the battery. The determined state of health may be compared
to a threshold state of health for a specific application. The
threshold state of health may be stored in cloud-based
system 7.

Cloud-based system 7 may comprise data corresponding
to systems in need of a new battery. Cloud-based system 7
may pair a battery no longer satisfying its initial intended
purpose to a new system which may be powered by the
battery.

In some embodiments cloud-based system 7 analyzes data
corresponding to a single battery 3. Such analysis may, for
example, determine whether use of the battery is being
optimized, what a typical usage profile for the battery is,
whether the battery is being used to its maximum capacity,
etc. For example, cloud-based system 7 may (non-limiting):

Monitor the state of charge of the battery to determine
whether the battery is being charged before its full
capacity is consumed. If so, a user warning may be
generated.

Recommend a usage profile. The usage profile may opti-
mize use of the battery. The usage profile may for
example suggest a charging protocol for increasing the
life of the battery.

Dynamically vary a recommended usage profile.

Verify whether the battery is being used according to a
recommended profile and/or incentivize usage accord-
ing to the recommended protocol.

etc.

Cloud-based system 7 may compare the test results to test
results of batteries being used in an identical (or similar)
manner. If a discrepancy is noticed (i.e. worse performance
characteristics), cloud-based system 7 may generate a warn-
ing indicating that a specific load is resulting in increased
degradation of a battery. Additionally, or alternatively,
could-based system 7 may generate a warning indicating
that an apparatus 10 which resulted in the discrepancy may
be faulty.

As described elsewhere herein cloud-based system 7 may
collect data corresponding to a battery periodically. In some
embodiments cloud-based system 7 may adjust an amount of
time between subsequent collection of data based on previ-
ous test results. For example, if cloud-based system 7 may
decrease the time between subsequent collections of data if
it becomes more likely that a battery will fail. If it becomes
less likely that a battery will fail, could-based system 7 may
increase the time between subsequent collections of data.

In some embodiments cloud-based system 7 initiates one
or more defensive protocols if it determines that the likeli-
hood of a battery failing has exceeded a predetermined
threshold. The one or more protocols may include requesting
a new battery be delivered, saving current data, safely
shutting down a system being powered by the battery,
generating a user warning, etc.

In some cases testing modules 4 may be modified to
improve test results of battery 3. For example, hardware
and/or software components of a testing module 4 may be
modified to improve test results. Cloud-based system 7
and/or Al module 6 may determine a scaling function for
preserving battery data previously collected. The scaling
function may, for example, map previously stored data to a
new dataset. The new dataset is ideally the data the modified
testing modules 4 would have collected had they been
modified when the previous tests were run. The scaling
function may be communicated to the testing modules 4 via
could-based system 7.

In some embodiments cloud-based system 7 analyzes
collected data to determine a life cycle of a battery or
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batteries. The life cycle may provide information about the
history of a battery. The life cycle may span from manufac-
turing to recycling. Cloud-based system 7 may report the
determined life cycle to users, battery manufacturers, battery
suppliers, environmental organizations, etc.

In some embodiments cloud-based system 7 incentivizes
optimal use of one or more batteries. For example, cloud-
based system 7 may track usage of the one or more batteries.
If cloud-based system 7 determines that the use of the one
or more batteries satisfies a predetermined threshold for
good use, cloud-base system 7 may:

reduce service fees;

certify the one or more batteries as reliable if they are to

be sold second-hand;

etc.

In some embodiments a testing device is integrated with
a battery. The integrated testing device may comprise one or
more sensors configured to measure properties of the battery
(e.g. one or more of a temperature sensor, a current sensor,
a voltage sensor, etc.) and/or an entire testing module as
described elsewhere herein (e.g. testing module 4). The
integrated testing device may dynamically monitor proper-
ties of the battery, a condition of the battery, a load cycle of
the battery and/or the like.

The integrated testing device may be configured to mea-
sure data relating to properties of the battery. For example,
the integrated testing device may be configured to measure
temperature of the battery’s terminals and/or temperatures of
internal battery components such as anode(s), cathode(s)
and/or electrolyte, an amount of current being drawn, a
current charge of the battery, a load cycle of the battery, etc.
The measured data may be processed to determine a con-
dition of the battery (e.g. a state of health, a state of charge,
etc.). In some embodiments the integrated testing device
communicates the measured data to cloud-based system 7
for processing. In some such embodiments the integrated
testing device comprises a transmitter. In some embodi-
ments the integrated testing device comprises a data com-
munication network node, for example a CANBUS node.

The integrated testing device may be configured to peri-
odically measure data (e.g. at a set time interval). However,
the integrated testing device may additionally or alterna-
tively be configured to measure data upon a threshold
condition being detected. For example, the integrated testing
device may be configured to measure data during a rest cycle
of the battery. A rest cycle may, for example, be detected by
detecting a drop in drawn current from the battery that
exceeds a threshold amount. Such threshold may be preset
and/or dynamically varied in real time based on detected use
of the battery.

The integrated testing device may be self-powered. For
example, the integrated testing device may comprise its own
power source such as a battery. In some embodiments the
integrated testing device recharges its power source using
current drawn from the battery being monitored. In some
embodiments the integrated testing device is powered from
the battery being monitored. In some embodiments the
integrated testing device is powered by electrical charge in
an energy storage device such as a supercapacitor. The
energy storage device may be charged by the battery being
monitored and/or from another source.

In one example case the integrated testing device is
integrated with an electric vehicle battery (or a battery in
another context that experiences different load cycles that
include a rest cycle and an operational cycle). The integrated
testing device may be configured to measure parameters of
the battery during different load cycles (e.g. a rest cycle, a
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drive cycle, and/or a charging cycle, etc.) of the battery. The
measured parameters may be processed alone or in combi-
nation with information about the different load cycles of the
battery to determine a condition of the battery (e.g. state of
health of the battery, state of charge of the battery, etc.). The
processing may be done locally on the integrated testing
device or may be done remotely (e.g. on cloud-based system
D.

In some embodiments the integrated testing device is
configured to measure data a certain period of time after the
battery commences a rest cycle and/or when the battery is in
the rest cycle and has a temperature that differs from an
ambient temperature by less than a threshold amount (the
integrated testing device may include a temperature sensor
located to measure ambient temperature). For example, the
integrated testing device may include a timer that triggers
the integrated testing device to measure data about the
battery 2 hours after the battery enters a rest cycle. The start
of'arest cycle may be detected, for example, by detecting an
‘ignition off” condition and/or by detecting that little or no
power has been drawn from the battery for a threshold
period of time. As another example the integrated testing
device may trigger measurement of data when the battery is
in a rest state and the temperature of one or more compo-
nents of the battery satisfies a condition such as being below
a threshold and/or differing from ambient temperature by
less than a threshold. In some embodiments these conditions
are combined.

The integrated testing device may be configured to mea-
sure data while the battery is in a rest cycle (e.g. the vehicle
is not being driven). However, some parameters of the
battery may depend on loads drawn from the battery during
a drive cycle of the battery (e.g. while the vehicle is being
driven). For example, some parameters of the battery may
change based on a rate at which the battery was previously
discharged during a drive cycle of the battery (e.g. state of
charge). In such case data collected during the latest drive
cycle may be used to scale parameters measured during a
rest cycle. This may, for example, compensate for different
discharge rates of the battery.

In some embodiments the integrated testing system
acquires data for the battery during each of two or more of
a rest cycle, an operational cycle and a charging cycle. The
acquired data may then be processed together as described
herein to evaluate a condition of the battery (e.g. SoH). The
processing may, for example, be performed by cloud-based
system 7. In some embodiments the integrated testing sys-
tem sends data to cloud-based system 7 together with data
that indicates whether the data was obtained while the
battery was in a rest cycle, operational cycle or charging
cycle. Cloud-based system 7 may store the received data
and, when enough data has been received, cloud-based
system 7 may process the received data to determine a
condition of the battery. In some embodiments the integrated
testing system accumulates data until a required set of data
has been accumulated (the set may include data acquired
during different cycles of the battery) and then sends the set
of data to cloud-based system 7 for processing.

In some cases information about the drive cycles, tem-
perature of the battery and complex impedance data mea-
sured during rest cycles of the battery (e.g. measured as
described elsewhere herein) may be transmitted to cloud-
based system 7. The data may be continuously transmitted to
cloud-based system 7 but this is not necessary in all cases.
For example, if the integrated device detects that there is
negligible variation in the measured data (e.g. the measured
data varies from previously measured data by less than a
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threshold amount), the integrated device may cease trans-
mission of the data until new data is detected. In some
embodiments the data is transmitted using a communication
system of the vehicle.

The complex impedance data may be fitted to an appro-
priate electric circuit model (or models). Computed param-
eters may be scaled by the load cycle information (e.g. to
compensate for different discharge rates). In some cases
information from the most recent drive cycle before the
complex impedance data was measured is used to scale the
computed parameters (e.g. to compensate for the discharge
rate prior to measuring the complex impedance data). As
described elsewhere herein an artificial intelligence module
(e.g. Al module 6) may at least partially process the mea-
sured data to determine a condition of the battery (e.g. a state
of health of the battery, a state of charge of the battery, etc.).

Cloud-based system 7 may communicate a determined
and/or updated condition of the battery back to the vehicle.
In some embodiments an operator of the vehicle is notified
of the updated condition. For example, a display showing a
state of charge estimation may display the latest state of
charge estimation. As another example, the operator of the
vehicle may receive a warning (visual, audio, etc.) if the
battery is determined to have a state of health less than a
threshold amount.

Preferably a test of battery 3 is not performed if battery 3
is undercharged. In some cases however, testing module 4
(or apparatus 10) is able to differentiate between a poor
battery and a good battery that has been over-discharged. For
example, apparatus 10 may measure the open circuit voltage
or state of charge of battery 3. If an under charged state is
detected, computed impedance values and/or model param-
eters may be scaled (using a scaling polynomial, look-up
table, etc.) to compensate for the undercharged state of
battery 3. An under charged state may be detected if the open
circuit voltage is below a specified threshold (e.g. a thresh-
old provided by a manufacturer of the battery).

In some cases battery 3 has a state of charge below a
minimum threshold for performing a test. In such cases
apparatus 10 may inform a user that battery 3 must be
charged prior to running the test. The user may be informed
via input/output interface 7.

Example Applications
Application in Anomaly Detection

In some cases the systems and methods described herein
may be applied to verify production of electrochemical cells.
For example, the systems and methods described herein may
be applied as a quality control device which tests each
electrochemical cell (or randomly sampled electrochemical
cells) coming out of a production line to test whether the
sampled electrochemical cells meet applicable performance
requirements. Additionally, or alternatively, the tests may
verify whether electrochemical cells are being consistently
produced by the production line.

In some cases a EIS response of an electrochemical cell
which is known to be of high quality is captured. Such EIS
response may then be used as a reference against which
other tested electrochemical cells are compared. The com-
parison may comprise (non-limiting):

Modelling the tested electrochemical cell and comparing
the parameters of the model to predefined model
parameters of the reference sample. A pass/fail criteria
of the test may be based on a variation of the model
parameters of the tested electrochemical cell to the
model parameters of the reference sample. In some
cases a pass/fail tolerance is defined through statistical
analysis.
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Comparing real and/or imaginary components at some or
all frequencies of the EIS of the tested electrochemical
cell to the real and/or imaginary components of the EIS
data of the reference sample. An amount of acceptable
deviation may be predefined through, for example,
statistical analysis.

Training a machine learning algorithm, DN (Dirichlet-
Neumann) algorithm, etc. using EIS data and/or model
parameters of a plurality of new high quality electro-
chemical cells to evaluate quality of tested electro-
chemical cells. In some cases the training data com-
prises EIS data and/or model parameters of
electrochemical cells identified as anomalies or badly
produced electrochemical cells.

Application in Early Detection of Malfunctioning Cells

The EIS or testing systems described herein may (with or
without embedded analytical programs) be integrated into a
BMS (battery management system or similar system) of an
electrochemical cell pack. Single cells or arrays of cells may
be sampled to capture EIS or other test data. The cells may
be sampled periodically or at random times. In some cases
the cells are sampled during “quiet periods™ (i.e. a period of
time when the equipment being powered by the electro-
chemical cell pack is not in operation).

Methods described herein may obtain the sampled data
and may be applied to detect or provide advance warning of
failures of the electrochemical cell pack in the field. In some
cases the methods described herein are applied to detect a
failure in real time or to detect an imminent failure prior to
its occurrence (e.g. to give an operator enough warning to
take appropriate remedial action).

If a particular failure mode is of interest then EIS or other
test data corresponding to such failure mode with or without
modeling parameters may be used to train a machine learn-
ing algorithm to detect the particular mode of failure.

In some cases the methods are performed in real-time via
a cloud based system or offline through a computer program
which has access to the EIS or other test data from the cloud
based system. This is advantageous when the battery man-
agement system does not have embedded analytical pro-
grams.

Application in State of Charge Estimation

EIS hardware with or without embedded analytics may be
integrated into a battery pack battery management system.
The integrated hardware may be used to regularly measure
the impedance spectrum response of a battery during quiet
modes (e.g. times when equipment which is being powered
by the battery is not in operation) to assess SoH of the
battery. Battery model parameters that are commonly used
for battery SoC estimation through Kalman filtering or other
non-linear estimations as described elsewhere herein may be
updated as the battery ages to ensure accurate SoC estima-
tion over the life span of the battery. Such application may
be particularly advantageous for mileage prediction for
electric vehicles, computing a remaining useful energy of
the battery and/or the like.

Application in Battery Manufacturing Optimization

In some cases the systems and methods described herein
are used in laboratory settings to optimize battery design (or
design of electrochemical cells of other types). For example,
the systems and methods described herein may be used to
optimize the thickness of a coating on an electrode of a
particular electrochemical cell being designed. The effect of
the coating on charge transfer resistance may be monitored
and a minimum thickness with the lowest resistance may be
found. The charge transfer resistance may be derived from
fitting a Nyquist plot to electrical circuit models. Embedded
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analytical programs or an application run on an external
device may be programmed to perform such optimization.
The analytics application(s) may comprise a machine learn-
ing algorithm as described herein.

In some cases a user interface of a device acquires
required design parameters (e.g. thickness of the electrode
coating) or performance characteristics. A corresponding
impedance spectrum response and/or the model para-
meter(s) relating to the design factor of interest may be
identified through the analytics.

Application in Identifying Electrochemical Cell Type

Different electrochemical cells may have different imped-
ance spectra which vary based on type and/or chemistry of
the electrochemical cells. For example, automotive batteries
may have a distinct impedance spectrum signature with an
extremely low imaginary component corresponding to a
large double layer capacitance. The systems and methods
described herein may in some cases identify different types
and/or chemistries corresponding to the tested electrochemi-
cal cells. In some cases a machine learning algorithm is
trained with impedance spectrum data of various electro-
chemical cell types and chemistries in order for the algo-
rithm to be able to identify specific types and/or chemistries
of the tested electrochemical cells.

Application in Evaluation of Second Life for Electrochemi-
cal Cells

The systems and methods described herein may evaluate
a usability of an electrochemical cell for a secondary appli-
cation (e.g. a use of the electrochemical cell that the elec-
trochemical cell was not originally designed for). For
example, electric vehicle batteries may be considered to be
of poor quality once they drop to 80% of their rated capacity.
However, such batteries may nevertheless still be suitable
for storage applications and/or or the like. The systems and
methods described herein may determine whether a particu-
lar electrochemical cell is suitable for another application if
the electrochemical cell is no longer suitable for its intended
application.

Additional Machine Learning Training Data

Impedance spectrum data may be captured at the start,
during and/or after a charging cycle of an electrochemical
cell. The information from the impedance spectrum data
alone or in combination with model fit parameters and/or
information about the charge profile (e.g. period of a certain
charge mode, slope and/or time constant of the voltage rise,
etc.) may be used as training sets for a machine learning
algorithm which is designed to assess the condition of the
electrochemical cell.

In some cases impedance spectrum measurement circuit
hardware (with or without embedded analytics) is integrated
with a charger. In some such cases impedance spectrum data
relating to the charge may be captured in real time.
Integration of EIS Hardware with Battery Management
System (BMS)

In some cases, an impedance spectrum circuit is part of a
balancing circuit of a battery management system. FIG. 13
schematically illustrates a battery management system 200
which comprises a balancing circuit 202 having EIS circuit
204. For example, a discharge FET which applies sinusoidal
discharge signals to a battery may also be used for balancing
purposes inside a battery pack. This advantageously further
integrates the EIS device into the battery management
system.

Enumerated Example Embodiments

The following are non-limiting example embodiments of
the technology described herein. It is emphasized that any of
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the example embodiments below may be a stand-alone
embodiment or may be combined with any other embodi-
ment, feature or combination of features described herein.
Al. A method for compensating for state of charge of an
electrochemical system, the method comprising:
measuring an open circuit voltage of the electrochemi-
cal system;

determining a scaling factor based on the measured
open circuit voltage; and

scaling test data corresponding to a test of the electro-
chemical system based on the scaling factor.

A2. The method according to embodiment A1 wherein the
scaling factor is determined based on a scaling function
dependent on the open circuit voltage.

A3. The method according to embodiment A2 wherein the
scaling function comprises a polynomial function.

A4. The method according to embodiment A3 wherein the
scaling function comprises a second order polynomial
of the form:

FOCV)=4(OCV)>~-B(OCV)+C

wherein A, B and C are fixed coeflicients and OCV
represents the open circuit voltage.

AS. The method according to any one of embodiments Al
to A4 wherein different scaling factors are applied to
compensate different parameters of the test data.

A6. The method according to embodiment A1 wherein the
scaling factor is determined based on a look up table.

A7. The method according to embodiment A1 wherein the
scaling factor is determined autonomously by an arti-
ficial intelligence module trained to autonomously
compensate for effects resulting from different states of
charge based on the measured open circuit voltage.

A8. The method according to embodiment A7 wherein the
artificial intelligence module is trained through a
method of unsupervised learning.

A9. The method according to embodiment A8 wherein the
artificial intelligence module performs clustering on
data that is inputted.

A10. The method according to embodiment A9 wherein
each cluster of data may represent data which is rep-
resentative of similar performance characteristics of the
electrochemical system.

Bl. A method for compensating for rest time of an
electrochemical system, the method comprising:
determining a time since the electrochemical system

was last charged; and
adjusting test data corresponding to a test of the elec-
trochemical system based on the determined time.
B2. The method according to embodiment B1 wherein
determining the time since the electrochemical system
was last charged comprises interpolating to estimate
rest time.
B3. The method according to embodiment B1 wherein
adjusting test data corresponding to the test of the
electrochemical system based on the determined time
comprises determining a scaling factor for a parameter
of the test data based on a rate of change of measured
open circuit voltage of the electrochemical system.
B4. The method according to embodiment B3 wherein
determining the scaling factor comprises:
measuring open circuit voltage of the electrochemical
system at a first time;

waiting for a set amount of time;

measuring open circuit voltage of the electrochemical
system at a second time;
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computing the rate of change of the open circuit voltage
of the electrochemical system based on the measured
open circuit voltage at the first time and the second
time.

BS5. The method according to embodiment B4 wherein the
set amount of time comprises less than 10 seconds.
B6. The method according to any one of embodiments B3
to B5S wherein the scaling factor is determined by
selecting a predetermined scaling factor from a plural-
ity of predetermined scaling factor based on the rate of
change of the open circuit voltage of the electrochemi-

cal system.

B7. The method according to any one of embodiments B1
to B6 wherein the scaling factor is determined at least
partially based on information obtained from a charger
used to charge the electrochemical system.

B8. The method according to embodiment B7 wherein the
information obtained from the charger comprises infor-
mation about the charging cycle.

C1. A method for compensating for voltage drift of an
electrochemical system, the method comprising:
quantifying voltage drift in a measured voltage signal;

and
subtracting the quantified voltage drift from the mea-
sured voltage signal.

C2. The method of embodiment C1 wherein subtracting
the quantified voltage drift comprises using a genetic
algorithm.

C3. The method of embodiment C2 wherein the genetic
algorithm comprises subtracting an average of the
measured voltage signal from the measured voltage
signal, transforming the measured voltage signal into a
frequency domain signal, identifying a voltage drift
peak in the frequency signal corresponding to the
voltage drift and optimizing parameter values defining
a parameterized tuning curve such that subtracting the
tuning curve from the measured voltage signal mini-
mizes the magnitude of the voltage drift peak.

C4. The method of embodiment C3 wherein the genetic
algorithm comprises subtracting the average of the
measured voltage signal from the measured voltage
signal prior to transforming the measured voltage sig-
nal.

C5. The method of embodiment C3 or C4 wherein the
tuning curve is a non-linear curve.

C6. The method of embodiment C3 or C4 wherein the
tuning curve is a spline curve having a plurality of
sections joined at knots.

C7. The method of embodiment C6 wherein locations of
the knots are evenly spaced in a time dimension span-
ning an acquisition period for the measured voltage
signals.

C8. The method of embodiment C3 or C4 wherein the
tuning curve is a polynomial or an exponential decay
curve.

C9. The method of any one of embodiments C3 to C8
wherein the optimizing comprises making a plurality of
copies of a candidate curve obtained by initializing the
parameters of the training curve and randomly adjust-
ing the parameter values for each of the candidate
curves, subtracting each of the candidate curves from
the voltage signal to yield a corresponding candidate
voltage signal, transforming the candidate voltage sig-
nal into the frequency domain and comparing the
magnitudes for the drift voltage peaks in the trans-
formed candidate voltage signals.
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C10. The method of embodiment C2 wherein an objective
function used by the genetic algorithm is a function that
has a value that is proportional to a squared error
between points of the discharge signal and points on an
idealized sine-wave.

C11. The method of embodiment C2 wherein the genetic
algorithm comprises one or more of: particle swarm,
simulated annealing, gradient descent and stochastic
hill climbing.

C12. The method of embodiment C1 wherein subtracting
the quantified voltage drift comprises averaging local
maxima and minima of the measured voltage signal
together to generate a compensation signal and sub-
tracting the compensation signal from the measured
voltage signal.

C13. The method of embodiment C12 wherein the aver-
aging of the local maxima and minima comprises fitting
a first curve to the maxima of the measured voltage
signal, fitting a second curve to the minima of the
measured voltage signal and then averaging the first
and second curves to yield the compensation signal.

C14. The method of embodiment C13 wherein the first
and second curves comprise decaying exponential
curves, spline curves or polynomial curves.

C15. The method of embodiment C1 wherein subtracting
the quantified voltage drift comprises filtering the mea-
sured voltage signal to generate a compensation curve
and subtracting the compensation curve from the mea-
sured voltage signal.

C16. The method of embodiment C1 wherein subtracting
the quantified voltage drift comprises measuring a
characteristic drift by performing steps comprising
discharging the electrochemical system for a period of
time while measuring a terminal voltage of the elec-
trochemical system to yield a characteristic drift curve
and subtracting the characteristic drift curve from the
measured voltage signal.

C17. The method of embodiment C16 comprising obtain-
ing a first characteristic drift curve before performing
testing of the electrochemical system.

C18. The method of embodiment C16 or C17 comprising
obtaining a second characteristic drift curve after per-
forming testing of the electrochemical system.

C19. The method of embodiment C16 comprising obtain-
ing a first characteristic drift curve before performing
testing of the electrochemical system and a second
characteristic drift curve after performing testing of the
electrochemical system and averaging the first and
second characteristic drift curves.

C20. The method of any one of embodiments C16 to C19
wherein discharging the electrochemical system for a
period of time while measuring the terminal voltage of
the battery to yield the characteristic drift curve com-
prises modulating the current drawn while discharging
the electrochemical system to match an average current
of the testing from the voltage signal measured during
testing.

D1. A clip for coupling a lead to a terminal of an
electrochemical system, the clip comprising:

a first part comprising a first conducting surface; and
a second part comprising a second conducting surface,
the second part pivotally coupled to the first part;
wherein at least one of the first and second conducting

surfaces is shaped to conform to a surface of the
terminal of the electrochemical system.

10

20

25

30

40

45

55

54

D2. The clip of embodiment D1 further comprises a
temperature sensor operable to measure a temperature
of the terminal of the electrochemical system.
D3. The clip of embodiment D2 wherein the temperature
sensor is a thermistor.
D4. The clip of embodiment D2 or D3 wherein the
temperature sensor is proximate to one or both of the
first and second conducting surfaces.
DS5. The clip of embodiment D4 wherein the temperature
sensor directly abuts at least one of the first and second
conducting surfaces.
D6. The clip of any one of embodiments D2 to D5
wherein the temperature sensor comprises a sensing
plate, the sensing plate increasing the sensing surface
of the temperature sensor.
D7. The clip of embodiment D6 wherein the sensing
surface abuts a bottom surface of at least one of the first
and second conducting surfaces.
D8. The clip of any one of embodiments D2 to D7
wherein sensing surfaces of the temperature sensor
have a thermal resistance from about 0.002 to about
0.069 mK/W.
D9. The clip of any one of embodiments D1 to D8
wherein the first and second conducting surfaces have
a thermal resistance from about 0.002 to about 0.069
mK/W.
D10. The clip of any one of embodiments D1 to D9
wherein the thermal resistance between the first con-
ducting surface and at least one other member of the
first part is from about 4 to about 5.88 mK/W.
D11. The clip of any one of embodiments D1 to D10
wherein the thermal resistance between the second
conducting surface and at least one other member of the
second part is from about 4 to about 5.88 mK/W.
D12. The clip of any one of embodiments D1 to D11
wherein one of the first conducting surface and the
second conducting surface comprises two distinct por-
tions which are electrically isolated from one another.
D13. The clip of embodiment D12 wherein a first one of
the distinct portions is configured as a reference elec-
trode and a second one of the distinct portions is
configured as a working electrode.
D14. The clip of embodiment D13 wherein the reference
electrode is connected to a voltage monitor.
D15. The clip of embodiment D13 or D14 wherein the
working electrode is connected to a variable lead.
D16. The clip of embodiment D12 wherein a temperature
sensor is proximate to the un-split conductive surface.
D17. The clip of any one of embodiments D1 to D16
further comprising an infrared sensor mounted proxi-
mate to at least one of the first and second conducting
surfaces.
El. A method for determining temperature of an electro-
chemical system, the method comprising:
measuring temperature of the electrochemical system
using a temperature sensor for a first amount of time,
the first amount of time less than a second amount of
time required for the electrochemical system and the
temperature sensor to reach thermal equilibrium;

determining a rate of change of temperature of the
electrochemical system based at least in part on the
measured temperature and the first amount of time;
and

based at least in part on the determined rate of change
of temperature of the electrochemical system deter-
mining a temperature of the electrochemical system.
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E2. The method of embodiment E1 wherein the tempera-
ture sensor is in thermal contact with a terminal of the
electrochemical system.

E3. The method of embodiment E2 wherein the tempera-
ture sensor is integrated with a clip configured to
provide an electrical connection to the terminal of the
electrochemical system.

E4. The method of any one of embodiments E1 to E3
wherein the temperature sensor continuously measures
temperature of the electrochemical system.

ES. The method of embodiment E4 comprising comput-
ing a baseline temperature of the electrochemical sys-
tem by averaging the continuously measured tempera-
ture data.

E6. The method of any one of embodiments E1 to ES
comprising conditioning a signal from the temperature
sensor.

E7. The method of embodiment E6 wherein the condi-
tioning comprises filtering the signal to remove elec-
tromagnetic noise from the signal.

E8. The method of any one of embodiments E1 to E7
comprising estimating an internal core temperature of
the electrochemical system by correlating a determined
temperature of the electrochemical system to the inter-
nal core temperature of the electrochemical system.

E9. The method of embodiment E8 wherein estimating
the internal core temperature comprises performing a
statistical estimator.

E10. The method of embodiment E9 wherein estimating
the internal core temperature comprises performing a
minimum mean square error estimator.

E11. The method of any one of embodiments E8 to E10
wherein estimating the internal core temperature com-
prises performing a linear minimum mean square error
estimator.

E12. The method of embodiment E8 wherein the internal
core temperature is estimated by the formula:

=W+b

wherein X represents an estimate of the internal tem-
perature x of the electrochemical system, W is a
matrix, y is a measurement vector corresponding to
a reading of the temperature sensor and b is an offset
scalar.

E13. The method of embodiment E12 wherein W is a row
vector.

E14. The method of embodiment E12 or E13 wherein b
and W are calculated from calibration measurement
vectors corresponding to known values of x.

E15. The method of any one of embodiments E12 to E14
wherein optimal values for b and W are represented as
follows:

b=T-Wy

W=CC, !

wherein X and y are the means of calibration measurement
values x and y respectively which were experimentally
obtained, C,y is the cross-covariance of calibration
values x and y and C, is the auto-covariance of cali-
bration value y.

E16. The method of any one of embodiments E11 to E15
wherein the measurement vector y corresponds to at
least one of:
initial electrochemical system terminal temperature;
final electrochemical system terminal temperature;
average electrochemical system terminal;
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initial rate of change of electrochemical system termi-
nal temperature;

final rate of change of electrochemical system terminal
temperature;

average rate of change of electrochemical system ter-
minal temperature;

ambient temperature;

internal electrochemical system temperature estimates
obtained using another method; and

another measurement or estimate of a property of the
electrochemical system.

E16. The method of any one of embodiments E11 to E15
wherein the estimator estimates both the internal core
temperature of the electrochemical system and at least
one other property of the electrochemical system.

E17. The method of embodiment E8 wherein estimating
the internal core temperature comprises performing a
state observer.

E18. The method of embodiment E17 wherein the state
observer comprises a Kalman filter.

Interpretation of Terms

Unless the context clearly requires otherwise, throughout
the description and the

“comprise”, “comprising”, and the like are to be con-
strued in an inclusive sense, as opposed to an exclusive
or exhaustive sense; that is to say, in the sense of
“including, but not limited to”;

“connected”, “coupled”, or any variant thereof, means
any connection or coupling, either direct or indirect,
between two or more elements; the coupling or con-
nection between the elements can be physical, logical,
or a combination thereof;,

“herein”, “above”, “below”, and words of similar import,
when used to describe this specification, shall refer to
this specification as a whole, and not to any particular
portions of this specification;

“or”, in reference to a list of two or more items, covers all
of the following interpretations of the word: any of the
items in the list, all of the items in the list, and any
combination of the items in the list;

the singular forms “a”, “an”, and “the” also include the
meaning of any appropriate plural forms.

Words that indicate directions such as “vertical”, “trans-
verse”, “horizontal”, “upward”, “downward”, “forward”,
“backward”, “inward”, “outward”, “left”, “right”, “front”,
“back”, “top”, “bottom”, “below”, “above”, “under”, and the
like, used in this description and any accompanying claims
(where present), depend on the specific orientation of the
apparatus described and illustrated. The subject matter
described herein may assume various alternative orienta-
tions. Accordingly, these directional terms are not strictly
defined and should not be interpreted narrowly.

Embodiments of the invention may be implemented using
specifically designed hardware, configurable hardware, pro-
grammable data processors configured by the provision of
software (which may optionally comprise “firmware™)
capable of executing on the data processors, special purpose
computers or data processors that are specifically pro-
grammed, configured, or constructed to perform one or more
steps in a method as explained in detail herein and/or
combinations of two or more of these. Examples of specifi-
cally designed hardware are: logic circuits, application-
specific integrated circuits (“ASICs”), large scale integrated
circuits (“LSIs”), very large scale integrated circuits (“VL-
SIs”), and the like. Examples of configurable hardware are:
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one or more programmable logic devices such as program-
mable array logic (“PALs”), programmable logic arrays
(“PLAs”), and field programmable gate arrays (“FPGAs”).
Examples of programmable data processors are: micropro-
cessors, digital signal processors (“DSPs”), embedded pro-
cessors, graphics processors, math co-processors, general
purpose computers, server computers, cloud computers,
mainframe computers, computer workstations, and the like.
For example, one or more data processors in a control circuit
for a device may implement methods as described herein by
executing software instructions in a program memory acces-
sible to the processors.

Processing may be centralized or distributed. Where pro-
cessing is distributed, information including software and/or
data may be kept centrally or distributed. Such information
may be exchanged between different functional units by way
of a communications network, such as a Local Area Network
(LAN), Wide Area Network (WAN), or the Internet, wired
or wireless data links, electromagnetic signals, or other data
communication channel.

For example, while processes or blocks are presented in
a given order, alternative examples may perform routines
having steps, or employ systems having blocks, in a different
order, and some processes or blocks may be deleted, moved,
added, subdivided, combined, and/or modified to provide
alternatives or subcombinations. Each of these processes or
blocks may be implemented in a variety of different ways.
Also, while processes or blocks are at times shown as being
performed in series, these processes or blocks may instead
be performed in parallel, or may be performed at different
times.

In addition, while elements are at times shown as being
performed sequentially, they may instead be performed
simultaneously or in different sequences. It is therefore
intended that the following claims are interpreted to include
all such variations as are within their intended scope.

Aspects of the invention may also be provided in the form
of a program product. The program product may comprise
any non-transitory medium which carries a set of computer-
readable instructions which, when executed by a data pro-
cessor, cause the data processor to execute a method of the
invention. Program products according to the invention may
be in any of a wide variety of forms. The program product
may comprise, for example, non-transitory media such as
magnetic data storage media including floppy diskettes, hard
disk drives, optical data storage media including CD ROMs,
DVDs, electronic data storage media including ROMs, flash
RAM, EPROMSs, hardwired or preprogrammed chips (e.g.,
EEPROM semiconductor chips), nanotechnology memory,
or the like. The computer-readable signals on the program
product may optionally be compressed or encrypted.

In some embodiments, aspects of the invention may be
implemented in software. For greater clarity, “software”
includes any instructions executed on a processor, and may
include (but is not limited to) firmware, resident software,
microcode, and the like. Both processing hardware and
software may be centralized or distributed (or a combination
thereof), in whole or in part, as known to those skilled in the
art. For example, software and other modules may be
accessible via local memory, via a network, via a browser or
other application in a distributed computing context, or via
other means suitable for the purposes described above.

Where a component (e.g. a software module, processor,
assembly, device, circuit, etc.) is referred to above, unless
otherwise indicated, reference to that component (including
a reference to a “means”) should be interpreted as including
as equivalents of that component any component which
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performs the function of the described component (i.e., that
is functionally equivalent), including components which are
not structurally equivalent to the disclosed structure which
performs the function in the illustrated exemplary embodi-
ments of the invention.

Specific examples of systems, methods and apparatus
have been described herein for purposes of illustration.
These are only examples. The technology provided herein
can be applied to systems other than the example systems
described above. Many alterations, modifications, additions,
omissions, and permutations are possible within the practice
of this invention. This invention includes variations on
described embodiments that would be apparent to the skilled
addressee, including variations obtained by: replacing fea-
tures, elements and/or acts with equivalent features, ele-
ments and/or acts; mixing and matching of features, ele-
ments and/or acts from different embodiments; combining
features, elements and/or acts from embodiments as
described herein with features, elements and/or acts of other
technology; and/or omitting combining features, elements
and/or acts from described embodiments.

Various features are described herein as being present in
“some embodiments”. Such features are not mandatory and
may not be present in all embodiments. Embodiments of the
invention may include zero, any one or any combination of
two or more of such features. This is limited only to the
extent that certain ones of such features are incompatible
with other ones of such features in the sense that it would be
impossible for a person of ordinary skill in the art to
construct a practical embodiment that combines such incom-
patible features. Consequently, the description that “some
embodiments” possess feature A and “some embodiments”
possess feature B should be interpreted as an express indi-
cation that the inventors also contemplate embodiments
which combine features A and B (unless the description
states otherwise or features A and B are fundamentally
incompatible).

It is therefore intended that the following appended claims
and claims hereafter introduced are interpreted to include all
such modifications, permutations, additions, omissions, and
sub-combinations as may reasonably be inferred. The scope
of the claims should not be limited by the preferred embodi-
ments set forth in the examples, but should be given the
broadest interpretation consistent with the description as a
whole.

What is claimed is:

1. An apparatus for testing an electrochemical system, the

apparatus comprising:

a testing module adapted to be electrically coupled to the
electrochemical system, the testing module comprising
a discharge circuit configured to draw time-varying test
current from the electrochemical system wherein the
time-varying test current comprises a combination of a
plurality of waveforms having different frequencies,
the combination comprising at last one of: a superpo-
sition of the plurality of waveforms of different fre-
quencies and a sequence of the plurality of waveforms
having different frequencies and to controllably vary a
magnitude of the time-varying test current, wherein the
discharge circuit is configured to draw the time-varying
test current from the electrochemical system continu-
ously during testing of the electrochemical system;

a measurement module configured to measure terminal
voltage across terminals of the electrochemical system
and the test current drawn from the electrochemical
system by the testing module; and
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a processor configured to:
compensate the voltage measured by the measurement
module to at least in part compensate for voltage
drift caused by continuously drawing the time-vary-
ing test current comprising the combination of the
plurality of waveforms having different frequencies
from the electrochemical system; and
compute a state of health of the electrochemical system
based at least in part on the compensated voltage and
the measured current.

2. The apparatus of claim 1 wherein the testing module is
configured to perform a test sequence that includes varying
the magnitude of the test current at a plurality of different
frequencies.

3. The apparatus of claim 2 wherein the test sequence
comprises a plurality of sequential time periods and the
testing module is configured to vary the magnitude of the
test current at a fixed frequency in each of the time periods
wherein the fixed frequency is different in different ones of
the time periods.

4. The apparatus of claim 1 wherein the testing module is
configured to perform a test sequence that includes one or
more time periods during which the testing module is
configured to modulate the magnitude of the test current at
a plurality of different frequencies.

5. The apparatus of claim 1 wherein the discharge circuit
is configured to control the test current to have a magnitude
within a range that results in a linear response from the
electrochemical system.

6. The apparatus of claim 1 wherein the discharge circuit
is configured to minimize introduction of a bias or constant
current when drawing current from the electrochemical
system.

7. The apparatus of claim 1 wherein the testing module is
configured to vary the magnitude of the test current at a first
frequency and the processor is configured to determine a
first response of the electrochemical system at a frequency
that is a harmonic of the first frequency.

8. The apparatus according to claim 7 wherein the pro-
cessor is configured to compute a state of health of the
electrochemical system based at least in part on the first
response.

9. The apparatus of claim 1 wherein the discharge circuit
is configured to draw a current having a magnitude sufficient
to force a non-linear response of the electrochemical system.

10. The apparatus of claim 9 wherein the discharge circuit
is configured to vary a magnitude of the test current while
the measurement module is monitoring the terminal voltage
and the test current and the processor is configured to
process the monitored terminal voltage and test current to
determine a first magnitude of the test current at which the
response becomes non-linear and to set a magnitude of the
test current based on the first magnitude.

11. The apparatus of claim 1 wherein computing the state
of health comprises computing one or more complex imped-
ance values of the electrochemical system at one or more
corresponding frequencies based on the compensated volt-
age and the measured current.

12. The apparatus of claim 11 wherein the processor is
configured to test a validity of the complex impedance
values by fitting real and imaginary components of the
complex impedance values to a model and assessing the
validity of the complex impedance values based on values of
parameters of the model.

13. The apparatus of claim 1 further comprising an
artificial intelligence (AI) module configured to determine
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the state of health of the electrochemical system based at
least in part on the compensated voltage and the measured
current.

14. The apparatus of claim 13 wherein the Al module is
configured to receive at least one of: the measured voltage,
the measured current and parameters of a model fitted to the
measured voltage and current.

15. The apparatus of claim 13 wherein the Al module is
configured to identify a subset of features that are relevant
to determining the state of health of the electrochemical
system and to disregard other features while determining the
state of health of the electrochemical system.

16. The apparatus according to claim 1 wherein the
processor is configured to compensate the voltage measured
by the measurement module using a genetic algorithm.

17. The apparatus according to claim 16 wherein the
genetic algorithm comprises subtracting an average of a
measured voltage signal from the measured voltage signal,
transforming the measured voltage signal into a frequency
domain signal, identifying a voltage drift peak in the fre-
quency domain signal corresponding to the voltage drift and
optimizing parameter values defining a parameterized tun-
ing curve such that subtracting the tuning curve from the
measured voltage signal minimizes a magnitude of the
voltage drift peak.

18. The apparatus according to claim 17 wherein the
optimizing comprises making a plurality of copies of a
candidate curve obtained by initializing parameters of the
tuning curve and randomly adjusting the parameter values
for each of the candidate curves, subtracting each of the
candidate curves from the voltage signal to yield a corre-
sponding candidate voltage signal, transforming the candi-
date voltage signal into a frequency domain and comparing
the magnitudes for the drift voltage peaks in the transformed
candidate voltage signals.

19. The apparatus according to claim 16 wherein an
objective function used by the genetic algorithm is a func-
tion that has a value that is proportional to a squared error
between points of a discharge signal and points on an
idealized sine-wave.

20. The apparatus according to claim 1 wherein the
processor is configured to compensate the voltage measured
by the measurement module by averaging local maxima and
minima of a measured voltage signal together to generate a
compensation signal and subtracting the compensation sig-
nal from the measured voltage signal.

21. The apparatus according to claim 1 wherein the
processor is configured to compensate the voltage measured
by the measurement module by filtering the measured volt-
age to generate a compensation curve and subtracting the
compensation curve from measured voltage data.

22. The apparatus according to claim 1 wherein the
processor is configured to compensate the voltage measured
by the measurement module by measuring a characteristic
drift by performing steps comprising discharging the elec-
trochemical system for a period of time while measuring the
terminal voltage of the battery to yield a characteristic drift
curve and subtracting the characteristic drift curve from
measured voltage data.

23. The apparatus according to claim 1 comprising a clip
for coupling the testing module to a terminal of the electro-
chemical system, the clip comprising:

a first part comprising a first conducting surface; and

a second part comprising a second conducting surface, the

second part pivotally coupled to the first part;
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wherein at least one of the first and second conducting
surfaces is shaped to conform to a surface of the
terminal of the electrochemical system; and

the first part is connected in the discharge circuit and the

second part is connected to a voltage measuring part of
the measurement module.

24. The apparatus according to claim 1 wherein the
processor is configured to perform a method for compen-
sating for state of charge of the electrochemical system, the
method comprising:

measuring an open circuit voltage of the electrochemical

system,

determining a scaling factor based on the measured open

circuit voltage; and

scaling test data corresponding to a test of the electro-

chemical system based on the scaling factor.

25. The apparatus according to claim 1 wherein the
processor is configured to perform a method for compen-
sating for rest time of the electrochemical system, the
method comprising:

determining a time since the electrochemical system was

last charged; and

adjusting test data corresponding to a test of the electro-

chemical system based on the determined time.
26. The apparatus according to claim 1 wherein the
processor is configured to perform a method for determining
temperature of the electrochemical system, the method com-
prising:
measuring temperature of the electrochemical system
using a temperature sensor for a first amount of time,
the first amount of time less than a second amount of
time required for the electrochemical system and the
temperature sensor to reach thermal equilibrium;

determining a rate of change of temperature of the elec-
trochemical system based at least in part on the mea-
sured temperature and the first amount of time; and

based at least in part on the determined rate of change of
temperature of the electrochemical system determining
the temperature of the electrochemical system.

27. The apparatus according to claim 26 wherein the
processor is configured to perform a method for compen-
sating for state of charge of the electrochemical system, the
method comprising:
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measuring an open circuit voltage of the electrochemical

system;

determining a scaling factor based on the measured open

circuit voltage; and

scaling test data corresponding to a test of the electro-

chemical system based on the scaling factor.

28. The apparatus according to claim 27 wherein the
processor is configured to perform a method for compen-
sating for rest time of the electrochemical system, the
method comprising:

determining a time since the electrochemical system was

last charged; and

adjusting test data corresponding to a test of the electro-

chemical system based on the determined time.
29. The apparatus according to claim 28 wherein the
processor is configured to compensate the voltage measured
by the measurement module by measuring a characteristic
drift by performing steps comprising discharging the elec-
trochemical system for a period of time while measuring the
terminal voltage of the battery to yield a characteristic drift
curve and subtracting the characteristic drift curve from
measured voltage data.
30. The apparatus of claim 29 further comprising an
artificial intelligence (AI) module configured to determine
the state of health of the electrochemical system based at
least in part on the compensated voltage and the measured
current.
31. The apparatus according to claim 30 comprising a clip
for coupling the testing module to a terminal of the electro-
chemical system, the clip comprising:
a first part comprising a first conducting surface; and
a second part comprising a second conducting surface, the
second part pivotally coupled to the first part;

wherein at least one of the first and second conducting
surfaces is shaped to conform to a surface of the
terminal of the electrochemical system; and

the first part is connected in the discharge circuit and the

second part is connected to a voltage measuring part of
the measurement module.
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