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A computer program product embodied on a tangible computer-readable medium for determining a reported state of charge of a
battery system Is described. The computer program product includes computer program Instructions for determining the reported
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(57) Abrege(suite)/Abstract(continued):

state of charge according to a first method when a previous state of charge Is greater than a first threshold percentage and less
than or equal to 100%; computer program instructions for determining the reported state of charge according to a second method
when the previous state of charge Is greater than a second threshold percentage and less than or equal to the first threshola
percentage; and computer program instructions for determining the reported state of charge according to a third method when the
previous state of charge Is greater than or equal to 0% and less than or equal to the second threshold percentage.



10

CA 02744155 2011-06-27

Abstract of the Disclosure

A computer program product embodied on a tangible computer-readable medium for
determining a reported state of charge of a battery system is described. The computer
program product includes computer program instructions for determining the reported
state of charge according to a first method when a previous state of charge is greater
than a first threshold percentage and less than or equal to 100%; computer program
instructions for determining the reported state of charge according to a second method
when the previous state of charge is greater than a second threshold percentage and
less than or equal to the first threshold percentage; and computer program instructions
for determining the reported state of charge according to a third method when the
previous state of charge is greater than or equal to 0% and less than or equal to the

second threshold percentage.
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BATTERY CHARGE INDICATION METHODS, BATTERY CHARGE
MONITORING DEVICES, RECHARGEABLE BATTERIES, AND
ARTICLES OF MANUFACTURE

This application is a divisional of Canadian Patent Application Serial No. 2,646,169, filed
on March 27, 2007 .

TECHNICAL FIELD

[0001] This invention relates to a computer program product embodied on a
tangible computer-readable medium for determining a reported state of charge of a

battery system.

BACKGROUND OF THE INVENTION

[0002] The sophistication and uses of electrical devices have increased
dramatically. Consumer items having electrical components are ubiquitous in
communications, computing, entertainment, transportation, etc. Numerous people rely
upon or have grown accustomed to usage of electrical devices for business, education,
or for other needs. Electronic devices are increasingly portable to accommodate these
needs during travels from home or the workplace. The sophistication and capabilities of
power supplies for such devices have also improved to meet the requirements of the
electronic consumer devices. For example, cost, size, and capacity are some product
characteristics which have been improved for the portable power supplies. In addition,
portable power supplies are being used in additional applications. For example, there is
increased interest upon usage of alternative energy sources including electrical energy

for an expanding number of applications, such as transportation applications.

(0003} Exemplary portable power supplies such as batteries store electrical

energy. It may be beneficial to know the state of charge of the batteries during operation
of the electrical devices. However, challenges are presented with respect to determining
state of charge information with respect to some battery cell chemistries. In one

example, it may be difficult to monitor battery cells which have a substantially flat

discharge profile.
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[0004] At least some aspects of the disclosure provide methods and apparatus

for monitoring charge of batteries.

BRIEF DESCRIPTION OF THE DRAWINGS

[00095] Exemplary embodiments of the disclosure are described below with

reference to the following accompanying drawings.

[0006] Fig. 1 is a functional block diagram of an electrical system according to

one embodiment.

[0007] Fig. 2 is a functional block diagram of a battery according to one
embodiment.
[0008] Fig 3 is a functional block diagram of a monitoring device according to one
embodiment.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

10009] According to one embodiment, there is provided a computer program
product embodied on a tangible computer-readable medium for determining a reported
state of charge of a battery system, the computer program product comprising:
computer program instructions for determining the reported state of charge according to
a first method when a previous state of charge Is greater than a first threshold
percentage and less than or equal to 100%; computer program instructions for
determining the reported state of charge according to a second method when the
previous state of charge is greater than a second threshold percentage and less than or
equal to the first threshold percentage; and computer program instructions for
determining the reported state of charge according to a third method when the previous

state of charge is greater than or equal to 0% and less than or equal to the seconad

threshold percentage.

[0010] Referring to Fig. 1, an electrical system 10 Is depicted according to one
embodiment. Electrical system 10 includes a load 12 configured to consume electrical

energy and a battery assembly 13 configured to store electrical energy for consumption
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by load 12. In one embodiment, battery assembly 13 includes a battery 14 and a
monitoring device 16. Battery 14 may be rechargeable in one embodiment and charge

circuitry 20 may be provided to charge battery 14 when desired or appropriate.

[0011] Battery assembly 13 may include a housing (not shown) configured to
house battery 14 and monitoring device 16 in one arrangement. Charge circuitry 20
and/or monitoring device 16 may or may not be included within the housing. In addition,
battery 14 and/or monitoring device 16 may be external to load 12 in other

embodiments.

[0012] Monitoring circuitry 16 is configured to perform monitoring operations,
such as monitoring a state of charge of battery 14 and/or monitoring the environment
(e.g., temperature) In which battery 14 is used. Monitoring device 16 may monitor

battery 14 via an interface 18, such as an electrical coupling or bus, in one embodiment.

[0013] Fig. 2 illustrates an exemplary configuration of battery 14 according to one
embodiment. Battery 14 includes negative and positive terminals 22, 24 and one or
more cells 26 coupled in series Intermediate terminals 22, 24 in the illustrated
configuration. Cells 26 may also be coupled in parallel or in serial/parallel combinations
In other possible arrangements. In one embodiment, cells 26 may be individually
implemented as a rechargeable cell which has a substantially flat discharge profile and
which may be recharged between different discharge cycles. Cells 26 may be embodied

as Lithium-lon 3.2 Volt cells embodying Saphion(R) technology in a battery having
product number 18695-00001 available from Valence Technology, Inc. in but one

possible implementation.

10014] For example, cells 26 may individually comprise an electrode active

material in one embodiment represented by the general formula A,MPO,4, where A is Li
and 0 <a=1; and M = M|, ;Mll,, wherein o = p, 0 <0 = 0.5, Mlis iron (Fe), and Mll is

selected from the group consisting of Be**, Mg®*, Ca**, Sr**, Ba®", and mixtures thereof.

[0015] In a more specific embodiment, the electrode active material may be

represented by the general formula A;Mn(POy4)s, where Ais Li, and 0 <a <5, and M is
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selected from the group consisting of Ti**, V°*, Cr’*, Mn>*, Fe>*, Co>*, Ni**, Mo®>*, Nb**,
and mixtures thereof, and 1 <m = 3; and where A, M, a and m are selected so as to
maintain electroneutrality of the electrode active material. Additional details regarding
exemplary cells 26 are disclosed in U.S. Patent No. 6,136,472 to Barker et al., U.S.
Patent No. 4,477,541 to Fraioli; International Publication No. WO01/54212: International
Publication No. WO88/12761; International Publication No. WO00/01024: International
Publication No. WO00/31812; International Publication No. WOQ00/57505: International
Publication No. W0O02/44084: International Publication No. WO03/085757: International
Publication No. WO03/085771: International Publication No. WO03/088383: U.S. Patent
No. 6,528,033 to Barker et al.; U.S. Patent No. 6,387,568 to Barker et al.: U.S.
Publication No. 2003/0027049 listing Jeremy Barker et al. as inventors; U.S. Publication
No. 2002/0192553 listing Jeremy Barker et al. as inventors; U.S. Publication No.
2003/0170542 listing Jeremy Barker at al. as inventors; U.S. Publication No.
2003/0129492 listing Jeremy Barker as inventor; U.S. Patent No. 5,700,298 to Shi et al.:
U.S. Patent No. 5,830,602 to Barker et al.; U.S. Patent No. 5,418,091 to Gozdz et al.:
U.S. Patent No. 5,508,130 to Golovin; U.S. Patent No. 5,541,020 to Golovin et al.;: U.S.
Patent No. 5,620,810 to Golovin et al.; U.S. Patent No. 5,643,695 to Barker et al.; U.S.
Patent No. 5,712,059 to Barker et al.; U.S. Patent No. 5,851,504 to Barker et al.: U.S.
Patent No. 6,020,087 to Gao; U.S. Patent No. 6,103,419 to Saidi et al.;: U.S. Patent No.
4. 668,595 to Yoshino et al.; U.S. Patent No. 4,792,504 to Schwab et al.; U.S. Patent
No. 4,830,939 to Lee et al.; U.S. Patent No. 4,935,317 to Fauteaux et al.; U.S. Patent
No. 4,990,413 to Lee et al.; U.S. Patent No. 5,037,712 to Shackle et al.: U.S. Patent No.
5,262,253 to Golovin; U.S. Patent No. 5,300,373 to Shackle; U.S. Patent No. 5.399 447
to Chaloner-Gill; U.S. Patent No. 5,411,820 to Chaloner-Gill; U.S. Patent No. 5,435,054
to Tonder et al.; U.S. Patent No. 5,463,179 to Chaloner-Gill et al.; U.S. Patent No.
0,482,795 to Chaloner-Gill; U.S. Patent No. 5,660,948 to Barker: U.S. Patent No.
5,869,208 to Miyasaka; U.S. Patent No. 5,882,821 to Miyasaka; U.S. Patent No.
5,616,436 to Sonobe et al.; and U.S. Patent No. 6,306,215 to Larkin. Other

configurations of cells 26 are possible.

10016] Referring to Fig. 3, an exemplary arrangement of monitoring device 16 is

shown according to one embodiment. Monitoring device 16 can include monitoring
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circuitry configured to perform monitoring operations, for example, with respect to
battery 14 and/or an environment in which battery assembly 13 resides for use in one
embodiment. In the depicted configuration, monitoring device 16 includes an interface
18, processing circuitry 30, storage circuitry 32, a voltage sensor 34, a current sensor
36, and a temperature sensor 38. Other embodiments of monitoring device 16 are
possible including more, less and/or alternative components. For example, a user
interface, such as a visual display, may be inciuded in some embodiments to convey
information regarding electrical system 10 to a user. In one example, processing
circuitry 30 may control a user interface to convey state of charge information regarding

battery 14 at different moments in time and at different states of charge.

(0017] In one embodiment, processing circuitry 30 is arranged to process data,
control data access and storage, issue commands, and control other desired
operations. Processing circuitry 30 may comprise circuitry configured to implement
desired programming provided by appropriate media in at least one embodiment. For
example, the processing circuitry 30 may be implemented as one or more of a
processor and/or other structure configured to execute executable instructions
iIncluding, for example, software and/or firmware instructions, and/or hardware circuitry.
Exemplary embodiments of processing circuitry 30 include hardware logic, PGA, FPGA,
ASIC, state machines, and/or other structures alone or in combination with a processor.
These examples of processing circuitry 30 are for illustration and other configurations

are possible.

[0018] Storage circuitry 32 is configured to store programming such as
executable code or Instructions (e.g., software and/or firmware), electronic data,
databases, or other digital information and may include processor-usable media 33.
Processor-usable media 33 may be embodied in any computer program product(s) or
article of manufacture(s) which can contain, store, or maintain programming, data
and/or digital information for use by or in connection with an instruction execution
system including processing circuitry in the exemplary embodiment. For example,
exemplary processor-usable media 33 may include any one of physical media such as

electronic, magnetic, optical, electromagnetic, infrared or semiconductor media. Some
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more specific examples of processor-usable media include, but we not limited to, a
portable magnetic computer diskette, such as a floppy diskette, zip disk, hard drive,
random access memory, read only memory, flash memory, cache memory, and/or other

configurations capable of storing programming, data, or other digital information.

[0019] At least some embodiments or aspects described herein may be
implemented using programming stored within appropriate storage circuitry 32
described above and/or communicated via a network or other transmission media and
configured to control appropriate processing circuitry 30. For example, programming
may be provided via appropriate media including, for example, embodied within articles
of manufacture, embodied within a data signal (e.g., modulated carrier wave, data
packets, digital representations, etc.) communicated via an appropriate transmission
medium, such as a communication network (e.g., the Internet and/or a private network),
wired electrical connection, optical connection and/or electromagnetic energy, for
example, via a communications interface, or provided using other appropriate
communication structure or medium. Exemplary programming including processor-

usable code may be communicated as a data signal embodied in a carrier wave in but

one example.

[0020] Voltage sensor 34 is configured to monitor one or more voltage of battery
14 in the described implementation. For example, voltage sensor 34 may be configured
to monitor voltages of individual cells 26 as well as the entire voltage of battery 14 in
one embodiment. It may be desired to measure the voltage of cell 1 (i.e., the cell.
coupled with ground) in some embodiments employing a plurality of cells 26 to obtain
the most accurate voitage measurement of an individual cell of battery 14 if level shifting
circuitry is employed between the remaining cells and analog-to-digital (A/D) sampling
circuitry (not shown). The voltage of cell 1 is referred to as V.1 below and the

remaining cells 26 of battery 14 other than cell 1 may be referred to as upper cells.

[0021] Current sensor 36 is configured to measure current into and/or out of
battery 14 during charging and/or discharging of battery 14 in one embodiment. Current

sensor 36 may be configured to monitor the current at the negative terminal 22 of
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battery 14 in one embodiment.

[0022] As mentioned above, monitoring device 16 may additionally monitor
conditions regarding the environment in which battery 14 resides at different moments
in time. [n the depicted embodiment, temperature sensor 38 I1s configured to provide
information regarding the ambient temperature of the environment about battery

assembly 13. Other environmental conditions may be monitored in other embodiments.

[0023] Monitoring device 16 may be additionally configured to monitor state of
charge of battery 14 and may be referred to as state of charge monitoring circuitry in
one arrangement. Monitoring device 16 may convey state of charge information, for
example by a user interface located at load 12 and/or battery assembly 13 in exemplary
embodiments, at different moments in time of charging and/or discharging of battery 14.
As described in further detail below, processing circuitry 30 may be configured to
perform a plurality of methods described herein at different moments in time using
information of one or more sensors 34, 36, 38 and/or discharge voltage profiles of cells

26 to provide state of charge information according to one embodiment.

[0024] Processing circuitry 30 may utilize a first method, which may be referred to
as Model 1, at appropriate moments in time to provide state of charge information of
battery 14. Model 1 uses Coulomb counting which may be modified using temperature
profile information of cells 26 in one embodiment. More specifically, the state of charge

(SOC) of Model 1 is determined in one configuration as:

[ earnedCapacity — CountedCapacity
Model1SOC= — —

[LearnedCapacity

Eqn. 1

Counted capacity of Egn. 1 may be accumulated by integrating battery current as
provided by current sensor 36 with respect to time. The Model 1 SOC may be
calculated by comparing the value of counted capacity to a learned capacity (which may
be modified by temperature of the environment as discussed further below). Usage of
the learned capacity accommodates for decreasing capacity of the aging of cells 26.

Upon Initial manufacture of cells 26, the learned capacity may be set to a default value,
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such as corresponding to a nhominal capacity of fully charged cells. Thereafter, learned
capacity may be calculated at different moments in time and corresponding to use of the
battery 14. In one embodiment, the learned capacity may be recalculated at moments in
time when the state of charge of battery 14 drops below 20%. A recalculated value may
be used in Eqn. 1 until the battery 14 is fully charged and the state of charge again

drops below 20% in one embodiment.

0025} During recalculation, the learned capacity may be adjusted based on the
counted capacity with respect to present temperature and the reported state of charge
which may be equal to the'last state of charge determined by processing circuitry 30. In

one embodiment, learned capacity may be determined by:

CountedCapacity
LearnedCapacity = — — — — Egn. 2
100% - reportedSOC

where T may be used to adjust the counted capacity by the temperature of the
environment. For example, If a cell 26 is at -20°C and it is known (e.g., from an
empirical temperature profile of the cell) that the cell 26 will only deliver 50% of its
capacity for a typical discharge rate at the temperature, then the counted capacity may
be divided by the percentage of the capacity (e.g., 50%). Usage of Egn. 2 provides a
ratio of the amount of capacity used versus the amount of capacity believed to be
remaining at a given moment in time. In addition, the learned capacity may be
determined during one discharge cycle at battery 14 and the determined learned
capacity may be used in Eqn. 1 to determine state of charge of battery 14 during a

different, subsequent discharge cycle of the battery 14.

0026} Referring again to Eqn. 1, the value of learned capacity may be further

adjusted according to the temperature profile of the type end chemistry of cells 26 being
utilized. For example, if the cell 26 is at -20°C and it is known that it will only deliver 50%
of its capacity for a typical discharge rate at the given temperature, then the learned
capacity value may be multiplied by 50%. In the exemplary configuration using cells 26

which embody Saphion(R) technology, the cells 26 are not able to deliver their entire
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charge when at low temperatures. In this situation, the Model 1 SOC increases as

battery 14 is exposed to increasing temperatures.

[0027] During periods of storage or non-use of battery 14, self-discharge may be
approximated. For example, if monitoring device 16 continues to draw current during
periods of non-use, the length of time of non-use may be monitored and used In
conjunction with a determined value indicative of the load of monitoring device 16 to
estimate self-discharge. The determined self-discharge for a given period of non-use
may be used to adjust the counted capacity value of Eqn. 1. The counted capacity may

be reset to zero when a full charge is completed (e.qg., detected by monitoring charge

current and voltage of cells 26) in one embodiment.

[0028] As mentioned above, processing circuitry 30 may utilize a plurality of
methods to monitor state of charge of battery 14 at different moments In time.
Processing circuitry 30 may use one or more discharge voltage profile to monitor state
of charge according to at least one additional method. The profiles may be empirically
determined using the specific cells 26 employed within battery 14. The profiles may
include SOC slope and offset values over a plurality of voltage segments (e.g., eight)
corresponding to voltages of cells 26. The SOC slope and offset values may be stored
for a plurality of discharge current rates (e.g., five) over a plurality of temperatures (e.g.,
six different temperatures within a range of -20 to 70 degrees). Profiles of increased or

lesser accuracy may be used in other embodiments.

[0029] According to the presently described method, the initial state of charge of
cells 26 may be calculated using two discharge voltage profiles adjacent to an observed
discharge current. The Initial state of charge may be calculated using a weighted
average (e.qg., linear Iinterpolation) of the two temperature curves adjacent to the
observed temperature of the environment of use. The Model 2 SOC may thereafter be
determined by combining the discharge voltage profiles using a weighted average (e.q.

linear interpolation) to the observed discharge current.

[0030] In one example, it a five Amp-hour battery is being discharged at a current

of 3.2 Amps, and temperature Is 33°C and five stored discharge voltage profiles at
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0.625, 1, 2.5, 5 and 10 Amps, each containing profiles for six temperature ranges at -20,
-10, 0, 10, 22 and 45°C, then four resulits are initially calculated including the SOC at 2.5
Amps and 22°C, the SOC at 2.5 Amps and 45°C, the SOC at 5 Amps and 22°C, and the
SOC at 5 Amps and 45°C. The two SOC calculations at 2.5 Amps may be averaged
using a weighting between 22°C and 45°C for the observed temperature of 33°C. The
process may be repeated for the calculations at 5 Amps. The two SOC results at 2.5
Amps and 5 Amps may be averaged using a weighting between 2.5 Amps and 5 Amps
for the observed current of 3.2 Amps in the described example to provide the Model 2
SOC. For a given discharge current and temperature for the above-described cells 26,
the relationship between voltage and state of charge is stable over the cycle life of cells

26. In one embodiment, the voltage used in Model 2 Is equal to the voltage of the cell

having the lowest voltage.

[0031] Accordingly, in the exemplary embodiment employing Models 1 and 2
described above, processing circuitry 30 may be configured to monitor different
electrical parameters of battery 14 to provide the state of charge information. For
example, as discussed above, processing circuitry 14 may be configured to monitor
discharge current of battery 14 (e.g., with respect to Coulomb counting) during Model 1

and to monitor voltage of at least one cell 26 of battery during Model 2 in the described

examples.

[0032] The above-described exemplary Models 1 and 2 may be used in a
plurality of methods by processing circuitry 30 to determine the state of charge of
battery 14 at different moments in time. In addition, the Models 1 and 2 may be used
separately or in combination with one another to determine state of charge of battery 14
at different moments in time in exemplary embodiments. In the exemplary embodiment
described below, four methods (referred to as SOC Modes 1-4) are used to determine
the state of charge of battery 14 at moments in time determined by corresponding rules

set forth below the following discussion of the modes.

[0033] In one or more of the following modes, a slew rate control may be

provided where the reported state of charge (i.e., the state of charge indication provided

10



CA 02744155 2011-06-27

by processing circuitry 30 for example to the user interface indicating the state of charge
of battery 14) is not permitted to change two times faster than the fastest discharge to

which the battery 14 is capable. Other methods may be used in other embodiments.

[0034] For a first of the modes, the reported state of charge (SOC Mode 1) is
equal to the state of charge provided by Model 1.

[0035] For a second mode, the reported state of charge (SOC Mode 2) is
calculated based on a weighting of both Models 1 and 2 and relies minimally on Model 1
leading up to the end of discharge (e.g., this method relies more upon Model 2 and less

on Model 1 over the last quarter of discharge). One example equation for determining

the state of charge in the second mode is:

Reported SOC =2 X SOC X Model/1SOC + (100% - 2 X SOC) X Model2SOC Eqn. 3

where SOC as used in Egn. 3 is the last reported state of charge. The last reportea
state of charge value may be stored in storage circuitry 32 in one embodiment. The
value may be stored upon shut down and recalled at boot-up and the reported state of
charge may be initialized to the stored value in one embodiment. If battery 14 is
provided in storage, Model 1 immediately reflects the initialized value, and the reported
state of charge may be corrected within a few iterations after boot-up. The state of

charge of Mode 2 may be averaged over a desired time period, such as thirty seconds,

iNn one embodiment.

10036] For a third mode, the reported state of charge (SOC Mode 3) may be

calculated based on a weighting of Model 1 by the following exemplary equation:

Reported SOC = 2 X Model1 X (100% - SOC) Eqgn. 4

where SOC as used in Eqgn. 4 is the last reported state of charge. Eqn. 4 is derived from

replacing Model 2 in Egn. 3 with two times Model 1.

[0037] For a fourth mode, the reported state of charge (SOC Mode 4) is equal to
the state of charge provided by Model 2. The reported state of charge may correspond

to the values provided by Model 2 averaged over a desired time period, such as thirty

11
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seconds, in one embodiment.

[0038] In one embodiment, mode control rules may be defined to control the
methods used by processing circuitry 30 to monitor and/or provide information regarding
state of charge of battery 14. Processing circuitry 30 may be programmed to implement
the rules in one embodiment. The described rules are exemplary for the described
embodiment and more, less and/or alternative rules may be provided In other

embodiments.

[0039] Processing circuitry 30 may operate in SOC Mode 1 when battery 14 is
fully charged. During operations in SOC Mode 1, the processing circuitry 30 switches to
SOC Mode 2 if the state of charge falls below a threshold (e.g., 50% or lower). In one
implementation, when entering SOC Mode 2 from SOC Mode 1, the voltage used in

Model 2 s V.11 Of cell 1 discussed above.

[0040] Voltage values of individual ones of the cells 26 may be recorded on start-
up of electrical system 10. In SOC Mode 2, if any of the voltage values of the upper
cells increases more than 40mV, then SOC Mode 2 uses the voltage of the cell having

the lowest voltage in Model 2. This rule accommodates an out of balance situation in
SOC Mode 2.

[0041] In SOC Mode 2, if the state of charge of Model 2 is greater than the state

of charge than Model 1 times two, then the processing circuitry 30 switches to SOC
Mode 3. This rule accommodates an occurrence that after a partial charge the state of

charge of Model 2 is not accurate until battery 14 is loaded and also address an overly

conservative learned capacity.

[0042] In SOC Mode 3, if Model 2 is less than or equal to Model 1 times two, then
processing circuitry 30 switches to SOC Mode 2.

[0043] In any of the SOC Modes 1-3, if the state of charge of any cell 26 is

detected at or below 10% without averaging then the algorithm switches to SOC Mode
4.

12
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[0044] In any of the SOC Modes 1-3, if the state of charge of Model 1 is greater

than the state of charge of Model 2, and the difference Is greater than 50% of the
reported state of charge, the processing circuitry 30 may switch to SOC Mode 4. This

rule accommodates an overly optimistic learned capacity.

10045] With the following exceptions, the processing circuitry 30 remains In a
selected SOC Mode through periods of non-use of battery 14. In SOC Mode 2, the
processing circuitry 30 switches to SOC Mode 1 if battery 14 receives charge providing
the state of charge of Model 1 above 50%. In SOC Mode 4, the processing circuitry 30
switches to SOC Mode 2 if battery 14 receives any charge less than a full charge or
battery 14 is not charged or discharged for a period of time (e.g., 10 seconds). During
SOC Mode 2, the processing circuitry 30 may use a voltage of the cell 26 having the
lowest voitage in Model 2. Processing circuitry 30 moves to SOC Mode 1 following a full

charge of battery 14 and completion of a balancing procedure to balance the cells 26.

[00406] The state of charge may be latched and stored by storage circuitry 32 if it
reaches 0% in one configuration. The state of charge of battery 14 is reported as 0%

until charge current is detected in one embodiment.

[0047] In one embodiment, the state of charge of Model 1 does not go lower than

10% unless processing circuitry 30 I1s operating in SOC Mode 2 to prevent an overly

conservative learned capacity from being corrected.

[0048] During typical operations, the reported state of charge is provided by SOC
Mode 1 with a balanced battery 14 in normal operation. After SOC Mode 1, the
processing circuitry 30 may move to SOC Mode 2 when the state of charge is <= 50%
and then SOC Mode 4 when the state of charge of any cell 26 is detected at or below
10%.

(0049] Discharging of batteries may involve different patterns in different
applications. In an exemplary transportation application, different patterns may
correspond to regularity of use, terrain, style, charge opportunity and temperature. In

one embodiment, monitoring and providing information regarding state of charge may

13
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utilize information regarding capacity observed over a user's previous discharge pattern
or cycle. Accordingly, the Model 1 SOC discussed above may have increased accuracy
if a user operates a load 12 and charger 20 in a similar manner from full charge to a
knee of the discharge voltage profile (e.g., the point in the profile where the relatively flat

profile starts to change at a more significant rate) as a previous use.

[0050] As described above, some aspects of the disclosure provide state of
charge information of a battery. At least one of the above-described aspects may be
used with batteries having substantially flat discharge voltage profiles with increased
accuracy over pure Coulomb counting strategies or strategies using learning functions
which occur periodically over a life of the battery after a complete charge followed by a
complete discharge. For example, pure Coulomb counting may be periodically adjusted
(e.g., at full charge or complete discharge) to correct for inaccuracies. in addition,
strategies which use learning functions typically cannot provide accurate state of charge
information leading up to or during the learning cycle (e.g., the state of charge indication
may be overly conservative leaving usable energy within the battery when a charge Is
indicated to be needed, may be overly optimistic leaving the customer without warning
of a dead battery and/or may fluctuate with temperature). Also, impedance monitoring
solutions may not be applicable to cells whose impedance is substantially constant until

the very end of discharge (e.g., lithium-phosphate cells).

[0051] According to one embodiment described above, a learning function based
upon previous usage of the battery is impiemented to increase acCuracy of state of
charge information during subsequent uses. The learning function is automatic without
user input in at least one configuration. Furthermore, one embodiment of the disclosure
accommodates temperature and reduces affects of temperature upon state of charge
indications. Some embodiments provide state of charge information in multiple cell
battery arrangements and in states where the cells may be out of balance with one
another. As further disclosed above according to one implementation, a linear state of
charge calculation reaching 0% is provided when the available energy of the battery has
been used. In addition, accuracies of less than 1% error are believed provided between

10% state of charge and fully discharged, and less than 5% error between 100% anad
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10% state of charges in some configurations. Additionally, at least one embodiment

accounts for self-discharge during periods of non-use of the battery.

[0052] In compliance with the statute, the invention has been described In
language more or less specific as to structural and methodical features. It is to be
understood, however, that the invention is not limited to the specific features shown ana
described, since the means herein disclosed comprise preferred forms of putting the

invention into effect. The invention is, therefore, claimed in any of its forms or

modifications within the proper scope of the appended claims appropriately interpreted

in accordance with the doctrine of equivalents.

10053] Further, aspects herein have been presented for guidance in construction
and/or operation of illustrative embodiments of the disclosure. Applicant(s) hereof
consider these described illustrative embodiments to also include, disclose and describe
further inventive aspects in addition to those explicitly disclosed. For example, the
additional inventive aspects may include less, more and/or alternative features than
those described in the illustrative embodiments. In more specific examples, Applicants
consider the disclosure to include, disclose and describe methods which include more
and/or alternative steps than those methods explicitly disclosed as well as apparatus

which includes less, more and/or alternative structure than the explicitly disclosed

structure.
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What is claimed Is:

1. A computer program product embodied on a tangible computer-readable medium
for determining a reported state of charge of a battery system, the computer program

product comprising:

computer program instructions for determining the reported state of charge
according to a first method when a previous state of charge is greater than a first

threshold percentage and less than or equal to 100%;

computer program instructions for determining the reported state of charge
according to a second method when the previous state of charge is greater than a
second threshold percentage and less than or equal to the first threshold percentage;

and

computer program instructions for determining the reported state of charge
according to a third method when the previous state of charge is greater than or equal

to 0% and less than or equal to the second threshold percentage.
2. The computer program product of claim 1, wherein:

determining the reported state of charge according to the first method comprises

monitoring a monitored current of the battery system; and

determining the reported state of charge according to the third method comprises

monitoring a voltage of a cell of the battery system.

3. The computer program product of claim 1 or 2, wherein determining the reported

state of charge according to the second method comprises combining information of the
first and third methods.

4. The computer program product of claim 1, 2 or 3, wherein determining the
reported state of charge according to the first method further comprises counting

Coulombs of the monitored current of the battery system.

16
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5. The computer program product of claim 4, wherein determining the

reported state of charge according to the first method further comprises determining an

estimated state of charge based on an estimated capacity of the battery system and the
counted Coulombs of the monitored current of the battery system.

6.  The computer program product of claim 1, 2 or 3, wherein determining the

reported state of charge according to the third method further comprises determining an
estimated state of charge using at least one predetermined discharge voitage model.

7. The ¢omputer program product of claim 6, wherein:

the at least one predetermined discharge voftage mode! is selected from a

plurality of possible discharge voltage models according to a current and a temperature
of the cell: and

the estimated state of charge is determined to be the state of charge of the at
least one discharge voltage model according to a measured voltage of the cell.

8. The computer program product of any one of ¢laims 1 to 7, further comprising
computer program instructions for calcutating a learned capacity of the battery system

using the reported state of charge of the battery system and a Coulomb discharge
value.

0. The computer program product of any one of ¢laims 1 to 8, further comprising
computer program instructions for determining the reported state of charge according 1o

the first method when a charge current is present in the battery system.
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