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REAL-TIME BATTERY FAULT DETECTION AND STATE-OF-
HEALTH MONITORING

[0001]

TECHNICAL FIELD
[0002] The present disclosure relates generally to battery monitoring and in particular to
systems and methods for real-time monitoring of battery health and performance.

BACKGROUND
[0003] A battery is an electrochemical device that can convert stored chemical energy to
electrical energy. Numerous examples of battery technologies are known in the art, including
lithium ion batteries, nickel-metal-hydride batteries, lead-acid batteries, nickel-cadmium
batteries, alkaline batteries, and so on. Batteries can be made in many sizes and with a range
of operating characteristics (e.g., voltage (or electrical potential), maximum current, charge
capacity, and so on). To support high voltage or high charge capacity, battery packs can be
made by electrically connecting multiple battery cells in series and/or in parallel. Depending
on the technology, some types of batteries can be rechargeable by connecting to a source of

charging current.

[0004] Batteries (particularly lithium-ion batteries) have found a wide variety of uses,
including as a portable power source to drive the motors of vehicles such as cars, aircraft,
watercraft, and so on. In some cases, a battery or battery pack may be the sole power source
for a vehicle. A vehicle that relies solely on battery power for propulsion may abruptly lose
its motive power if the battery fails. Depending on the state of the vehicle when a battery
failure occurs, the consequences can range from inconvenient to disastrous. Accordingly, it
may be desirable to monitor battery performance and detect conditions that may indicate
problems, so that the battery can be serviced or replaced before it fails.

Date Recue/Date Received 2022-08-04
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SUMMARY
[0005] Described herein are examples (or embodiments) of battery monitoring systems and
methods that can provide real-time automated monitoring of various aspects of battery health
and operation. In various embodiments, different aspects of battery health and operation can
be monitored. For example, a battery monitoring system can use an equivalent cell circuit
model to predict a range (or “envelope”) defining expected behavior of a battery cell (e.g.,
electrical potential or voltage of the cell) under actual operating conditions (e.g., a particular
load current or charging current at a particular temperature) in real-time. The prediction can
be compared to the actual behavior of the cell (e.g., a measured potential of the cell) to
determine whether a potential problem, referred to herein as a “model fault” condition, exists.
As another example, a battery monitoring system can maintain an estimate of battery state-of-
health parameters such as charge capacity and internal resistance; these estimates can be
updated in real time while the battery is being discharged and/or charged, and anomalous
variations in the state-of-health parameters can indicate a “suspicious parameter” fault. The
battery monitoring system can provide notifications of detected faults in real time, allowing

prompt corrective action to be taken.

[0006] According to some embodiments, a method for monitoring charge capacity of a
battery cell can include: while the battery cell is in an idle state, determining an initial state
of charge of the battery cell; thereafter monitoring a total amount of charge transferred from
or to the battery cell while the battery cell is an active state (e.g., a discharging state in which
charge is transferred from the battery cell to a load, or a charging state in which charge is
transferred from an external power source to the battery cell); after the battery cell returns to
the idle state, determining a final state of charge of the battery cell; computing an unfiltered
charge capacity value using the initial state of charge, the final state of charge, and the total
amount of charge transferred; and updating a charge capacity estimate using the unfiltered

charge capacity value,

[0007] In some embodiments, a magnitude of change in the charge capacity estimate
relative to a previous estimate can be computed, and a cell capacity fault notification can be
generated in the event that the magnitude of change in the charge capacity exceeds a
threshold value.

[0008] In some embodiments, determining the initial state of charge can include: measuring

an initial cell potential and an initial cell temperature of the battery cell while the battery cell
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is in the initial idle state; and computing a state of charge for the battery cell based on an

equivalent cell circuit model using the initial cell potential and the initial cell temperature.

[0009] In some embodiments, determining the final state of charge can include: measuring
a final cell potential and a final cell temperature of the battery cell when the battery cell
returns to the idle state; and computing a state of charge for the battery cell based on the

equivalent cell circuit model using the final cell potential and the final cell temperature.

[0010] In some embodiments, monitoring the total amount of charge transferred while the
battery cell is in the active state can include: measuring a current through the battery cell at
regular time intervals; and adding a product of the measured current and a time step defined

by the regular time intervals to a running fotal of charge transferred.

[0011] In some embodiments, updating the charge capacity estimate can include applying
an infinite impulse response filter to the unfiltered charge capacity value and a previously

stored charge capacity estimate.

[0012] According to some embodiments, a method for monitoring internal resistance of a
battery cell can include: in response to detecting a transition of the battery cell from an idle
state to an active state (which can be, e.g., a charging state or a discharging state), initializing
a running estimate of an internal resistance using a stored value; while the battery cell is in
the active state: measuring a potential, a current, and a temperature of the battery cell; and
iteratively updating the running estimate of the internal resistance based on the measured
potential, current, and temperature; and in response to detecting a transition of the battery cell
from the active state to the idle state: calculating a change in internal resistance based on the
stored value and a final value of the running estimate; and updating the stored value using the

final value of the running estimate.

[0013] In some embodiments, a cell resistance fault notification can be generated in the

event that the change in internal resistance exceeds a threshold value.

[0014] In some embodiments, iteratively updating the running estimate of the internal
resistance based on the measured potential, current, and temperature can include determining,
for each iterative update, whether the measured potential, current, and temperature are within
predefined valid ranges. In the event that the measured potential, current, and temperature
are within the predefined valid ranges, a raw estimate of the internal resistance can be

computed based on an equivalent cell circuit model, and the running estimate can be updated
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using the raw estimate and a previous running estimate from a preceding time step. In some
embodiments, the raw estimate is compared to a plausible range of values and is used to
update the running estimate only if the raw estimate is within the plausible range of values.
In the event that one or more of the measured potential, current, or temperature is not within
the predefined valid ranges, the method can include waiting for the next time step without

updating the running estimate.

[0015] In some embodiments, updating the running estimate can include applying an

infinite impulse response filter to the raw estimate and the previous running estimate.

[0016] According to some embodiments, a method for monitoring status of a battery cell
can include: determining current values of one or more state-of-health parameters of the
battery cell (e.g., internal resistance of the battery cell, charge capacity of the battery cell);
measuring values of a plurality of operating-state parameters of the battery cell (e.g., current
through the battery cell, temperature of the battery cell), including measuring an actual
potential of the battery cell; computing an optimistic potential based on a cell state model
(e.g., an equivalent cell circuit model), the measured values of a first subset of the operating-
state parameters, and optimistic values for the one or more state-of-health parameters, the
optimistic values corresponding to a better state of health than the current values of the one or
more state-of-health parameters; computing a pessimistic potential based on the cell state
model, the measured values of the first subset of operating-state parameters, and pessimistic
values for the one or more state-of-health parameters, the pessimistic values corresponding to
a worse state of health than the current values of the one or more state-of-health parameters;
determining whether the actual potential of the battery cell is substantially within an envelope
defined by the optimistic potential and the pessimistic potential;, and generating a model fault
notification in the event that the actual potential is not substantially within the envelope. In
various embodiments, the method can be performed in real time while the battery cell is
powering a load and/or while the battery cell is charging. Model fault notifications can be
generated in real time while the battery is in active use (powering a load and/or charging). In
some embodiments, a predicted potential of the battery cell can also be computed based on a
cell state model, the measured values of a first subset of the operating-state parameters, and

the current values of the one or more state-of-health parameters.
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[0017] In some embodiments, estimates of charge capacity and/or internal resistance of the
battery cell can be determined while the battery is in active use according to techniques

described herein, and these estimates can be used in the status-monitoring method.

[0017a] Accordingly, there is described a method for monitoring charge capacity of a battery
cell, the method comprising: while the battery cell is in an idle state, determining an initial
state of charge of the battery cell; thereafter monitoring a total amount of charge transferred
from or to the battery cell while the battery cell is an active state; after the battery cell returns
to the idle state, determining a final state of charge of the battery cell, computing an unfiltered
charge capacity value using the initial state of charge, the final state of charge, and the total
amount of charge transferred; and updating a charge capacity estimate using the unfiltered

charge capacity value.

[0017b] There is also described a battery monitoring system comprising: a battery interface
to receive sensor data from a battery sensor of a battery cell; a control system interface to
provide output data to a control system; a memory; and a processor coupled to the memory,
the battery interface, and the control system, the processor configured to: determine, while the
battery cell is in an idle state, an initial state of charge of the battery cell; thereafter monitor a
total amount of charge transferred from or to the battery cell while the battery cell is an active
state; determine, after the battery cell returns to the idle state, a final state of charge of the
battery cell; compute an unfiltered charge capacity value using the initial state of charge, the
final state of charge, and the total amount of charge transferred; and update a charge capacity

estimate stored in the memory using the unfiltered charge capacity value.

[0017¢] There is also described a computer-readable storage medium having stored therein
program instructions that, when executed by a processor in a battery monitoring system
coupled to a battery cell, cause the processor to execute a method comprising: while the
battery cell is in an idle state, determining an initial state of charge of the battery cell;
thereafter monitoring a total amount of charge transferred from or to the battery cell while the
battery cell is an active state; after the battery cell retums to the idle state, determining a final
state of charge of the battery cell; computing an unfiltered charge capacity value using the

Date Recue/Date Received 2023-01-06
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initial state of charge, the final state of charge, and the total amount of charge transferred; and

updating a charge capacity estimate using the unfiltered charge capacity value.

[0018] Any or all of the above or other methods, or any combination thereof, can be
implemented in a real-time battery monitoring system (using hardware, software/firmware, or
any combination thereof) that can operate regardless of whether the battery is in active use,
including while the battery is powering a load and/or while the battery is charging. In some
embodiments, the battery monitoring system may generate alerts or perform other actions

based on to the results of any of the above or other methods.

[0019] The following detailed description, together with the accompanying drawings, will

provide a better understanding of the nature and advantages of the claimed invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 shows a high-level block diagram of an operating environment for battery

monitoring according to some embodiments.

[0021] FIG. 2 shows a simplified schematic diagram of a battery bank according to some

embodiments.

[0022] FIG. 3 shows an example of a battery monitoring system according to some

embodiments.

[0023] FIG. 4 is a flow diagram of a process for modeling cell behavior and detecting

model faults according to some embodiments.

[0024] FIG. 5 shows example plots of cell potential as a function of time for a battery cell

used to power an aircraft according to some embodiments.

[0025] FIG. 6 is a flow diagram of a process for estimating charge capacity of a cell based

on discharge events according to some embodiments.

[0026] FIG. 7 is a flow diagram of a process for estimating interal resistance of a cell

based on a discharge event according to some embodiments.

[0027] FIG. 8 shows a flow diagram of a process for iteratively updating a running estimate

of internal resistance according to some embodiments.

5a

Date Recue/Date Received 2023-06-16
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DETAILED DESCRIPTION
[0028] The following description of exemplary embodiments of the invention is presented
for the purpose of illustration and description. Itis not intended to be exhaustive or to limit
the claimed invention to the precise form described, and persons skilled in the art will
appreciate that many modifications and variations are possible. The embodiments have been
chosen and described in order to best explain the principles of the invention and its practical
applications to thereby enable others skilled in the art to best utilize the invention in various

embodiments and with various modifications as are suited to the particular use contemplated.

System Overview

[0029] FIG. 1 shows a high-level block diagram of an operating environment 100 for
battery monitoring according to some embodiments. Environment 100 can be, for example a
powered vehicle such as an aircraft, watercraft, rail vehicle, car, truck, off-road vehicle, or the
like. Environment 100 includes a battery 102 that provides power to an electrical load 104.
Battery 102 can be any type of battery, including a lithium ion battery, lead-acid battery,
nickel-metal-hydride battery, and so on. Battery 102 can be implemented as a single battery
cell or as a battery pack that includes multiple battery cells connected together in series
and/or in parallel as desired. (As used herein, the term “battery cell” or “cell” can be
understood as including a standalone battery or, in the case of a battery pack, one of some
number of independently replaceable battery units within the battery pack.) Electrical load
104 can include, for example, a motor (or engine) of the vehicle, or any other battery-
powered mechanism or device. Electrical load 104 can draw varying amounts of power from
battery 102 at different times. For example, a motor of a vehicle may draw more power when

the vehicle is accelerating than when the vehicle is at rest or moving at a constant speed.

[0030] A control system 106 communicates with load 104. For instance, control system
106 can send instructions to load 104, e.g., to increase or decrease motor speed, or to enable,
disable, or change operating state of any power-consuming component. Control system 106
can also receive feedback from load 104 indicating its operating state, anomalous conditions
that may occur, and the like. Control system 106 can also include human interface
components, such as display screens, indicator lights, speakers, human-manipulable control
devices (e.g., keyboard, mouse, touch screen or touch pad, joystick, control wheel, foot pedal,
and so on). Control system 106 can be local to load 104 (e.g., in a vehicle of which load 104

includes the motor), or located remotely from load 104 and communicating via an appropriate
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connection, including short-range or long-range network connections. In some embodiments,
control system 106 can include both local and remote elements. For instance, environment
100 can be an autonomous or remotely-piloted vehicle that is monitored and directed from a

location other than where it operates.

[0031] In some embodiments, battery 102 is a rechargeable battery that can be recharged
by connecting battery 102 to a source of charging power, such as charger 110. Charger 110
can include any system or device that is capable of providing power (or charge) from an
external source (e.g., standard wall power or any other power source external to battery 102)
to be stored by battery 102; numerous examples are known in the art. Charger 110 can also
include control circuitry to control the operation of charger 110, including when and how
much power to supply. In some embodiments, battery 102 can be coupled to charger 110 at
certain times and decoupled from charger 110 at other times; hence, charger 110 is shown
using broken lines. Depending on implementation, battery 102 may or may not be able to
provide power to load 104 while receiving power from charger 110. In some embodiments,
control system 106 can coordinate the operation of charger 110 with load-powering operation
of battery 102.

[0032] Battery monitoring system 108 can be coupled to battery 102, to control system
106, and to charger 110. Battery 102 can be outfitted with sensors to measure various state
parameters of the battery or individual cells, such as potential, current (which can flow in
either direction, depending on whether the battery is being charged or discharged), and
operating temperature. Battery monitoring system 108 can receive the measured state
parameters from battery 102 in real time (e.g., while load 104 is drawing power from battery
102). Based on the state parameters, battery monitoring system 108 can perform various
computations to determine values of state-of-health parameters (e.g., charge capacity and/or
internal resistance) for the battery or for individual cells and/or to detect whether battery
performance is consistent with expected behavior. Examples of computations that can be
implemented in battery monitoring system 108 are described below. Based on the results of
the computations, battery monitoring system 108 can provide battery status information to
control system 106 and/or charger 110. The battery status information can include, for
instance, any combination of measured state parameters reported from battery 102, values of
the state-of-health parameters computed by battery monitoring system 108, information
comparing actual battery behavior to a model of expected battery behavior, “fault”

notifications indicating that some aspect of battery performance has deviated from
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expectations, and/or any other information that may be available in battery monitoring system
108. Control system 106 and/or charger 110 can use this information to generate alerts to an
operator of environment 100, to change the operation of load 104 based on the battery status
information, to change the operation of charger 110 (e.g., the rate at which charging power is
supplied to battery 102) based on the battery status information, to maintain battery history
information for battery 102, and/or to take other responsive action that may be programmed

into control system 106,

[0033] In one specific example, operating environment 100 corresponds to a battery-
powered aircraft that is capable of flying under local or remote control. Load 104 can include
the motor of the aircraft, and battery 102 can be the power source for the motor. In such an
environment, reliability of battery 102 is critical for enabling the aircraft to safely complete a
flight. To provide the necessary amount of power with high reliability, battery 102 can
include a high-voltage battery bank made up of multiple battery packs arranged in parallel
(which can provide redundancy), with each battery pack incorporating multiple cells arranged
in series and/or in parallel. Battery monitoring system 108 can provide real-time information
about the status of each battery pack, e.g., on a per-cell basis or for groups of cells, allowing
problems to be detected and addressed before battery failure occurs. For instance, when
battery monitoring system 108 generates a notification of a fault, a service technician can be
notified, and battery 102 can be repaired or replaced before the next flight. In this example,
battery 102 can be coupled to charger 110 for recharging between flights, and battery
monitoring system 108 can continue to provide information about the status of each battery

pack during charging.

[0034] It should be understood that operating environment 100 is illustrative and not
limiting. Any type of battery (including any number and arrangement of battery cells)
driving any type of load may be monitored using systems and methods of the kind described

herein.

[0035] FIG. 2 shows a simplified schematic diagram of a battery bank 200 according to
some embodiments. Battery bank 200 incorporates a battery monitoring system as an
embedded system within the battery bank. Battery bank 200 can be used as battery 102 in an
operating environment such as operating environment 100 described above. In this example,
battery bank 200 includes three high-voltage (HV) battery packs 202a-c connected in parallel
between terminal 204 (which can connect to a load) and ground 206. Battery packs 202a-c
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are rechargeable, and charging terminals 208 are provided for connecting each battery pack

202a-c to a charger.

[0036] Each of battery packs 202a-c includes two HV batteries 210a-b connected in
parallel. Each HV battery 210a-b includes individual battery cells 212, which can be, e.g.,
lithium ion cells. For example, each cell may have an operating voltage of 3—5 V, internal
resistance of 1-50 mQ, operating current range of 0-200 mA; these parameters can be varied.
The number of cells 212 can be quite large. In this example, battery cells 212 within each
HYV battery 210a-b are connected in series to form strings having a large number of cells 212
(e.g., 144 cells per string), and three series strings are connected together in parallel within
each HV battery 210a-b. Battery bank 200 can provide both a high operating voltage (e.g.,
overall system voltage in a range from about 400 to 800 V) and a high level of redundancy,
such that battery bank 200 can continue to supply power even if some of cells 212 fail.

[0037] Each HYV battery 210 also includes battery monitoring system (BMS) boards 220,
which can be components of battery monitoring system 108 of FIG. 1. Each BMS board 220
can be a printed circuit board with circuitry configured to monitor the status of one or more
cells within the HV battery 210. In some embodiments, BMS boards 220 are capable of
monitoring every cell of each HV battery 210. For instance, each HV battery 210 can include
12 BMS boards 220, with each BMS board capable of monitoring 36 cells. Examples of

components and operations that can be implemented in BMS boards 220 are described below.

[0038] It should be understood that battery bank 200 is illustrative and not limiting. A
battery system can include any number of batteries, and each battery can include any number
of cells Battery monitoring as described herein can be performed at the level of individual

cells, or a group of cells can be monitored as a unit if desired.

[0039] FIG. 3 shows an example of a battery monitoring system 300 according to some
embodiments. Battery monitoring system 300 can be used, for instance, to implement battery
monitoring system 108 of FIG. 1. In some embodiments, each BMS board 220 of battery
bank 200 of FIG. 2 can include one or more instances of the components of battery

monitoring system 300.

[0040] Battery monitoring system 300 includes a processor 302, memory 304, battery
interface 306, and control system interface 308. Processor 302 can be a microprocessor,
microcontroller, application specific integrated circuit (ASIC), field programmable gate array

(FPGA), or other circuit implementing logic operations as described herein. In some
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embodiments, battery monitoring system 300 can be an embedded system, and as described
below, computations can be implemented in a manner that can be performed in real time
using a small, low-power processor. Memory 304 can include semiconductor-based memory
(e.g., DRAM, SRAM), flash memory, magnetic storage, optical storage, or other computer-
readable storage media. Memory 304 can store information about each battery cell that
battery monitoring system 300 monitors. For instance, memory 304 can store cell
configuration parameters 310 and cell state parameters 312. Cell configuration parameters
310 can include parameters that are static or slowly varying across the life of a particular cell,
while cell state parameters 312 can include parameters that vary dynamically as the battery is
used. Memory 304 can also store a cell state model (e.g., an equivalent cell circuit model)
that can be used to predict state parameters of a cell in an iterative manner. For instance, the
cell state model can predict the state of charge and state of polarization (or voltage) of a cell
at a given time step based on the current drawn, temperature, internal resistance, charge
capacity, and state of charge at a previous time step. In some embodiments, the same cell
state model is applied to all cells, but predictions for different cells may differ due to
differences between cells with respect to configuration and/or state parameter values. As
another example, a cell state model can be used to estimate cell configuration parameters that
may evolve over time, such as charge capacity and internal resistance. Specific examples are

described below.

[0041] Battery interface 306 can include hardware and/or software components that enable
processor 302 to obtain state information from a sensors of a cell (or battery) connected to
battery interface 306. The state information can include, e.g., measurements of current,
potential, and operating temperature of the cell. In some embodiments, battery interface 306
provides state information at regular time intervals. If desired, the interval can be varied
depending on the current operating mode. For instance, state information can be provided
once or twice per second while the battery is in active use, or three or four times an hour
when the battery is idle. In some embodiments, battery interface 306 can send requests for
state information to the battery at the desired interval. Alternatively, the battery cells may
have sensors that continually provide data (e.g., as analog signals), and battery interface 306
can sample and digitize the analog signals at appropriate times. Processor 302 can use sensor

data thus obtained to compute various state parameter values, e.g., as described below.

[0042] Control system interface 308 can include hardware and/or software components that

enable processor 302 to provide battery status information to a control system (e.g., control
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system 106 of FIG. 1). In various embodiments, the battery status information can include
data received from the battery cells, state parameters computed from the data, configuration
parameters computed from the data, and/or fault notifications or other alerts, examples of

which are described below.

[0043] It should be understood that battery monitoring system 300 is illustrative and that
variations and modifications are possible. In some embodiments, battery monitoring system
300 can include a separate instance of its components for each cell that is being monitored, or
multiple cells may be monitored using a single processor with associated memory device(s).
In examples described herein, battery monitoring is performed for a cell; however, battery
monitoring at a higher level (e.g., a group of serially connected cells or an entire battery pack
or battery bank) is not precluded. Battery monitoring system 300 can implement any number
and combination of monitoring operations, including but not limited to any one or more of
the examples described below. In some embodiments, a battery monitoring system can also

support other battery management operations such as calibration, self-testing, and so on.

[0044] In operation, a battery monitoring system such as battery monitoring system 300
can monitor battery state and evaluate battery status in real time to determine whether the
battery (or a particular cell) is performing as expected, taking into account natural aging of
battery cells (which may slowly degrade performance) and other considerations affecting

battery performance. Examples of battery monitoring processes will now be described.

Model Fault Detection

[0045] One type of battery monitoring process can be based on predicting and observing
battery cell behavior during normal use. Battery cells are generally electrochemical in nature,
and the response of a cell to specific conditions, e.g., potential as a function of current or
current at a given operating potential, can be quantitatively modeled using an equivalent cell
circuit model or the like. Accordingly, some embodiments of a battery monitoring system
can use prediction functions derived from a quantitative model (referred to herein as a “cell
state model”) of the cell being monitored to predict cell potential at any given time during
battery operation. The actual (measured) cell potential can be compared to the prediction,
and a “model fault” notification can be generated if the actual cell potential is inconsistent

with the prediction.

[0046] FIG. 4 is a flow diagram of a process 400 for modeling cell behavior and detecting

model faults according to some embodiments. Process 400 can be implemented, e.g., in

11



CA 031696581 2022-07~28

WO 2021/183648 PCT/US2021/021709

battery monitoring system 300 or other battery monitoring systems described above. Process
400 can operate in real time to monitor the state of a cell and determine whether the cell state
is consistent with predictions of a cell state model. In some embodiments, process 400
maintains a an estimated (or predicted) cell state for each cell that is dynamically updated at
regular time intervals based on measurement data received from the battery. The cell state
can be defined and monitored using the variables defined in Table 1, where subscript &

denotes a time step.

Variable Definition (units)
Vpred Predicted cell potential (volts (V))

Vactaik (or Vi) Measured cell potential (V)

Vp Cell polarization (V)

Co Cell maximum charge capacity (ampere hours (Ah)) — configuration
parameter

SOCk Cell state of charge (fraction of Co)

Uk Maximum energy cell can discharge from present SOC at reference

temperature Zrer

Quischarge Amount of charge transferred as of time step £. Sign convention can be

used, e.g., Qaischarge.r > 0 indicates discharging; Quischarge s < O indicates

charging.
Ik Measured cell current (A) (x> 0 for discharging; /x < O for charging)
Ri Cell internal resistance (ohms) — configuration parameter
Tk Measured cell temperature (°C)
Lk Notational convenience indicating a cell state defined by [ V), SOCk ]
dt Time step (seconds)

TABLE 1

[0047] In some embodiments, using the notation of Table 1, a cell state model update

function is defined such that:
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[k Voreax] = modelUpdate(uy—y, Iy, Co, Ry, Ty, dt) . ¢))

The modelUpdate( ) function calculates the cell’s SOC and predicted potential for time step £
based on the previous cell state, measured current and temperature, estimated values of
charge capacity Co and internal resistance R, and time step. The modelUpdate( ) function
can be based on conventional models of cell behavior using an equivalent cell circuit model.
Examples of such models are known in the art, and an appropriate model can be selected

based on the particular type of cell.

[0048] The time step df may be chosen based on the current operating state of the cell. For
example, the cell can have finite state model that includes the following states:

“Discharging” (current is being drawn from the battery), “Charging” (current is being applied
to recharge the battery); “Relaxing” (current out of (or into) the battery is below a threshold
indicating inactivity); and “Idle” (entered from the Relaxing state when the current remains
below the inactivity threshold and the voltage remains stable over an extended period of time,
e.g., at least 15 minutes). In some embodiments, process 400 can update the battery state at a
higher rate (e.g., df ~ 1 s) when in the Discharging, Charging, or Relaxing state and at a lower
rate (e.g., dt ~ 900 s) when in the Idle state. Other state models can also be used.

[0049] In some embodiments, the equivalent cell circuit model depends on state of health
parameters such as charge capacity Co and internal resistance R;. It is expected that these
parameters will degrade over time as the cell ages, with maximum charge capacity slowly
decreasing and internal resistance slowly increasing. In some embodiments, the battery
monitoring system can estimate Co and R; can using a passive-real time process based on cell
sensor data; examples of such processes are described below. In other embodiments, Co and
Ri can be measured from time to time (e.g., by performing a testing procedure when the
battery is expected to be idle for an extended period of time) and treated as constants between

measurements.

[0050] Process 400 can begin with initialization at block 402. Initialization can occur, for
instance, when the battery management system is powered on or reset, or when the battery
transitions from Idle state to any other state. Initialization can include establishing initial
values of various parameters of a cell state model, on the assumption that the cell is not in use
when initialization occurs. For example, V), can be initialized to zero. Co and R; can be
initialized based on the last measured or estimated values. SOCo can be initialized to the last

estimated SOC, or, if the battery is not polarized during initialization, SOCo can be calculated
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from measurements of Vacruai,0 and To using a getSOC(V, T) function that computes cell state
of charge as a function of cell potential and temperature based on an equivalent cell circuit
model. In some embodiments, getSOC( ) can be computed in advance for a discrete set of
potential and temperature values and stored in a lookup table to facilitate real-time
computation. Other parameters and flags can also be initialized. For instance Qudischarge0 can

be initialized to 0.

[0051] At block 404, for each iteration of process 400 (at time step k), new values of state
parameters for the cell are determined. In some embodiments, determining new state
parameters can include measuring the current being drawn (), the actual potential across the
cell (Vactal k), and cell temperature (7x) and applying Eq. (1) to determine SOC* and predicted

potentials Vp and Vpred k.

[0052] In some embodiments, determining new state parameters can also include
estimating cell energy (Uk) and cell discharge Quischarger. For example, the following

equations can be used:

Ci C )
0 CO
Qdischarge,k = Qdischarge,k—-l + Idt, (3)

where getOCV(SOC, 7) in Eq. (2) is a function complementary to getSOC(V, T) that
computes cell potential (specifically the open circuit voltage) as a function of SOC and cell
temperature based on an equivalent cell circuit model. Similarly to the getSOC() function,
getOCV( ) can be computed in advance for a discrete set of SOC and temperature values and
stored in a lookup table to facilitate real-time computation. It should be understood that Uk

can be computed at each iteration, approximating the integral as a series of time steps.

[0053] At block 406, the state parameters determined at block 404 are used to compute a
set of “optimistic” cell parameters and a set of “pessimistic” cell parameters, in particular an
optimistic cell potential (Vopr) and a pessimistic cell potential (Vpess). The optimistic cell
parameters represent state parameters for a hypothetical cell with increased charge capacity
and decreased internal resistance (relative to the current estimates of Co and R;) that
undergoes the same charge or discharge event as the cell being modeled. Conversely, the
pessimistic cell parameters represent state parameters for a hypothetical cell with decreased

charge capacity and increased internal resistance (again, relative to the current estimates of Co
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and R)) that undergoes the same charge or discharge event as the cell being modeled. In some
embodiments, the optimistic and pessimistic cell parameters are not defined as a fixed error
margin around the state parameters determined at block 404; instead they are computed

dynamically using a cell state model.

[0054] By way of illustration, in some embodiments, an optimistic cell potential Vopris
defined on the following assumptions: the cell’s maximum charge capacity Co is
underestimated by an amount Kcoopr; the cell’s internal resistance Ri is overestimated by an
amount Kriopr; and the cell’s overpotential is off by a scaling factor of Ky0pr. On this

assumption, the following computations can be used to determine Vopr:

Co,opt = Co + Kcoopt 4)

Cinit,opt = Co,opt S0Cy, (%)

Copte = Cinitopt — Qaischargek » (6)

SOCoptr = 222;’; » ™

Necopt = Kyopt (Ve +Ve) )]

Rioptic = (Rt = Kriope)exp (—Ero (T — Trer)) » ©)
Voptk = getOCV (SOCopt i, Ty) — Nec,opt — IkRioptk » (10)

where Ero is the activation energy. The K factors can be chosen as desired, e.g., based on
empirical observations of cell-to-cell variability from design specifications for well-behaved
cells. In some embodiments for a battery bank of the kind described above with reference to
FIG. 2, Kcoopr~ 0.1 Ah (e.g., 0.2 Ah), Kriopt ~ 0.0001 Q (e.g., 0.0003 €2), and Kyopt ~ 0.7
(e.g., 0.75).

[0055] Similarly, in some embodiments, a pessimistic cell potential Vpess is defined on the
following assumptions; the cell’s maximum charge capacity Co is overestimated by an
amount Kcopess; the cell’s internal resistance R; is underestimated by an amount Kgipess; and
the cell’s overpotential is off by a scaling factor of Ky pess. On this assumption, the following

computations can be used to determine Vpess:
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>
F = {karger 10 o
Co,pess = Co + Kcopess » (12)
Cinitpess = Copess S0Co , (13)
Cpessk = Cinit,pess — Qaischargek » (14)
SOCyesss = 222 ()
Necpess = Kypess(Ve +Ve) (16)
R;pessk = (Ry + Kgipess) €Xp (“ERo (T, — Tref)) , an
Vpesske = geto CV(S OCpessk Tk) — CF * (Neepess — Ik Ripess.k) - (18)

Similarly to the optimistic cell, the X factors for the pessimistic cell can be chosen as desired,
based on empirical observations of cell parameters (and variability thereof) and/or based on
specific changes that would indicate an electrical failure. In some embodiments for a battery
bank of the kind described above with reference to FIG. 2, Kcopess ~ —0.1 Ah (e.g., 0.2 Ah),
KRipess ~ 0.0003 (3, (e.g., 0.0001 Q)and Kypess ~ 0.7 (e.g., 0.75). In Egs. (11) and (18), CF'is
a scaling factor that is applied to the total overpotential of the cell when the cell is charging,
accounting for increased variability in cell potential while charging. (As will become
apparent, applying a scaling factor only to the pessimistic potential estimate — or only to the
optimistic potential estimate — has the effect of widening an envelope of acceptable

potentials when the cell is charging.)

[0056] It should be noted that the labels “optimistic” and “pessimistic” are not intended to
imply that Voprk > Vpessk, and this need not be the case. For instance, Eqs. (4)-(10) and (11)—
(18) yield the result that Voprx > Vpess.k when the cell is discharging, but when the cell is
charging, Vpessk > Voptk. In some embodiments, to ensure that the envelope has at least a
minimum width, a padding potential V. can be used to fine-tune Vopek and Vpessik. For

example, if Voptk > Vpessk, then the following equations can be used for fine-tuning:
Vopt,k = Vopt.k + Vpad ' (19)

Vpess,k = Vpess,k - Vpad . (20)
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Similarly, if Vpessk > Voptk, then the following equations can be used for fine-tuning:
Vopt,k = Vopt,k - Vpad » ¢2))

Vpess,k = Vpess,k + Vpad . (22)

Vpad can be selected as desired, e.g., Vpaa=0.01 V.

[0057] At block 408, the optimistic parameters and pessimistic parameters are used to
define an envelope of acceptable battery performance, such as an acceptable range of

potentials. For instance, if Voper > Vpess.k, the envelope can be defined as:

Vopt,k = Vk = Vpess,k ’ (23)

and if Vpess,kc > Voptk, the envelope can be defined as

Vpess,k = Vk = Vopt,k ’ (24)

where Vi is the cell potential at time step £.

[0058] At block 410, the actual potential Vacmark across the cell is measured. In some
embodiments, the measurement can be made as part of determining state parameters of the
cell at block 404.

[0059] Atblock 412, it can be determined whether the measured potential Vacmark is within
the envelope of acceptable battery performance, e.g., using either Eq. (23) or Eq. (24) as
appropriate. In some embodiments, additional conditions may be applied. For example, the
equivalent cell circuit model used to define the envelope may become unreliable if the cell
SOCk is below a threshold (e.g., 0.1) or if the current /r is in excess of a threshold (e.g., 70 A
for one type of cell). In conditions where the cell state model is unreliable, the envelope
defined by the cell state model can be ignored (e.g., measured Vacmaik can be treated as

always being within the envelope).

[0060] A measured potential Vacmaik that is outside the envelope may be indicative of a
problem with the cell, and a model fault notification can be generated. In some
embodiments, any instance of measured potential Vacuask being outside the envelope can
result in generating a model fault notification. In other embodiments, transient excursions
outside the envelope are ignored as insubstantial fluctuations; a fault counter can be used to

determine when an excursion outside the envelope is considered to be substantially outside
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the envelope. Accordingly, at block 414, if the measured potential is not within the envelope,
a fault counter can be incremented; at block 416, if the measured potential is within the
envelope, the fault counter can be reset. At block 418, it is determined whether the fault
counter has exceeded a threshold, and if so, a model fault notification is generated at block
420. In some embodiments, generating the model fault notification in a battery management
system such as battery management system 108 of FIG. 1 can include sending the notification
to control system 106 (and/or other system components as desired). In various embodiments,
a model fault notification can include other actions, such as illuminating an on-battery fault
indicator light, sending a message to a maintenance service to request servicing of the battery

at the next opportunity, and so on.

[0061] The counter threshold for generating a model fault notification can be a constant
that is defined based on tradeoffs between sensitivity (ability to detect problems) and
specificity (avoiding generation of fault notifications in the absence of a real problem). In
one example, the determination whether the actual cell potential is within the envelope is
performed at a rate of 1 Hz and the threshold for the fault counter is set at 30, so that a model
fault event is generated if the actual potential remains outside the envelope for 30 seconds or

longer. Other thresholds can also be chosen.

[0062] To further illustrate the operation of process 400, FIG. 5 shows example plots of
cell potential as a function of time for a battery cell used to power an aircraft according to
some embodiments. In this example, the aircraft is idle until shortly before time 1000 s, at
which time the aircraft ascends to a cruising altitude and begins to cruise. Shortly before
time 3000 s, the aircraft descends. Solid line 502 corresponds to measured cell potential
Vactuar k. Line 504 corresponds to the predicted potential Vpreak predicted using a cell state
model applied to actual cell parameters. (In this example, line 504 closely tracks the

measured potential.)

[0063] Line 506 corresponds to a predicted potential Vopek predicted using optimistic cell
parameters as described above (with the same cell state model as line 504), and line 508
corresponds to a predicted potential Vpessk predicted using pessimistic cell parameters as
described above (again with the same cell state model as line 504). As can be seen, the width
of the envelope defined by lines 506, 508 varies as a function of time. The width is affected

by current cell behavior (e.g., how much current is being drawn) as well as hysteresis. In this
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example, the actual potential (line 502) remains within the envelope defined by lines 506, 508

or the duration measured, so no model fault event would be generated.

[0064] It will be appreciated that process 400 is illustrative and that variations and
modifications are possible. To the extent that logic permits, operations described as
sequential can be executed in parallel, or operations can be executed in a different order.
Other operations not specifically described can be performed, and operations specifically
described can be omitted if desired. The cell state model and other parameter values (e.g.,
parameters for determining optimistic and pessimistic potentials) can be optimized for a
particular implementation based on the type and properties of the battery cell and on the
particular sensitivity and specificity desired. The monitoring process can be performed for
any number of cells in parallel or sequentially. Monitoring using process 400 or similar
processes can be performed while the battery is in any state Alternatively, if desired,
monitoring can be performed only while in certain states (e.g., only during discharge events

or only during charge events).

Cell State of Health Estimation

[0065] As described above, model fault detection relates to detecting anomalous behavior
of a battery or cell during active use. Apart from any anomalies, overall performance of a
battery or battery cell (particularly a rechargeable battery or cell) can be expected to degrade
slowly over time due to electrochemistry and thermodynamics, until the battery or cell
reaches a point of uselessness. Accordingly, in addition to or instead of detecting anomalous
behavior, some embodiments of a battery monitoring system can also monitor the “state of
health” of a battery or individual cells of a multi-cell battery. In examples herein, state of
health is characterized by the maximum charge capacity Co of the cell and the internal
resistance R; of the cell. As a cell degrades, maximum charge capacity tends to decrease
while internal resistance tends to increase. In other embodiments, other parameters may be

associated with state of health, in addition to or instead of Co and R:.

[0066] In some systems, monitoring of Co and R: can be part of an active testing process
that is performed while the battery is otherwise idle and connected to a charger or a load.
Examples of such active testing processes are known in the art. However, active testing
processes typically require that the battery remain idle and connected to the charger or load
for an extended period of time (which can be several hours). For batteries operating at a high

duty cycle, an alternative process may be preferred.
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[0067] Accordingly, some embodiments of a battery monitoring system can use a “passive”
process to monitor Co and R; of a cell. The passive process relies on real-time monitoring of
voltage, current, and temperature (the same state parameters that are measured during model
fault detection processes described above), and Co and R; can be quantitatively estimated
from the measured parameters. In some embodiments, estimating Co and R; can also include
using a filtering function (e.g., a moving average) to smooth out fluctuations in the estimate.
The process is referred to as “passive” because it can be performed while the battery is in use,
without affecting performance of the battery. Examples of passive processes for estimating

Co and R; will now be described.

[0068] In examples described herein, Co is defined as the maximum amount of charge a
cell can discharge at a reference current (e.g., 1 A) and reference temperature (e.g.,

Trer= 25°C). In some embodiments, a raw charge capacity value Corav can be computed at
the end of a discharge event if the discharge event satisfies certain criteria related to
reliability and stability of the Co estimate. For instance, Coraw for a discharge event can be

defined as:

C _ Qdischarge (25)
oraw = "a50¢ *

where Quischarge 15 the total charge discharged by the cell during the discharge event and
ASOC is the change in the cell’s state of charge during the discharge event. The raw value of
Eq. (25) can be filtered (e.g., using a moving average or other filter function) to provide an

estimate of Co.

[0069] FIG. 6 is a flow diagram of a process 600 for estimating Co of a cell based on
discharge events according to some embodiments. Process 600 can be implemented, e.g., in
battery monitoring system 300 or other battery monitoring systems described above. Process
600 can perform Co estimation while the battery is in an Idle state. Process 600 is an example
of a passive monitoring process, as it involves no battery activity other than normal

operations (i.e., powering a load and/or charging).

[0070] Process 600 can begin while the battery is in an idle state. At block 602, process
600 can determine an initial SOC (SOCinit) for the cell. In some embodiments, the initial
SOC can be computed as:
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SOCpy: = getSOC(Vy, Ty , (26)

where Vi is the measured cell potential at the initialization time, 7% is the measured
temperature at the initialization time, and getSOC() is the same function described above
with reference to FIG. 4.

[0071] In some embodiments, SOCii is only established if the cell potential V» and
temperature 75 are within certain ranges. The ranges can be selected based on the range of
potentials and temperatures for which the getSOC( ) function is a reliable model of cell
behavior. If V» or Txis outside the appropriate range, then SOCini is not established.

[0072] In addition to establishing SOCiir, processing at block 602 can also include
initializing other parameters used for Co monitoring. For instance, a running total of charge
discharged by the cell (Qaischarge.x as defined above) can be initialized to zero, and a runtime

parameter (#-un,c0) associated with Co monitoring can also be reset to zero.

[0073] At block 604, the battery enters a Discharging state, and process 600 can monitor
the discharge event. (Where process 400 is also implemented, this monitoring can occur as
part of the determination of state parameters at block 404.) For instance, the total charge
discharged Quaischarge.k can be updated at each time step (e.g., once per second) according to
Eq. (3) above, and runtime parameter #»,co can be incremented at each time step. At block
606, the discharge event ends and the battery reenters the Idle state (at which point updating

of Quischarge k and runtime parameter #rns,co can cease).

[0074] At block 608, process 600 can establish a final SOC (SOChinal) for the cell. In some

embodiments, the final SOC can be computed as:

SOCsing = getSOC(V, Ty), @7

where V1 is the measured cell potential at the end of the discharge event and 77 is the
measured temperature at the end of the discharge event. The results of Eqs. (26) and (27)
will generally be different from each other because the after-discharge measurements of V;

and/or 7] generally differ from the pre-discharge measurements of Vi and 7h.

[0075] Atblock 610, process 600 can determine whether all measurements are within
ranges such that SOCsi»ar can be considered reliable. For example, in some embodiments,
SOCinar is only established if the cell potential 77 and temperature 7; are within certain

ranges. The ranges can be selected based on the range of potentials and temperatures for
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which the getSOC() function is a reliable model of cell behavior. If Vi or 17 is outside the
appropriate range, then SOCrnat is not established; instead, the calculation can be reset at
block 612, and process 600 can return to block 602 to start over.

[0076] Other requirements related to reliability of SOCsra can also be applied. For
instance, in some embodiments if the runtime parameter 7-n,co exceeds an upper limit, the
result may become unreliable (e.g., due to Quiscrarge,k integrating a current sensor offset error),

and process 600 can rest at block 612 and return to block 602 to start over.

[0077] As another example, block 610 can require that the change in SOC, defined as

ASOC = |SOCp — SOCs1a] (28)

exceeds a minimum threshold for reliability. The threshold can be chosen to require that the
discharge event consumed a significant fraction of the cell’s charge capacity; for instance, the
threshold can be 0.4 or 0.5 or the like. If not, the calculation can be reset at block 612, and
process 600 can return to block 602 to start over.

[0078] At block 614, process 600 can compute an unfiltered Co value (Coraw) according to
Eq. (25), where Quaischarge 18 the final value of Quischarge,k from the discharge event at block 604,
and ASOC is given by Eq. (25). At block 616, process 600 can compute a filtered Co value

using an infinite impulse response filter that approximates a moving average:

Co.rur = ¥YCoraw + (1-v) Coprev » (29)

where Coprev i a stored estimate of Co (e.g., from a previous iteration of process 600) and y is
a filter decay constant that can be chosen based on desired sensitivity to updated values. In
one example, ¥ = 0.05; however, other values can be chosen. Other techniques for combining
the newly computed Coraw With previous estimates of Co can be used, including a moving
average, weighted moving average (with more recent estimates being given greater weight),
recursive moving average, or the like. In some embodiments, a statistical analysis of a
distribution of recent estimates of Co for the cell can be performed, e.g., to determine how far
outside an expected distribution the most recent Co 0w value is, allowing random
measurement noise to be smoothed out. In some embodiments, prior to the first iteration of
process 600 for a new cell, Coprev can be initialized using a charge capacity measured during
testing of the cell, a nominal value (e.g., based on the design specification of the cell), or

another value as desired.
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[0079] Atblock 618, process 600 can determine whether Cosr is implausibly high, e.g., by
comparing Cozr to a threshold. This threshold can be set to correspond to (or exceed) the
maximum charge capacity the cell can be expected to have. In some embodiments, the
maximum charge capacity can be determined based on the design specification of the cell,
with some allowance for better-than-design performance. In other embodiments, the
maximum charge capacity for a specific cell can be determined by actively measuring the
charge capacity of the cell during pre-installation testing, on the assumption that the charge
capacity of a cell does not increase with use. If Cozi is above the threshold, then at block
620, Coir is discarded and process 600 can reset, returning to block 602. In some
embodiments, an implausibly high Cozr is assumed to be a numerical artifact and is simply
ignored. In other embodiments, process 600 can generate a Co error notification. In still
other embodiments, process 600 can track whether implausibly high Coz occurs repeatedly

and generate a Co error notification where this is the case.

[0080] In some embodiments, the Co estimate Cosir can be used to trigger cell capacity fault
notifications. For instance, Co is expected to change slowly over time, and unexpectedly
rapid changes may indicate a problem. Accordingly, at block 622, process 600 can compute

a change in Co, e.g., using

Ay = lco,prev - Co,filt] » (30)

and, if ACo exceeds a threshold, the result is treated as suspicious. For instance, at block 624,
process 600 can generate a “cell capacity fault” notification. In some embodiments, multiple
thresholds can be defined, and different fault notifications can be generated based on which
threshold(s) were exceeded. For instance, a “cell capacity suspicious” fault notification can
be generated if ACo exceeds a first threshold (e.g., 0.4 Ah), and a “cell capacity very
suspicious” fault notification can be generated if ACo exceeds a second, higher threshold
(e.g., 0.8 Ah). When a cell capacity fault notification is generated at block 624, process 600
can reset, discarding the result of the Co calculation and returning to block 602.

[0081] At block 626, the stored Coprer value can be updated, e.g., by replacing the stored
value with Cosr computed at block 616. The updated Coprev value can be reported to control
system 106 or other system components. In some embodiments, control system 106 can
incorporate the estimated charge capacity into a battery status report (e.g., for review by

service technicians).
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[0082] Process 600 can be repeated for every discharge event, assuming the battery enters
the Idle state between discharge events. In some embodiments, whenever the battery enters
the Idle state, the battery management system can determine whether a valid SOChigr is
currently stored. If not, then block 602 can be performed; if so, then block 608 and
subsequent blocks can be performed. In some embodiments, process 600 or a similar process
can also be used to estimate Co based on measurements during a charge event. (This may not
be desirable, e.g., if the battery system design is such that measurements of current or other

relevant parameters are less reliable during charge events than during discharge events.)

[0083] It will be appreciated that process 600 is illustrative and that variations and
modifications are possible. To the extent that logic permits, operations described as
sequential can be executed in parallel, or operations can be executed in a different order.
Other operations not specifically described can be performed, and operations specifically
described can be omitted if desired. For instance, in the examples described, the current
estimate and a single value representing a previous estimate are used, but in other
implementations, previous estimates from multiple iterations of process 600 can be stored,
and a statistical analysis of a set of estimates can be performed. (Such statistical analysis
may enhance accuracy and reduce fluctuations but would also increase the amount of
memory required to store the previous estimates.) The cell state model and other parameter
values in a particular implementation can be selected for optimal results based on the type
and properties of battery cell and the particular sensitivity and specificity desired. The Co
estimation process can be performed for any number of cells in parallel or sequentially. In
some embodiments, if the estimated Co (after filtering) drops below a lower limit, a low Co
fault notification can be generated; this may be an indication that the cell is due for

replacement.

[0084] In some embodiments, internal resistance R; of a cell can be estimated in addition to
or instead of Co. Internal resistance R; can be defined as the resistance (ohmic) component of
the cell’s impedance at a standard SOC, current, and temperature and at no cell polarization.
The ohmic component of impedance can be understood as the instantaneous change in
potential with respect to current; however, instantaneous measurements of change may not be
practical for an operating cell. In addition, internal resistance generally depends on SOC,
temperature, and discharge current, so simply measuring AV/AJ over a short period may not
yield a reliable estimate. Accordingly, some embodiments introduce compensation factors to

improve the R; estimate.
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[0085] FIG. 7is a flow diagram of a process 700 for estimating R; of a cell based on a
discharge event according to some embodiments. Process 700 can be implemented, e.g., in
battery monitoring system 300 or other battery monitoring systems described above. Process
700 can perform an iterative (running) R; computation while the battery is actively operating
(e.g., in the Discharging or Charging state) and can update the R: estimate using the running
computation when the battery enters Idle state. Process 700 is another example of a passive

monitoring process that involves no battery activity other than normal operations.

[0086] Process 700 can begin when the battery transitions from an Idle state to an Active
state (e.g., Charging or Discharging state) at block 702. In response to the transition, at block
704, process 700 can initialize a running estimate (R;~») of the internal resistance. For
example, the running estimate can be initialized to the R; value determined from a previous
execution of process 700. In some embodiments, during a first iteration of process 700 for a
new cell, R;»n» can be initialized based on an internal resistance measured during testing of
the cell, a nominal value (e.g., based on the design specification of the cell), or another value

as desired.

[0087] Atblock 706, for as long as the battery remains in the Active state, Rirun is
iteratively updated. (Where process 400 is also implemented, this updating can occur as part
of the determination of state parameters at block 404.) FIG. 8 shows a flow diagram of a
process 800 for iteratively updating R;,-» according to some embodiments. Process 800 can
be used, e.g., to implement block 704 of process 700, and process 800 can be performed at

regular time intervals (time index k) while the battery is in Active state.

[0088] At block 802, process 800 can measure the current (/x), potential (Vx), and
temperature (7k) of the cell. Atblock 804, process 800 can check whether reliability
conditions on current, potential and temperature are satisfied. For example, the following

reliability conditions can be applied:

IIk - Ik—1| > AImin ’ (31)
Vi — Vima| > AV, (32)
Tmax 2= mean(Ty, Ty-q) = Tppin (33)

Egs. (31) and (32) require that the changes in potential and current from one time step to the

next be large enough to measure. Eq. (33) requires that the temperature be in a range where

25



10

15

20

25

CA 031696581 2022-07~28

WO 2021/183648 PCT/US2021/021709

the models of resistive behavior used to update R;~» are considered reliable. The limiting
parameters Almin, AVmin, Tmax, and Tmin can be chosen as desired for a particular system. In
one example using an implementation of battery bank 200 of FIG. 2, Almn = 2 A,
AVmin = 0.010 V, Tinax = 50°C, and Tmin = 20°C. Other conditions can also be applied, e.g.,
upper limits on the change in current and/or potential, and limits on the change in

temperature.

[0089] At block 806, if at least one of the reliability conditions of block 804 is not satisfied,
process 800 can wait for the next time step at block 808 and try again. If, at block 806, all
reliability conditions are satisfied, then at block 810, process 800 can compute a “raw”

estimate R;raw for time step £. In some embodiments, the following computation can be used:

Vi = Vi-a

+ IRComp(SOCy, I, Ty) , @4
Iy — Iy

Riraw =
where SOCk can be determined using the function getSOC(Vi, Tk) function describe above
with reference to Eq. (26), and IRComp( ) is a function that returns an internal resistance

compensation factor that depends on SOC, current, and temperature. For example,
IRComp() can be defined as:

IRComp(SOC,1,T) = calcRI(SOC, ¢, Iyeg, Trer ) — calcRI(SOC, 1, T) . (3%5)
The function calcRI() can be defined as:

1
calcIR(SOC, 1, T) = A(SOC, I) * exp (——B (SOC, 1) * (T + 20)‘3‘), (36)

where A( ) and B() are functions that can be defined empirically by testing a number of cells
of a given design specification under controlled conditions. In some implementations, the
empirical analysis can be used to populate a lookup table with values of 4( ) and B()
corresponding to various combinations of SOC and 7. In Eq. (35), SOCrey, Iref, and Trerare
constant reference values for SOC, current, and temperature, which can be preselected in
connection with defining the functions A( ) and B() in Eq. (36). For example, the following
reference values can be chosen: SOCrer= 1, Irer=22 A, Trer= 25°C.

[0090] At block 812, process 800 can determine whether R;rsw computed at block 810 is
within a plausible range. In one example, the plausible range is defined as being between

0.005 Q2 and 0.03 €; other ranges can be used, depending on the design of the cell. If Riraw is
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not in the plausible range, then at block 814, process 800 can discard or ignore the computed
Riraw value and wait for the next time step to try again. In other embodiments, process 800
can generate an R; error notification. In still other embodiments, process 800 can track
whether implausible R;raw occurs repeatedly and generate an R; error notification where this is

the case.

[0091] If Riruw is in the plausible range, then at block 816, process 800 can update Rirun

using an infinite impulse response filter that approximates a moving average:

Riyun =YRiraw + 1- Y)Rirun » 37

where vy is a filter decay constant that can be chosen based on desired sensitivity to updated
values. In one example, ¥ = 0.01; however, other values can also be chosen. It should be
understood that in embodiments that implement both processes 600 and 800, the decay
constant for R: estimation in Eq. (37) can but need not have the same value as the decay
constant for Co estimation in Eq. (29). Other techniques for combining the newly computed
Riraw with previous estimates of R; can be used, including a moving average, weighted
moving average (with more recent estimates being given greater weight), recursive moving
average, or the like. In some embodiments, a statistical analysis of a distribution of recent
estimates of R; for the cell can be performed, e.g., to determine how far outside an expected
distribution the most recent Riraw value is, allowing random measurement noise to be

smoothed out.

[0092] In some embodiments, process 800 (corresponding to block 704 of process 700) can
be performed iteratively for as long as the battery remains in Active state. Referring again to
FIG. 7, at block 708, the battery transitions to Idle state. After the battery enters Idle state,
the final value of Rirun (from process 800) can be used as the new R; estimate. In some
embodiments, the R; estimate can be used to trigger fault notifications. For instance, R; is
expected to change slowly over time, and unexpectedly rapid changes may indicate a

problem. Accordingly, at block 710, process 700 can compute a change in R, e.g., using:

AR; = |Riyun — Ry (38)

where R; is the R; value from block 702. If AR; exceeds a threshold, the result is treated as
suspicious. For instance, at block 714, process 700 can generate a “cell resistance fault”

notification. In some embodiments, multiple thresholds can be defined, and different fault
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notifications can be distinguished based on which threshold(s) were exceeded. For instance,
a “cell resistance suspicious” fault notification can be generated if AR; exceeds a first
threshold (e.g., 0.002 Q), and a “cell resistance very suspicious” fault notification can be
generated if AR; exceeds a second, higher threshold (e.g., 0.01 Q). When a cell resistance
fault notification is generated at block 714, process 700 can discard the resulting Rir.» value

and return to block 702 to await the next transition to Active state.

[0093] Atblock 716, the stored R: value can be updated, e.g., by replacing the stored R:
value with Rirun. The updated R; value can be reported to control system 106 or other system
components. In some embodiments, control system 106 can incorporate the estimated

internal resistance into a battery status report (e.g., for review by service technicians).

[0094] Process 700 can be repeated, with a new R;r» being computed (e.g., using process
800) every time the battery enters Active state, and R; being updated (if conditions are met)
when the battery is in Idle state. In some embodiments, process 700 or a similar process can
be used to estimate R; based on either a charge event or a discharge event, or if desired,
process 700 may be selectively invoked only in connection with discharge events (or only in

connection with charging events).

[0095] It will be appreciated that processes 700 and 800 are illustrative and that variations
and modifications are possible. To the extent that logic permits, operations described as
sequential can be executed in parallel, or operations can be executed in a different order.
Other operations not specifically described can be performed, and operations specifically
described can be omitted if desired. For instance, in the examples described, the current
estimate and a single value representing a previous estimate are used, but in other
implementations, previous estimates from multiple iterations of process 800 can be stored,
and a statistical analysis of a set of estimates can be performed. (Such statistical analysis
may enhance accuracy and reduce fluctuations but would also increase the amount of
memory required to store the previous estimates.) The cell state model and other parameter
values in a particular implementation can be selected for optimal results based on the type
and properties of battery cell and the particular sensitivity and specificity desired. The R;
estimation process can be performed for any number of cells in parallel or sequentially. In
some embodiments, if the estimated R; rises above an upper limit, a high R; fault notification

can be generated; this may be an indication that the cell is due for replacement.
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Additional Embodiments

[0096] While the invention has been described with reference to specific embodiments,
those skilled in the art with access to this disclosure will appreciate that variations and
modifications are possible. Battery monitoring systems and processes of the kind described
herein can be used to monitor any number of batteries or any number of battery cells, and the
systems and processes can be adapted to cells implemented using a variety of battery
technologies. Notifications generated during battery monitoring are not limited to the
examples given above, and use of notifications is not limited to the use-cases described
above. Any combination of monitoring processes can be implemented in a particular system,
including any one or more of the processes described above. Functions described as being
based on a cell state model (e.g., equivalent cell circuit model) can be implemented by
providing a lookup table keyed to the inputs of the function, with appropriate granularity
based on the resolution of the measurements of cell state parameters (e.g., the resolution of
the potential, current, and temperature sensors). In some embodiments, determination of
monitoring parameters can be conditional on the inputs to the function being within the range
covered by the lookup table.

[0097] Computational operations of the kind described herein can be implemented in
computer systems that may be of generally conventional design, such as a desktop computer,
laptop computer, tablet computer, mobile device (e.g., smart phone), or the like. Such
systems may include one or more processors to execute program code (e.g., general-purpose
microprocessors usable as a central processing unit (CPU) and/or special-purpose processors
such as graphics processors (GPUs) that may provide enhanced parallel-processing
capability), memory and other storage devices to store program code and data; user input
devices (e.g., keyboards, pointing devices such as a mouse or touchpad, microphones); user
output devices (e.g., display devices, speakers, printers); combined input/output devices (e.g.,
touchscreen displays), signal input/output ports; network communication interfaces (e.g.,
wired network interfaces such as Ethernet interfaces and/or wireless network communication
interfaces such as Wi-Fi); and so on. Computer programs incorporating various features of
the claimed invention may be encoded and stored on various computer readable storage
media; suitable media include magnetic disk or tape, optical storage media such as compact
disk (CD) or DVD (digital versatile disk), flash memory, and other non-transitory media. (It
should be understood that “storage” of data is distinct from propagation of data using

transitory media such as carrier waves.) Computer readable media encoded with the program
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code may be packaged with a compatible computer system or other electronic device, or the
program code may be provided separately from electronic devices (e.g., via Internet

download or as a separately packaged computer-readable storage medium).

[0098] It should be understood that all numerical values used herein are for purposes of
illustration and may be varied. In some instances ranges are specified to provide a sense of

scale, but numerical values outside a disclosed range are not precluded.

[0099] It should also be understood that all diagrams herein are intended as schematic.
Unless specifically indicated otherwise, the drawings are not intended to imply any particular
physical arrangement of the elements shown therein, or that all elements shown are
necessary. Those skilled in the art with access to this disclosure will understand that
elements shown in drawings or otherwise described in this disclosure can be modified or

omitted and that other elements not shown or described can be added.

[0100] The above description is illustrative and is not restrictive. Many variations of the
invention will become apparent to those skilled in the art upon review of the disclosure. The
scope of patent protection should, therefore, be determined not with reference to the above
description, but instead should be determined with reference to the following claims along

with their full scope or equivalents,
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EMBODIMENTS IN WHICH AN EXCLUSIVE PROPERTY OR PRIVILEGE IS
CLAIMED ARE DEFINED AS FOLLOWS:

1. A method for monitoring charge capacity of a battery cell, the method

comprising:

while the battery cell is in an idle state, determining an initial state of charge of

the battery cell; thereafter

monitoring a total amount of charge transferred from or to the battery cell while

the battery cell is an active state;

after the battery cell returns to the idle state, determining a final state of charge
of the battery cell;

computing an unfiltered charge capacity value using the initial state of charge,

the final state of charge, and the total amount of charge transferred; and
updating a charge capacity estimate using the unfiltered charge capacity value.
2. The method of claim 1 further comprising:

computing a magnitude of change in the charge capacity estimate relative to a

previous estimate; and

generating a cell capacity fault notification in the event that the magnitude of

change in the charge capacity exceeds a threshold value.

3. The method of claim 1 wherein determining the initial state of charge

includes:

measuring an initial cell potential and an initial cell temperature of the battery

cell while the battery cell is in the initial idle state; and

computing a state of charge for the battery cell based on an equivalent cell

circuit model using the initial cell potential and the initial cell temperature.
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4. The method of claim 3 wherein determining the final state of charge

includes:

measuring a final cell potential and a final cell temperature of the battery cell

when the battery cell returns to the idle state; and

computing a state of charge for the battery cell based on the equivalent cell

circuit model using the final cell potential and the final cell temperature.

5. The method of claim 1 wherein monitoring the total amount of charge

transferred while the battery cell is in the active state includes:
measuring a current through the battery cell at regular time intervals; and

adding a product of the measured current and a time step defined by the regular

time intervals to a running total of charge transferred.

6. The method of claim 1 wherein the active state is a discharging state in

which charge is transferred from the battery cell to a load.

7. The method of claim 1 wherein updating the charge capacity estimate

includes:

applying an infinite impulse response filter to the unfiltered charge capacity

value and a previously stored charge capacity estimate.
8. A battery monitoring system comprising:
a battery interface to receive sensor data from a battery sensor of a battery cell;
a control system interface to provide output data to a control system;
a memory; and

a processor coupled to the memory, the battery interface, and the control system,

the processor configured to:

determine, while the battery cell is in an idle state, an initial state of

charge of the battery cell; thereafter
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monitor a total amount of charge transferred from or to the battery cell

while the battery cell is an active state;

determine, after the battery cell returns to the idle state, a final state of
charge of the battery cell,

compute an unfiltered charge capacity value using the initial state of

charge, the final state of charge, and the total amount of charge transferred; and

update a charge capacity estimate stored in the memory using the

unfiltered charge capacity value.

9. The battery monitoring system of claim 8 wherein the processor is

further configured to:

compute a magnitude of change in the charge capacity estimate relative to a

previous estimate; and

generate a cell capacity fault notification in the event that the magnitude of

change in the charge capacity exceeds a threshold value.

10.  The battery monitoring system of claim 8 wherein the processor is

further configured such that determining the initial state of charge includes:

measuring an initial cell potential and an initial cell temperature of the battery

cell while the battery cell is in the initial idle state; and

computing a state of charge for the battery cell based on an equivalent cell

circuit model using the initial cell potential and the initial cell temperature.

11.  The battery monitoring system of claim 10 wherein the processor is

further configured such that determining the final state of charge includes:

measuring a final cell potential and a final cell temperature of the battery cell

when the battery cell returns to the idle state; and

computing a state of charge for the battery cell based on the equivalent cell

circuit model using the final cell potential and the final cell temperature.
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12.  The battery monitoring system of claim 8 wherein the processor is
further configured such that wherein monitoring the total amount of charge transferred while

the battery cell is in the active state includes:
measuring a current through the battery cell at regular time intervals; and

5 adding a product of the measured current and a time step defined by the regular

time intervals to a running total of charge transferred.

13.  The battery monitoring system of claim 8 wherein the active state is a

charging state in which charge is transferred from an external power source to the battery cell.

14.  The battery monitoring system of claim 8 wherein the processor is

10  further configured such that updating the charge capacity estimate includes:

applying an infinite impulse response filter to the unfiltered charge capacity

value and a previously stored charge capacity estimate.

15. A computer-readable storage medium having stored therein program
instructions that, when executed by a processor in a battery monitoring system coupled to a

15  battery cell, cause the processor to execute a method comprising:

while the battery cell is in an idle state, determining an initial state of charge of

the battery cell; thereafter

monitoring a total amount of charge transferred from or to the battery cell while

the battery cell is an active state;

20 after the battery cell retumns to the idle state, determining a final state of charge
of the battery cell;

computing an unfiltered charge capacity value using the initial state of charge,

the final state of charge, and the total amount of charge transferred; and
updating a charge capacity estimate using the unfiltered charge capacity value.

25 16.  The computer-readable storage medium of claim 15 wherein the method

further comprises:
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computing a magnitude of change in the charge capacity estimate relative to a

previous estimate; and

generating a cell capacity fault notification in the event that the magnitude of

change in the charge capacity exceeds a threshold value.

17.  The computer-readable storage medium of claim 15 wherein determining

the initial state of charge includes:

measuring an initial cell potential and an initial cell temperature of the battery

cell while the battery cell is in the initial idle state; and

computing a state of charge for the battery cell based on an equivalent cell

circuit model using the initial cell potential and the initial cell temperature.

18.  The computer-readable storage medium of claim 17 wherein determining

the final state of charge includes:

measuring a final cell potential and a final cell temperature of the battery cell
when the battery cell returns to the idle state; and

computing a state of charge for the battery cell based on the equivalent cell

circuit model using the final cell potential and the final cell temperature.

19.  The computer-readable storage medium of claim 15 wherein monitoring

the total amount of charge transferred while the battery cell is in the active state includes:
measuring a current through the battery cell at regular time intervals; and

adding a product of the measured current and a time step defined by the regular

time intervals to a running total of charge transferred.

20.  The computer-readable storage medium of claim 15 wherein updating

the charge capacity estimate includes:

applying an infinite impulse response filter to the unfiltered charge capacity

value and a previously stored charge capacity estimate.
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