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FIG. 8

(57) Abstract: Monitoring a state of a rechargeable battery
involves repeatedly obtaining at least one measured value
related to the battery during discharge of the battery (192);
repeatedly calculating the state of the battery during dis
charge of the battery based on a previously calculated state
of the battery, the measured value and at least one parameter
of the battery (204); before the state of the battery passes a
threshold value, updating the parameter of the battery at a
first rate (206); after the state of the battery passes the
threshold value, updating the parameter of the battery at a
second rate, faster than the first rate (214); and correcting
the state of the battery in response to each update of the pa
rameter (208).
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MONITORING A RECHARGEABLE BATTERY
WITH MULTIPLE PARAMETER UPDATE RATES
[0001]

This relates to methods and apparatus for monitoring the state of a battery.

BACKGROUND
[0002]

Proper control of a rechargeable battery, during charging or discharging, depends

on accurate estimation of a present state of the battery expressed as a state of charge (or

conversely a depth of discharge - DOD) or remaining capacity or remaining usage time or other
appropriate quantity. Inaccurate estimation of the state of the battery can result in damage to the
battery, damage to surrounding circuitry in the battery-operated host device, injury to a user of
the host device, loss of data in the host device and/or highly inefficient usage of the battery,
among other potential problems.
[0003]

Battery state estimation is generally the function of a battery fuel (gas) gauge

circuitry in the host device or a battery pack. The typical battery fuel gauge requires a full
charge and discharge cycle to update the battery discharge capacity, which rarely occurs with
"real" applications, so gauging errors frequently occur. If the battery fuel gauge circuitry is

inaccurate, it could either overestimate or underestimate the remaining capacity (e.g. in
milliamp-hours or percent state of charge - SOC) of the battery. Providing accurate remaining
capacity information throughout battery lifetime and over temperature and usage load profiles is
often an underestimated challenge mainly because the battery's useable capacity is a function of
its discharge rate, temperature, aging and self-discharge. In fact, it is almost impossible to

develop an algorithm to accurately model the battery's self-discharge and aging effects on the
capacity.
[0004]

If the battery fuel gauge circuitry significantly overestimates the remaining

capacity of the battery, then the battery fuel gauge circuitry may indicate that the battery has a
considerable amount of remaining capacity when the battery, in fact, has no remaining capacity.
In this case, the battery may continue to discharge until it no longer produces the minimum

voltage necessary for the proper functioning of the host device. The host device would then shut
down or stop working without warning, thereby losing (or corrupting) any data in the device's
memory. Such data loss can be catastrophic to the user of the device. The prevention of data
loss is, therefore, one of the purposes of the battery fuel gauge circuitry.
[0005]

On the other hand, if the battery fuel gauge circuitry significantly underestimates

the remaining capacity of the battery, then the battery fuel gauge circuitry may indicate zero

remaining capacity when the battery actually still has a considerable amount of charge available.
Nevertheless, the battery fuel gauge circuitry will cause the host device to instigate a controlled
system shut-down in this case in order to prevent a loss of data, even though the risk of data loss
is not in fact imminent. No damage or data loss occurs in this case, but the user of the host

device is unnecessarily inconvenienced by the early shut-down of the device and may be
incorrectly led to believe that the battery or the host device does not function up to expectations.
[0006]

The maker of the host device may choose to incorporate a larger, higher-capacity

battery in the device in order to compensate for the inaccurate battery fuel gauge circuitry,
thereby ensuring a sufficiently long battery run time. However, the battery-operated host device
is usually intended to be relatively small and lightweight; whereas, this solution increases the

size and weight (and usually the cost) of the device. Alternatively, the maker could choose to

incorporate a "premium" battery (higher capacity in a smaller size) in the host device. However,
such premium batteries are relatively expensive, which is a very significant concern, since the

battery already often represents a significant portion (e.g. a third) of the overall cost of the host
device.
[0007]

To compensate for the potential overestimation of remaining battery capacity, the

maker of the host device may choose to design the battery fuel gauge circuitry to indicate zero
remaining battery capacity when the battery still has significant capacity, thereby maintaining a
portion of the battery capacity as a failsafe reserve. In other words, by design, the battery fuel
gauge circuitry may intentionally underestimate the actual battery capacity in order to prevent an
overestimation error and a catastrophic data loss or corruption. However, if the battery fuel
gauge circuitry is relatively inaccurate, it is not possible to predict when it will overestimate

battery capacity and when it will underestimate battery capacity. Therefore, when the inaccuracy
of the battery fuel gauge circuitry causes it to underestimate the battery capacity, then the

designed-in underestimation will simply exacerbate the problem, resulting in highly inefficient
battery usage.
[0008]

To mitigate these problems, the battery fuel gauge circuitry must be as accurate as

possible. The accuracy of the battery fuel gauge circuitry generally depends on the accuracy of
parameters used to estimate the state of the battery. Such parameters generally include an
internal resistance (or impedance) of the battery, an open circuit voltage (OCV) of the battery
and a maximum charge capacity of the battery, among other potential parameters. The

relationship between these parameters and the state of the battery is circular, since, not only does
the estimation of the state of the battery depend on these parameters, but these parameters

depend on the actual state of the battery. For example, there is a recursive cycle wherein the
internal battery resistance (or impedance) is needed to obtain the OCV, the OCV is needed to
obtain the DOD (or SOC), and the DOD is needed to obtain the internal battery resistance, and
so forth.

[0009]

In other words, as the state of the battery changes (as a result of charging or

discharging or of an idle time), the parameters change. Additionally, as the battery ages
(generally determined by the number of charge and discharge cycles the battery has undergone),
these parameters and the relationships between these parameters and the state of the battery
further change. Therefore, it can be necessary to update the parameters periodically in order to
re-estimate the state of the battery, so that the estimated point at which discharge is to be
terminated (and the host device gracefully shut down) is as close to the actual desired point.
(The aforementioned related patents describe a variety of techniques and apparatuses involving

updating various parameters and estimating states of batteries.) In this manner, the most efficient
use of the battery is to be achieved without risking loss of data.
[0010]

There is a trade-off between the frequency of parameter updating and overall

battery performance due to the fact that operation of the battery fuel gauge circuitry necessarily
consumes a portion of the battery's capacity. Therefore, more frequent updates of the parameters
will consume more of the battery's capacity, noticeably decreasing the battery capacity available
for operation of the host device and making it appear that the battery discharges too quickly. In
other words, the need for updating parameters of the battery has to be balanced against the need
for a long battery discharge time.

[0011]

To ensure a long battery discharge time, the battery fuel gauge circuitry generally

updates the parameters as infrequently as possible. A typical result of this practice is illustrated
in battery terminal voltage vs. remaining capacity (in milliamp hours) graphs 102 and 104 in Fig.
1.

The graph 102 depicts an example voltage vs. true remaining capacity of a battery. The graph

104 shows an example voltage vs. estimated remaining capacity of the battery. Additionally, the

point 106 at which zero capacity remains is shown. The voltage at which discharge of the
battery is terminated (end-of-discharge voltage - EDV) is also shown.
[0012]

The true remaining capacity graph 102 represents an example that is generally

determined in a laboratory in order to ascertain the actual remaining capacity of the battery under
test relative to its terminal voltage. The estimated capacity graph 104 represents an example that
can be obtained from calculating remaining capacity based on values of terminal voltage,
discharge current and temperature measured during operation of the battery in a host device. The
estimated capacity graph 104, therefore, includes update points 108 at which the parameters used
to calculate the remaining capacity are updated, as generally described above. The update points
108 generally occur at regular intervals, e.g. as defined by a percentage of the SOC (or DOD),

throughout the discharge cycle. However, only the last four of the update points 108 are
indicated on the graph 104.
[0013]

At the middle two update points 108, the updates result in substantial corrections

to the estimated remaining capacity, as can be seen by the sudden rightward horizontal slope of

the graph 104 at these two points. By the time the final update point 108 (the lowest point of
graph 104) is reached, the estimated capacity appears to be negative, i.e. to the left of the zero
remaining capacity point 106. In other words, the battery fuel gauge circuitry in this example
will pass its shutdown point before the last update, making the final update point 108 too late to
prevent a premature shutdown.
SUMMARY
[0014]

In one aspect of the invention, a method is provided for monitoring a state of a

battery. At least one measured value related to the battery is obtained repeatedly during
discharge of the battery. The state of the battery is repeatedly calculated during discharge of the
battery based on a previously calculated state of the battery, the measured value and at least one
parameter of the battery. Before the state of the battery passes a threshold value, the parameter
of the battery is updated at a first rate. After the state of the battery passes the threshold value,

the parameter of the battery is updated at a second rate, faster than the first rate. The state of the

battery is corrected in response to each update of the parameter.
In another aspect of the invention, a battery gauge circuitry is provided for monitoring a state of

a battery. The circuitry includes at least one input at which data related to the battery is received
during discharge of the battery, and a processor electrically connected to receive the data. The
process executes instructions wherein the processor: repeatedly revises the state of the battery
based on the data, at least one parameter of the battery and a previously revised state of the
battery; updates the parameter at a first rate before the state of the battery passes a threshold;
updates the parameter at a second rate, faster than the first rate, after the state of the battery
passes the threshold; and corrects the state of the battery in response to each update of the
parameter.
BRIEF DESCRIPTION OF THE DRAWINGS
[0015]

Other aspects and features will become apparent from the description of example

embodiments, with reference to accompanying drawings wherein:
[0016]

Fig. 1 is a prior art example of a simplified graph of a terminal voltage vs.

remaining capacity relationship for a rechargeable battery.
[0017]

Fig. 2 is a simplified schematic diagram of a battery-powered device according to

principles of an embodiment of the invention.
[0018]

Fig. 3 is a simplified schematic diagram of a battery pack for use in the battery-

powered device shown in Fig. 2, according to an embodiment of the invention.
[0019]

Fig. 4 is a simplified graph of a voltage vs. capacity relationship for a

rechargeable battery for use in the battery-powered device shown in Fig. 2, according to an
embodiment of the invention.
[0020]

Fig. 5 is a simplified graph of a resistance scaling factor vs. a state of charge

relationship for a rechargeable battery for use in the battery-powered device shown in Fig. 2,
according to an embodiment of the invention.
[0021]

Fig. 6 is a simplified graph of a resistance vs. a state of charge relationship for a

rechargeable battery for use in the battery-powered device shown in Fig. 2, according to an
embodiment of the invention.

[0022]

Fig. 7 is a simplified graph of a terminal voltage vs. remaining capacity

relationship for a rechargeable battery for use in the battery-powered device shown in Fig. 2,
according to an embodiment of the invention.
[0023]

Fig. 8 is a simplified flow chart for a procedure for monitoring a state of the

battery for use in the battery-powered device shown in Fig. 2, according to an embodiment of the
invention.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS
[0024]

Simplified schematic diagrams for a host battery-powered electronic device 110

(e.g. a cell/cordless phone, a portable computer, a handheld game device, etc.) and for a battery

pack 112 (for use in the host device 110) are shown in Figs. 2 and 3, respectively. The host
device 110 generally includes the battery pack 112 and a load/host circuitry 114 and is
occasionally connected to an AC adapter/charger 116. The battery pack 112 generally includes
one or more battery cells (the battery) 118, a battery management circuitry 120 and a battery fuel
gauge circuitry 122, among other possible components.
[0025]

In a simplified description, positive and negative battery pack voltage lines

Vpackp and Vpackn provide the electrical power connections between the battery pack 112, the
load/host circuitry 114 and the AC adapter/charger 116. When the host device 110 is connected
to the AC adapter/charger 116, the AC adapter/charger 116 provides electrical power for the

functioning of the host device 110 and the charging of the battery 118 in the battery pack 112.
On the other hand, when the host device 110 is not connected to the AC adapter/charger 116, the
battery pack 112 supplies power (discharges) to the components of the host device 110 (e.g. the
load/host circuitry 114). In this situation, therefore, since the host circuitry 114 performs the
"primary" functions of the host device 110, the battery pack 112 "primarily" supplies power to
the host circuitry 114. However, the battery pack 112 also supplies power to the components
(e.g. the battery management circuitry 120, the battery fuel gauge circuitry 122, etc.) of the

battery pack 112, itself, so the proper functioning of the battery pack 112 can be maintained
during discharging of the battery 118.
[0026]

It is desirable that the components of the battery pack 112 consume relatively

little power from the battery 118, so that a maximized or optimized amount of the charge
capacity of the battery 118 is available for the host circuitry 114. It is also desirable that the fuel
gauge circuitry 122 produce as accurate an estimate as possible of the remaining capacity of the

battery 118, so that the host device 110 can make the most efficient use of the battery 118
without risking loss of data, as described in the background. Additionally, accurate estimation of
characteristics/parameters (e.g. SOC, internal impedance, remaining capacity, etc.) of the battery
118 also enables the host device 110 to actively manage and optimize its power usage by turning

off non-critical subsystems, reducing power settings or lowering performance as the battery 118
nears the end of discharge and/or by preventing the enabling of high current operations if the
battery impedance is too high (i.e. the battery 118 has aged significantly).
[0027]

To balance these competing objectives, the fuel gauge circuitry 122 preferably

updates one or more characteristic parameters (such as impedance or resistance, etc.) of the
battery 118 at multiple rates that depend on the state of the battery 118. The fuel gauge circuitry
122, thus, preferably updates the parameter(s) at a slower rate when the state of the battery 118

(e.g. remaining capacity, state of charge or depth of discharge, among others) is estimated to be

sufficiently high that the risk of loss of data due to overestimation is very low. When the
estimated state of the battery 118 reaches or passes some threshold, however, the parameter
update rate is increased, i.e. the interval between updates is decreased. Therefore, the power
consumed by the fuel gauge circuitry 122 before passing the threshold is relatively low, and the
accuracy of the estimation of the state of the battery 118 after passing the threshold is relatively
high. The increase in the power consumed by the fuel gauge circuitry 122 after passing the
threshold, is a trade-off for the greater accuracy in the estimation of the state of the battery 118
as the state of the battery 118 is getting close to the discharge termination point, when a

controlled shutdown of the host device 110 may have to be initiated and active power
management is more critical.
[0028]

The battery pack 112 (e.g. the battery management circuitry 120 and/or the fuel

gauge circuitry 122) generally communicates with other components in the host device 110 (e.g.
the load/host circuitry 114) via a bidirectional digital bus 124 in accordance with a suitable
communications protocol and through an appropriate interface circuit (not shown). The
bidirectional digital bus 124 may be a standard SMBus (smart bus), a standard I2C (InterIntegrated Circuit) bus, another serial or parallel interface, or any other appropriate standard or
proprietary communication means.
[0029]

The battery pack 112 typically communicates with the other components in the

host device 110 for a variety of reasons. For example, instructions to initiate a controlled

shutdown of the host device 110 may be transmitted to the host circuitry 114 when the state of
the battery 118, as determined by the fuel gauge circuitry 122, reaches or passes a termination
point. Additionally, data regarding the state of the battery 118 may be transmitted to the host
circuitry 114 to enable the presentation of a fuel gauge display/icon/indicator to a user of the host
device 110, so the user can subjectively anticipate when to recharge the battery 118 before the
host device 110 shuts itself down. Both of these examples rely on accurate estimation of the
state of the battery 118. (The need for accurate estimation of the state of the battery 118 before
initiating a controlled shutdown has been discussed above.)
[0030]

With regard to the fuel gauge display/icon/indicator, even though it typically

provides a relatively low resolution (i.e. low accuracy) indication to the user of the state of the
battery 118, a more accurate estimation of the state of the battery 118 (reflected in the fuel gauge
display/icon/indicator) can result in a more positive experience for the user with respect to the
host device 110. In particular, a highly inaccurate overestimation of the state of charge of the
battery 118 (as indicated by the fuel gauge display/icon/indicator) may lead the user to delay
plugging the host device 110 into the AC adapter/charger 116, thereby increasing the likelihood
of inconveniencing and irritating the user with a shutdown of the host device 110. On the other
hand, a highly inaccurate underestimation of the state of charge may unnecessarily and
inconveniently cause the user to panic slightly with the belief that the battery 118 needs to be
recharged sooner than is truly necessary to prevent the shutdown.
[0031]

It is understood that many different types and combinations of circuit components

could be used to form the circuitry shown in Figs. 2 and 3 and to perform the functions described
herein. Therefore, the specific circuit components and interconnections shown in Figs. 2 and 3
and described herein illustrate a simplified version of only one of many possible embodiments
and are not necessarily intended to limit the scope of the claims. Additionally, United States
Patents 6,789,026, 6,832,171 and 6,892,150 (mentioned above) provide additional descriptions
of example circuitry that may be incorporated in the host device 110 and/or the battery pack 112.
[0032]

For the illustrated embodiment, the battery pack 112 generally includes a charge

transistor 126, a discharge transistor 128, a current sense resistor 130 and a temperature sensor
132 in addition to the battery management circuitry 120 and the fuel gauge circuitry 122. The

battery management circuitry 120 generally includes a low dropout (LDO) voltage regulator
circuit 134, a controller circuit 136, one or more driver circuits 138 and a voltage sense circuit

140, among other possible components. The fuel gauge circuitry 122 generally includes one or

more analog to digital converters (ADCs) 142, a microprocessor 144 and at least one memory
146, among other possible components.

[0033]

The LDO voltage regulator circuit 134 receives the positive terminal voltage

(Vbatt) of the battery 118. From the terminal voltage (Vbatt) of the battery 118, the LDO
voltage regulator circuit 134 generally provides the electrical power for the operation of the
components of the battery management circuitry 120 and the fuel gauge circuitry 122, among
other possible components.
[0034]

The battery management circuitry 120 (sometimes referred to as a front end

circuitry or chip) generally monitors and manages the charging and discharging of the battery
118, among other functions. Thus, under control of the controller circuit 136, the driver circuit
138 generates gate drive voltages on lines 148 and 150 to activate and deactivate the charge

transistor 126 and the discharge transistor 128, respectively. This operation of the charge
transistor 126 and the discharge transistor 128 controls the charging and discharging of the
battery 118 through the line Vpackp.
[0035]

The voltage sense circuit 140 may be, for example, a level translator circuit, or

other appropriate device. In the illustrated embodiment, the voltage sense circuit 140 receives
the positive terminal voltage (Vbatt) of the battery 118 in order to measure the terminal voltage
of the battery 118. The output of the voltage sense circuit 140 is an analog voltage representative
of the terminal voltage of the battery 118. (In other embodiments, the voltage sense circuit 140
may be coupled by suitable circuitry to measure the voltage across one or more of the individual
cells included in the battery 118. Then an appropriate calculation can be done to determine the
terminal voltage of the battery 118.)
[0036]

Some of the control functions by the battery management circuitry 120 occur in

response to instructions (e.g. various configuration, safety and control information) from the fuel
gauge circuitry 122 according to functions described herein and (optionally) described in the
above referenced United States patents. The communication between the battery management
circuitry 120 and the fuel gauge circuitry 122 (e.g. by the controller circuit 136 and the
microprocessor 144, respectively) generally occurs via another appropriate bidirectional digital
bus 152.

[0037]

The fuel gauge circuitry 122 receives data, measured values or signals, such as the

output of the voltage sense circuit 140, an output of the temperature sensor 132 and a current
sense voltage across the current sense resistor 130, among other possible input voltages. These
input voltages are supplied to appropriate ones of the ADCs 142. The ADCs 142 generally
convert the input voltages to digital equivalents for the terminal voltage, the discharge current
and the battery temperature, among other possible measured values.

[0038]

Within the fuel gauge circuitry 122, the ADCs 142, the microprocessor 144 and

the memory 146 generally communicate with each other via yet another appropriate bidirectional
digital bus 154. Through the bus 154, the microprocessor 144 accesses one or more programs
156 (stored in the memory 146), with which the microprocessor 144 performs or controls the

various functions of the fuel gauge circuitry 122. In accordance with one or more of the
programs 156, the microprocessor 144 accesses the digital equivalents of the received measured
values generated by the ADCs 142, as well as data held in one or more databases 158 stored in
the memory 146. The bus 154 is also preferably coupled through an appropriate interface circuit
to the bidirectional digital bus 124.

[0039]

The databases 158 generally include various tables. An example of one such table

contains the open circuit voltage (OCV) of the battery 118 as a function of one or more of the
measured values and the parameters of the battery 118 or a state of the battery 118 that can be
calculated from the measured values and the parameters. E.g., the table may have OCV
dependent on the SOC or DOD of the battery 118, as determined experimentally before
manufacturing the battery 118. Another example table may contain the resistance, or impedance,
of the battery 118 as a function of the SOC (or DOD) and temperature.

[0040]

An example set of procedures performed by the microprocessor 144 under control

of the programs 156 using the databases 158 may include a determination of the OCV of the
battery 118 from the measured values when the battery 118 has presumably reached an
equilibrium state after a relatively long relaxation time period, i.e. a period of no or very low
activity by the battery 118. With the OCV thus determined, the SOC is read from the OCV vs.
SOC table in the databases 158. In this manner, an initial SOC value (SOC_0) is obtained,
which is updated during operation (i.e. battery discharge) of the host device 110 using a coulomb
count technique. After the SOC is thus updated and it is determined that the SOC has reached or
passed an update point during discharge, an updated OCV is read from the OCV vs. SOC table.

With the updated OCV and the measured terminal voltage and average discharge current, the
resistance of the battery 118 is calculated. With the calculated resistance, the resistance table
(e.g. resistance vs. SOC and temperature) is updated in order to perform proper IR corrections,
so the remaining time to the end of discharge can be estimated. (The aforementioned United

States patent applications provide examples for performing some of these calculations and
procedures.)
[0041]

According to various embodiments of the invention, the rate at which one or more

parameters (e.g. resistance, impedance, etc.) are updated during discharge is increased (or the
interval between parameter updates is decreased) after one or more states of the battery 118 (e.g.
SOC, DOD, OCV, terminal voltage, etc.) passes a threshold value. Graphs shown in Figs. 4, 5
and 6 help illustrate a preferred method for how to determine the threshold value. These graphs
are not necessarily drawn to scale. Rather, they are drawn to highlight certain characteristics of
an example battery 118 that help to determine how to set the threshold value for the particular

state of the battery 118 chosen to be monitored for determining when to change the parameter
update rate or interval.
[0042]

Fig. 4 shows three example simplified graphs 160, 162 and 164 of battery

terminal voltage (in Volts or millivolts) vs. used battery capacity (in Amp hours or milliamp
hours). The first graph (OCV) 160 is for the OCV of the battery 118, so it represents a
theoretical maximum for the terminal voltage vs. used capacity of the battery 118. The second
graph (Cycle_l) 162 is for the terminal voltage during the first discharge cycle of the battery
118. The third graph (Cycle_N) 164 is for the terminal voltage during a hypothetical Nth

discharge cycle of the battery 118. As can be seen, as the used battery capacity increases, the
terminal voltage of the battery 118 decreases for each graph 160-164.
[0043]

An end-of-discharge voltage (EDV) is also indicated in Fig. 4 . The EDV

represents the terminal voltage of the battery 118 at, or before, which the host device 110 must
be shut down gracefully in order to prevent the terminal voltage of the battery 118 from
decreasing down to a point at which the electronic components of the host device 110 will no
longer operate properly or a sudden shutdown of the host device 110 will be triggered, thereby
possibly losing or corrupting data. The point at which the first graph (OCV) 160 crosses the
EDV, therefore, represents a theoretical maximum capacity (Q_max) for the battery 118. The
points at which the second and third graphs 162 and 164 cross the EDV, on the other hand,

represent a useable capacity (Q_use_l and Q_use_N) for the battery 118 during the first
discharge cycle and the Nth discharge cycle, respectively.
[0044]

The vertical difference, IR_1 or IR_N, between the first graph (OCV) 160 and

either the second graph (V_bat_l) 162 or the third graph (V_bat_N) 164, respectively, is
indicative of the IR drop due to the internal resistance, or impedance, of the battery 118. As can
be seen, the IR drop due to the internal resistance, or impedance, of the battery 118 increases
(e.g. from IR_1 to IR_N) with an increased number of discharge cycles, i.e. the "age," of the

battery 118. Consequently, the useable capacity decreases (e.g. from Q_use_l to Q_use_N) with
the age of the battery 118.
[0045]

The slope of each graph 160-164 generally increases rather significantly within an

end portion 166 thereof compared to a (roughly) mid portion 168. Thus, the graphs 160-164
begin to decrease faster near the EDV. This change is generally due to an increasing rate of
change of one or more of the parameters of the battery 118. Additionally, since one or more of
the parameters is changing more rapidly in the end portion 166, the uncertainty in the accuracy
of the parameter's calculated value prior to a parameter update point is greater, leading to greater
inaccuracy in the estimation of other battery characteristics that are based on the parameter. It is
desirable, therefore, to increase the rate at which the parameter is updated prior to entering, or at
about the beginning of, the end portion 166. In other words, it is preferable to set the threshold
value for the monitored state of the battery 118 so that the parameter update rate increases at,
before or immediately after the beginning of the end portion 166.
[0046]

Fig. 5 shows an example simplified graph 170 of a resistance scaling factor vs. the

state of charge (SOC) of the battery 118. The resistance scaling factor is a value by which the
internal resistance, or impedance, values of the battery 118 within the resistance table are
multiplied, or scaled, upon updating this parameter. A resistance scaling factor of 1.0, therefore,
means that the resistance values in the table don't change at all. The further the resistance
scaling factor is from the value of 1.0, the greater is the change to the resistance values in the
table. As can be seen, the resistance scaling factor diverges from the value 1.0 as the state of
charge of the battery 118 decreases. At approximately a point 172, the resistance scaling factor
begins to diverge even faster from the value 1.0 as the state of charge of the battery 118
decreases further. Consequently, as the resistance scaling factor diverges ever faster from the
value 1.0, there is greater uncertainty in the accuracy of this parameter, and greater inaccuracy in

the estimation of any state of the battery 118 based on this parameter, prior to each parameter
update point. It is desirable, therefore, to set the parameter update rate change threshold value at
or before the point 172 (e.g. within a range 174 of the SOC of the battery 118).
[0047]

Fig. 6 shows an example simplified graph 176 of an internal resistance (in Ohms)

vs. the SOC of the battery 118. As can be seen, the graph 176 shows that, although the internal

resistance varies somewhat throughout the full range of the SOC, the internal resistance of the
battery 118 increases dramatically as the SOC approaches zero (the left end of the graph 176).
Consequently, as the SOC approaches zero, there is greater uncertainty in the accuracy of this
parameter, and greater inaccuracy in the estimation of any state of the battery 118 based on this
parameter, prior to each parameter update point. It is desirable, therefore, to set the parameter
update rate change threshold value prior to the dramatic increase in the internal resistance of the
battery 118 (e.g. within a range 178 of the SOC of the battery 118).
[0048]

Experimentation has shown that a suitable threshold value at which the parameter

update rate should be increased is at a SOC value between about ten and twenty percent.
Additionally, the graphs 160, 162, 164, 170 and 176 support the setting of the threshold value
within this range of the SOC. It is understood, however, that other states of the battery 118 may
be used to determine an appropriate threshold value, and the threshold value may be set at other
values or within other ranges, as experimentation and experience may indicate in order to strike a
reasonable balance between the accuracy of estimation of the state of the battery 118 and the
power consumption by the fuel gauge circuitry 122.
[0049]

Fig. 7 shows a graph 180 of the battery terminal voltage vs. the estimated

remaining capacity (in Amp hours or milliamp hours) for a discharge cycle during which one or
more of the parameters (e.g. resistance, impedance, etc.) of the battery 118 are updated at more
than one rate. As in Fig. 1, the graph 102 of the example voltage vs. true remaining capacity of
the battery is also shown. Additionally, the point 106 at which zero capacity remains is shown.
The voltage at which discharge of the battery is terminated (end-of-discharge voltage - EDV) is
also shown.
[0050]

As before, the true remaining capacity graph 102 represents an example that is

generally determined in a laboratory in order to ascertain the actual remaining capacity of the
battery under test relative to its terminal voltage. The estimated remaining capacity graph 180
represents an example that can be obtained from calculating remaining capacity based on the

tables in the database(s) 158 (Fig. 3) and the values of the terminal voltage, the discharge current
and the temperature measured during operation of the battery 118 in the host device 110, as
described above. The estimated remaining capacity graph 180, therefore, includes update points
at which one or more parameters used to calculate the remaining capacity are updated, as
generally described above. Additionally, the estimated remaining capacity graph 180 includes a
threshold point, preferably within a range 182 as described above, before which (above and to
the right) the parameter update rate is less than the parameter update rate after the threshold
point, i.e. the parameter update interval is greater before the threshold point than it is afterwards.
[0051]

As a consequence of the change in parameter update rate, the corrections to the

estimation of the remaining capacity for the portion of the graph 180 after the threshold point are
not noticeable at the resolution used for the graphs 102 and 180, particularly when compared to
the prior art graph 104 (Fig. 1), i.e. there are no noticeable sudden horizontal slopes of the graph
180. Additionally, as the remaining capacity approaches zero, the true remaining capacity graph

102 and the estimated remaining capacity graph 180 appear to converge. In other words, the

increase in the parameter update rate enhances the accuracy in the estimation of the state of the
battery 118 to the point that the error in the estimation calculations approaches zero. Therefore,
the estimated remaining capacity graph 180 crosses the end-of-discharge voltage (EDV) much
closer to the point at which the true remaining capacity graph 102 crosses, so the controlled
system shut-down procedure can be initiated closer to the point at which it truly needs to be
initiated, thereby making optimal use of the full battery capacity.
[0052]

Depending on the embodiments, the interval lengths before and after the threshold

point are generally defined by a percentage of the SOC (or DOD), or other appropriate state of
the battery 118. For example, before the threshold point, the parameter update points may occur
at every multiple of ten percent of the SOC. After the threshold, the update points may occur at
every multiple of 3.3%, thereby reducing the update interval to one third of its pre-threshold
value. These particular numbers are given for illustrative purposes only and are not intended to
limit the scope of the invention.
[0053]

An example procedure 184 incorporating to an embodiment of the invention for

monitoring a state of a rechargeable battery (e.g. 118) during discharge thereof in a batterypowered host device (e.g. 110) is shown in Fig. 8 . In some embodiments, the procedure 184 is
stored as one or more of the programs 156 in the memory 146. The procedure 184 performs a

variety of functions that generally include obtaining at least one measured value related to the
battery 118, looking up values in one or more of the tables in the databases 158,
revising/recalculating the at least one state of the battery 118 (e.g. SOC, DOD, remaining
capacity, etc.) when appropriate, updating one or more parameters of the battery 118 and
changing the parameter update rate when the state of the battery 118 reaches or passes a
threshold value. It is understood, however, that this procedure 184 is just one example of a
particular embodiment of the invention and that other possible procedures having similar or
different steps, functions, subroutines, etc. for arriving at similar results are within the scope of
the invention. Some variations on the example procedure 184 may even be had by changing the
order or placement of some of the operations within the flowchart. Additionally, at any
appropriate point(s) in the procedure 184, the state of the battery 118 may be communicated to
other components of the host device 110, such as the host circuitry 114.
[0054]

Upon starting (at 186), such as at the beginning of a discharge cycle, the example

procedure 184 obtains (at 188) an initial state of the battery 118, such as the SOC_0 (determined
as described above) or the most recently estimated SOC of the battery 118. The procedure 184

also sets (at 190) an initial parameter update rate (or update interval) and an initial parameter
update point. If the discharge cycle begins with the state of the battery 118 above/before the
threshold point, then the initial parameter update rate will be set (at 190) to the lower/slower rate.
On the other hand, if the discharge cycle begins with the state of the battery 118 already
below/after the threshold point, then the initial parameter update rate will be set (at 190) to the
higher/faster rate. In some alternatives, however, instead of setting an update rate or interval, the
update points are stored in a table or array, and a pointer is set (at 190) to the proper update point
based on the initial state of the battery 118.
[0055]

The measured values (e.g. terminal voltage, discharge current, temperature, etc.)

related to the battery 118 are read (at 192) through the ADCs 142, as described above. The state
of the battery 118 is revised at 194. In one example, the present state of charge of the battery
118 is estimated from a previously determined state of charge and a coulomb count. The
previously determined state of charge is the SOC_0 in the first revision at 194, but in all
subsequent revisions at 194, the previously determined state of charge is the most recently
revised or recalculated value thereof. The coulomb count is generally based on an integration of

the discharge current since the beginning of the procedure 184 or since the most recently revised
or recalculated value of the state of charge.
[0056]

At 196, it is determined whether the discharge of the battery 118 should be

terminated. For example, the determination at 196 may be based on the terminal voltage of the
battery 118 compared to the EDV, the SOC (or a calculated remaining battery capacity)
reaching/approaching zero or other appropriate calculation. If the determination at 196 is
positive, then a controlled shutdown of the host device 110 is initiated (at 198) and the procedure
184 ends (at 200).

[0057]

If the determination at 196 is negative, then it is determined (at 202) whether a

parameter update point has been reached or passed. For example, if the parameter update points
are defined by a predetermined value of the SOC, then it is determined at 196 whether the

present value of the SOC (as revised at 194) is equal to or less than the predetermined value. If
the determination at 202 is negative, then it is not time to update the parameter(s), so the
procedure 184 returns to 192 to repeat as above.
[0058]

If the determination at 202 is positive, then one or more of the parameters (and

preferably also a parameter scaling factor) are calculated at 204. For example, if the parameter
to be updated is the internal resistance (or impedance) of the battery 118, then OCV is looked up

in the OCV vs. SOC table using the present value of the SOC, and the resistance is calculated
based on the OCV, the terminal voltage and the discharge current. The resistance scaling factor
is then calculated based on the new resistance and a previously estimated resistance obtained

from the resistance vs. SOC and temperature table.
[0059]

Using the parameter scaling factor (e.g. resistance scaling factor), a database

regarding the parameter (e.g. the resistance vs. SOC and temperature table) is updated at 206,
preferably by scaling only those values of the resistance that correspond to SOC values less than
or equal to the present SOC value. The state of the battery 118 is preferably recalculated (at 208)
in response to the updating of the parameter and the parameter database.
[0060]

At 210, it is determined whether the threshold point for increasing the parameter

update rate has been reached or passed. If not, then the next parameter update point is set at 212.
But if the determination at 210 is positive, then the parameter update rate is changed (at 214)
accordingly before setting (at 212) the next parameter update point. With the new parameter
update point, the procedure returns to 192 to continue as before until the discharge termination

point is reached (at 196) or the user turns off the host device 110 or the present discharge cycle
otherwise stops.
[0061]

For some alternatives, such as those in which the update points are stored in a

table or array, it is not necessary to make such a determination as at 210 or to actually change the
parameter update rate as at 214. Instead, a pointer can simply be incremented (e.g. at 212) to the
next value in the table or array, which provides the next update point.
[0062]

Those skilled in the art will appreciate that other embodiments and variations are

possible within the scope of the claimed invention; and that, even though for brevity or
simplicity features or steps are described in the context of example embodiments having all or
just some of such features or steps, embodiments having different combinations of one or more
of the described features or steps are also intended to be covered hereby.

CLAIMS

What is claimed is:

A method of monitoring a state of a battery, comprising:

1.

repeatedly obtaining at least one measured value related to the battery during discharge of
the battery;

repeatedly calculating the state of the battery during discharge of the battery based on a
previously calculated state of the battery, the measured value and at least one parameter of the
battery;

before the state of the battery passes a threshold value, updating the parameter of the
battery at a first rate;
after the state of the battery passes the threshold value, updating the parameter of the
battery at a second rate, faster than the first rate; and
correcting the state of the battery in response to each update of the parameter.

2.

The method of claim 1, wherein an averaged value of a rate of change of the parameter

before the state of the battery passes the threshold value is less than an averaged value of the rate
of change of the parameter after the state of the battery passes the threshold value.

3.

The method of claim 1, wherein the battery is characterizable by a graph of terminal

voltage vs. capacity having a slope before the threshold value that is less than a slope after the
threshold value.

4.

The method of claim 1, wherein before the state of the battery passes the threshold value,

a battery gauge circuitry consumes power at a first power consumption rate; and after the state of
the battery passes the threshold value, the battery gauge circuitry consumes power at a second

power consumption rate, faster than the first power consumption rate.

5.

The method of claim 1, wherein the state of the battery is a percent state of charge of the

battery; and the threshold value is between ten and twenty percent.

6.

The method of claim 1, wherein the threshold value is a first threshold value, the method

further comprising:
after the state of the battery passes the first threshold value and before the state of the
battery passes a second threshold value, updating the parameter of the battery at the second rate;
and

after the state of the battery passes the second threshold value, updating the parameter of
the battery at a third rate, faster than the second rate.

7.

A battery gauge circuitry for monitoring a state of a battery, comprising:
at least one input at which data related to the battery is received during discharge of the

battery; and

a processor electrically connected to receive the data;
wherein the processor:
repeatedly revises the state of the battery based on the data, at least one parameter
of the battery and a previously revised state of the battery;
updates the parameter at a first rate before the state of the battery passes a
threshold;

updates the parameter at a second rate, faster than the first rate, after the state of
the battery passes the threshold; and

corrects the state of the battery in response to each update of the parameter.

8.

The battery gauge circuitry of claim 7, wherein an averaged value of a rate of change of

the parameter before the state of the battery passes the threshold is less than an averaged value of
the rate of change of the parameter after the state of the battery passes the threshold.

9.

The battery gauge circuitry of claim 7, wherein the battery is characterizable by a graph

of terminal voltage vs. capacity having a slope before the threshold that is less than a slope after
the threshold.

10.

The battery gauge circuitry of claim 7, wherein before the state of the battery passes the

threshold, the battery gauge circuitry consumes power at a first power consumption rate; and

after the state of the battery passes the threshold, the battery gauge circuitry consumes power at a
second power consumption rate, faster than the first power consumption rate.

11.

The battery gauge circuitry of claim 7, wherein the state of the battery is a percent state of

charge of the battery; and the threshold is between ten and twenty percent.

12.

The battery gauge circuitry of claim 7, wherein:
the threshold is a first threshold;

after the state of the battery passes the first threshold and before the state of the battery
passes a second threshold, the processor updates the parameter of the battery at the second rate;
and

after the state of the battery passes the second threshold, the processor updates the
parameter of the battery at a third rate, faster than the second rate.

13.

A battery gauge for monitoring a state of a battery, comprising:
a means for generating at least one measured value regarding the battery during discharge

of the battery;
a means for repeatedly revising the state of the battery, during discharge of the battery,
based on the measured value and at least one parameter related to the battery;
a means for updating the parameter at a plurality of update points at a first update interval
before the state of the battery has passed a threshold and at a second update interval, shorter than
the first update interval, after the state of the battery has passed the threshold; and

a means for correcting the state of the battery in response to updating the parameter.

14.

The battery gauge of claim 13, wherein an averaged value of a rate of change of the

parameter before the state of the battery passes the threshold is less than an averaged value of the
rate of change of the parameter after the state of the battery passes the threshold.

15.

The battery gauge of claim 13, wherein the battery is characterizable by a graph of

terminal voltage vs. capacity having a slope before the threshold that is less than a slope after the

threshold.

16.

The battery gauge of claim 13, wherein before the state of the battery passes the

threshold, the battery gauge consumes power at a first power consumption rate; and after the
state of the battery passes the threshold, the battery gauge consumes power at a second power

consumption rate, faster than the first power consumption rate.

17.

The battery gauge of claim 13, wherein the state of the battery is a percent state of charge

of the battery; and the threshold is between ten and twenty percent.

18.

The battery gauge of claim 13, wherein the threshold is a first threshold; and the means

for updating the parameter updates the parameter at the second update interval after the state of
the battery has passed the first threshold and before the state of the battery has passed a second

threshold, and at a third update interval, shorter than the second update interval, after the state of
the battery has passed the second threshold.

