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57 ABSTRACT

A method and system for charging multi-cell lithium-based
batteries. In some aspects, a battery charger includes a hous-
ing, at least one terminal to electrically connect to a battery
pack supported by the housing, and a controller operable to
provide a charging current to the battery pack through the at
least one terminal. The battery pack includes a plurality of
lithium-based battery cells, with each battery cell of the plu-
rality of battery cells having an individual state of charge. The
controller is operable to control the charging current being
supplied to the battery pack at least in part based on the
individual state of charge of at least one battery cell.
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METHOD AND SYSTEM FOR CHARGING
MULTI-CELL LITHIUM-BASED BATTERY
PACKS

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/971,413, filed Aug. 20,2013, which is
a continuation of prior filed U.S. patent application Ser. No.
13/231,449, filed Sep. 13,2011, now U.S. Pat. No. 8,525,479,
which is a continuation of U.S. patent application Ser. No.
12/372,002, filed on Feb. 17, 2009, now U.S. Pat. No. 8,018,
198, which is a continuation of U.S. patent application Ser.
No. 11/837,190, filed on Aug. 10, 2007, now U.S. Pat. No.
7,508,167, which is a continuation of U.S. patent application
Ser. No. 11/322,782, filed on Dec. 30, 2005, now U.S. Pat.
No. 7,262,580, which is a divisional of U.S. patent applica-
tion Ser. No. 10/719,680, filed on Nov. 20, 2003, now U.S.
Pat. No. 7,176,654, which claims the benefit of prior filed
U.S. Provisional Patent Application No. 60/428,358, filed on
Nov. 22,2002; Application No. 60/428,450, filed on Nov. 22,
2002; Application No. 60/428,452, filed on Nov. 22, 2002;
Application No. 60/440,692, filed Jan. 17, 2003; Application
No. 60/440,693, filed on Jan. 17, 2003; Application No.
60/523,716, filed on Nov. 19, 2003; and Application No.
60/523,712, filed on Nov. 19, 2003, the entire contents of all
of which are hereby incorporated by reference. The entire
content of U.S. patent application Ser. No. 10/720,027, filed
onNov. 20,2003, now U.S. Pat. No. 7,157,882, is also hereby
incorporated by reference.

FIELD OF THE INVENTION

[0002] The present invention generally relates to a method
and system for battery charging and, more particularly, to a
method and system for power tool battery charging.

BACKGROUND OF THE INVENTION

[0003] Cordless power tools are typically powered by por-
table battery packs. These battery packs range in battery
chemistry and nominal voltage and can be used to power
numerous tools and electrical devices. Typically, the battery
chemistry of a power tool battery is either Nickel-Cadmium
(“NiCd”) or Nickel-Metal Hydride (“NiMH”). The nominal
voltage of the battery pack usually ranges from about 2.4V to
about 24 V.

SUMMARY OF THE INVENTION

[0004] Some battery chemistries (such as, for example,
Lithium (“Li”), Lithium-ion (“Li-ion”) and other Lithium-
based chemistries) require precise charging schemes and
charging operations with controlled discharge. Insufficient
charging schemes and uncontrolled discharging schemes
may produce excessive heat build-up, excessive overcharged
conditions and/or excessive overdischarged conditions.
These conditions and build-ups can cause irreversible dam-
age to the batteries and can severely impact the battery’s
capacity.

[0005] The present invention provides a system and method
for charging a battery. In some constructions and in some
aspects, the invention provides a battery charger capable of
fully charging various battery packs with different battery
chemistries. In some constructions and in some aspects, the
invention provides a battery charger capable of fully charging
lithium-based batteries, such as, for example, lithium-cobalt
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batteries, lithium-manganese batteries and spinel batteries. In
some constructions and in some aspects, the invention pro-
vides a battery charger capable of charging Lithium-based
chemistry battery packs of different nominal voltages or in
different nominal voltage ranges. In some constructions and
in some aspects, the invention provides a battery charger
having various charging modules that are implemented based
on different battery conditions. In some constructions and in
some aspects, the invention provides a method and system for
charging a lithium-based battery by applying pulses of con-
stant current. The time between pulses and the length of the
pulses may be increased or decreased by the battery charger
depending on certain battery characteristics.

[0006] Independent features and independent advantages
of the invention will become apparent to those skilled in the
art upon review of the following detailed description, claims,
and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a perspective view of a battery.

[0008] FIG. 2 is another perspective view of a battery, such
as the battery shown in FIG. 1.

[0009] FIG. 3 is a perspective view of a battery, such as the
battery shown in FIG. 1, electrically and physically connected
to a battery charger.

[0010] FIG. 4 is a schematic view of a battery electrically
connected to a battery charger, such as the battery and battery
charger shown in FIG. 3.

[0011] FIGS. 5a and 54 are flowcharts illustrating opera-
tion of a battery charger embodying aspects of the invention,
such as the battery charger shown in FIG. 3.

[0012] FIG. 6 is a flowchart illustrating a first module
capable of being implemented on a battery charger embody-
ing aspects of the invention, such as the battery charger shown
in FIG. 3.

[0013] FIG. 7 is a flowchart illustrating a second module
capable of being implemented on a battery charger embody-
ing aspects of the invention, such as the battery charger shown
in FIG. 3.

[0014] FIG. 8 is a flowchart illustrating a third module
capable of being implemented on a battery charger embody-
ing aspects of the invention, such as the battery charger shown
in FIG. 3.

[0015] FIG. 9 is a flowchart illustrating a fourth module
capable of being implemented on a battery charger embody-
ing aspects of the invention, such as the battery charger shown
in FIG. 3.

[0016] FIG. 10 is a flowchart illustrating a fiftth module
capable of being implemented on a battery charger embody-
ing aspects of the invention, such as the battery charger shown
in FIG. 3.

[0017] FIG. 11 is a flowchart illustrating a sixth module
capable of being implemented on a battery charger embody-
ing aspects of the invention, such as the battery charger shown
in FIG. 3.

[0018] FIG. 12 is a flowchart illustrating a charging algo-
rithm capable of being implemented on a battery charger
embodying aspects of the invention, such as the battery
charger shown in FIG. 3.

[0019] FIG. 13 is a schematic diagram of a battery electri-
cally connected to a battery charger.

[0020] FIG. 14A-B are views of other constructions of a
battery.
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[0021] FIG. 15A-B are perspective views of a battery, such
as one of the batteries shown in FIGS. 1, 2, and 14A-B,
electrically and physically connected to a power tool.

[0022] FIG. 16 is a schematic view of the charging current
for a battery.

[0023] FIG. 17 is another schematic diagram of a battery.
[0024] Before any embodiments of the invention are

explained in detail, it is to be understood that the invention is
not limited in its application to the details of construction and
the arrangement of components set forth in the following
description or illustrated in the following drawings. The
invention is capable of other embodiments and of being prac-
ticed or of being carried out in various ways. Also, it is to be
understood that the phraseology and terminology used herein
is for the purpose of description and should not be regarded as
limiting. The use of “including,” “comprising,” or “having”
and variations thereof herein is meant to encompass the items
listed thereafter and equivalents thereof as well as additional
items.

DETAILED DESCRIPTION OF THE DRAWINGS

[0025] A battery pack or battery 20 is illustrated in FIGS. 1
and 2. The battery 20 is configured for transferring power to
and receiving power from one or more electrical devices, such
as, for example, a power tool 25 (shown in FIGS. 15A-B)
and/or a battery charger 30 (shown in FIGS. 3 and 4). In some
constructions and in some aspects, the battery 20 can have any
battery chemistry such as, for example, lead-acid, Nickel-
cadmium (“NiCd”), Nickel-Metal Hydride (“NiMH”),
Lithium (“Li”), Lithium-ion (“L-ion”), another Lithium-
based chemistry or another rechargeable battery chemistry. In
some constructions and in some aspects, the battery 20 can
supply a high discharge current to electrical devices, such as,
for example, a power tool, having high-current discharge
rates. In the illustrated constructions, the battery 20 has a
battery chemistry of Li, Li-ion or another Li-based chemistry
and supplies an average discharge current that is equal to or
greater than approximately 20 A. For example, in the illus-
trated construction, the battery 20 can have a chemistry of
lithium-cobalt (“Li—Co”), lithium-manganese (“Li—Mn”)
spinel, or Li—Mn Nickel.

[0026] Insome constructions and in some aspects, the bat-
tery 20 can also have any nominal voltage such as, for
example, a nominal voltage ranging from approximately 9.6
V to approximately S0V. In one construction (see FIGS. 1-3),
for example, the battery 20 has a nominal voltage of approxi-
mately 21 V. In another construction (see FIG. 14), the battery
20A has anominal voltage of approximately 28 V. It should be
understood that, in other constructions, the battery 20 may
have another nominal voltage in another nominal voltage
range.

[0027] The battery 20 includes a housing 35 which pro-
vides terminal supports 40. The battery 20 further includes
one or more battery terminals supported by the terminal sup-
ports 40 and connectable to an electrical device, such as the
power tool 25 and/or the battery charger 30. In some con-
structions, such as, for example, the construction illustrated in
FIG. 4, the battery 20 includes a positive battery terminal 45,
anegative battery terminal 50 and a sense battery terminal 55.
In some constructions, the battery 20 includes more or fewer
terminals than in the construction shown.

[0028] The battery 20 includes one or more battery cells 60
each having a chemistry and a nominal voltage. In some
constructions, the battery 20 has a battery chemistry of Li-
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ion, a nominal voltage of approximately 18 V or 21 V and
includes five battery cells. In some constructions, each bat-
tery cell 60 has a chemistry of Li-ion, and each battery cell 60
has substantially the same nominal voltage, such as, for
example, approximately 3.6 V or approximately 4.2 V.
[0029] In some constructions and in some aspects, the bat-
tery 20 includes an identification circuit or component elec-
trically connected to one or more battery terminals. In some
constructions, an electrical device, such as, for example, a
battery charger 30 (shown in FIGS. 3 and 4) would “read” the
identification circuit or component or receive an input based
on the identification circuit or component in order to deter-
mine one or more battery characteristics. In some construc-
tions, the battery characteristics could include, for example,
the nominal voltage of the battery 20, the temperature of the
battery 20 and/or the chemistry of the battery 20.

[0030] Insome constructions and in some aspects, the bat-
tery 20 includes a control device, a microcontroller, a micro-
processor or a controller electrically connected to one or more
battery terminals. The controller communicates with the elec-
trical devices, such as a battery charger 30, and provides
information to the devices regarding one or more battery
characteristics or conditions, such as, for example, the nomi-
nal voltage of the battery 20, individual cell voltages, the
temperature of the battery 20 and/or the chemistry of the
battery 20. In some constructions, such as, for example, the
construction illustrated in FIG. 4, the battery 20 includes an
identification circuit 62 having a microprocessor or controller
64.

[0031] Insome constructions and in some aspects, the bat-
tery 20 includes a temperature-sensing device or thermistor.
The thermistor is configured and positioned within the battery
20 to sense a temperature of one or more battery cells or a
temperature of the battery 20 as a whole. In some construc-
tions, such as, for example, the construction illustrated in
FIG. 4, the battery 20 includes a thermistor 66. In the illus-
trated construction, the thermistor 66 is included in the iden-
tification circuit 62.

[0032] As shown in FIGS. 3 and 4, the battery 20 is also
configured to connect with an electrical device, such as a
battery charger 30. In some constructions, the battery charger
30 includes a housing 70. The housing 70 provides a connec-
tion portion 75 to which the battery 20 is connected. The
connecting portion 75 includes one or more electrical device
terminals to electrically connect the battery 20 to the battery
charger 30. The terminals included in the battery charger 30
are configured to mate with the terminals included in the
battery 20 and to transfer and receive power and information
from the battery 20.

[0033] In some constructions, such as, for example, the
construction illustrated in FIG. 4, the battery charger 30
includes a positive terminal 80, a negative terminal 85 and a
sense terminal 90. In some constructions, the positive termi-
nal 80 of the battery charger 30 is configured to mate with the
positive battery terminal 45. In some constructions, the nega-
tive terminal 85 and the sense terminal 90 of the battery
charger 30 are configured to mate with the negative battery
terminal 50 and the sense battery terminal 55, respectively.
[0034] Insome constructions and in some aspects, the bat-
tery charger 30 also includes charging circuitry 95. In some
constructions, the charging circuitry 95 includes a control
device, a microcontroller, a microprocessor or a controller
100. The controller 100 controls the transfer of power
between the battery 20 and the battery charger 30. In some
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constructions, the controller 100 controls the transfer of infor-
mation between the battery 20 and the battery charger 30. In
some constructions, the controller 100 identifies and/or deter-
mines one or more characteristics or conditions of the battery
20 based on signals received from the battery 20. Also, the
controller 100 can control operation of the charger 30 based
on identification characteristics of the battery 20.

[0035] Insome constructions and in some aspects, the con-
troller 100 includes various timers, back-up timers and
counters and/or can perform various timing and counting
functions. The timers, back-up timers and counters are used
and controlled by the controller 100 during various charging
steps and/or modules. The timers, back-up timers and
counters will be discussed below.

[0036] Insome constructions and in some aspects, the bat-
tery charger 30 includes a display or indicator 110. The indi-
cator 110 informs a user of the status of the battery charger 30.
In some constructions, the indicator 110 can inform the user
of different stages of charging, charging modes or charging
modules that are beginning and/or being completed during
operation. In some constructions, the indicator 110 includes a
first light-emitting diode (“LLED”) 115 and a second LED 120.
In the illustrated construction, the first and second LEDs 115
and 120 are different colored LEDs. For example, the first
LED 115 is a red LED, and the second LED 120 is a green
LED. In some constructions, the controller 100 activates and
controls the indicator 110. In some constructions, the indica-
tor 110 is positioned on the housing 70 or included in the
housing 70 such that the indicator 110 is visible to the user.
Display could also include an indicator showing percent
charged, time remaining, etc. In some constructions, the dis-
play or indicator 110 may include the fuel gauge provided on
the battery 20.

[0037] The battery charger 30 is adapted to receive an input
of power from a power source 130. In some constructions, the
power source 130 is approximately a 120-V AC, 60-Hz sig-
nal. In other constructions, the power source 130 is, for
example, a constant current source.

[0038] In some constructions and in some aspects, the bat-
tery charger 30 can charge various rechargeable batteries
having different battery chemistry and different nominal volt-
ages, as described below. For example, in an exemplary
implementation, the battery charger 30 can charge a first
battery having a battery chemistry of NiCd and a nominal
voltage of approximately 14.4 V, a second battery having a
battery chemistry of Li-ion and a nominal voltage of approxi-
mately 18 V, and a third battery having a battery chemistry of
Li-ion and a nominal voltage of approximately 28 V. In
another exemplary implementation, the battery charger 30
can charge a first Li-ion battery having a nominal voltage of
approximately 21 V and a second Li-ion battery having a
nominal voltage of approximately 28 V. In this exemplary
implementation, the battery charger 30 can identify the nomi-
nal voltages of each battery 20, and either scale certain thresh-
olds accordingly, as discussed below, or modify voltage read-
ings or measurements (taken during charging) according to
the battery nominal voltage.

[0039] In some constructions, the battery charger 30 can
identify the nominal voltage of a battery 20 by “reading” an
identification component included in the battery 20 or by
receiving a signal from, for example, a battery microproces-
sor or controller. In some constructions, the battery charger 30
may include a range of acceptable nominal voltages for vari-
ous batteries 20 that the charger 30 is able to identify. In some
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constructions, the range of acceptable nominal voltages can
include a range from approximately 8 V to approximately 50
V. In other constructions, the range of acceptable nominal
voltages can include a range from approximately 12 V to
approximately 28 V. In further constructions, the battery
charger 30 can identify nominal voltages equaling about 12V
and greater. Also in further constructions, the battery charger
30 can identify nominal voltages equaling about 30 V and
lower.

[0040] In other constructions, the battery charger 30 can
identify a range of values that includes the nominal voltage of
the battery 20. For example, rather than identifying that a first
battery 20 has a nominal voltage of approximately 18 V, the
battery charger 30 can identify that the nominal voltage of the
first battery 20 falls within the range of, for example, approxi-
mately 18V to approximately 22 V, or approximately 16V to
approximately 24 V. In further constructions, the battery
charger 30 can also identify other battery characteristics, such
as, for example, the number of battery cells, the battery chem-
istry, and the like.

[0041] In other constructions, the charger 30 can identify
any nominal voltage of the battery 20. In these constructions,
the charge 30 can be capable of charging any nominal voltage
battery 20 by adjusting or scaling certain thresholds accord-
ing to the nominal voltage of the battery 20. Also in these
constructions, each battery 20, regardless of the nominal volt-
age, may receive approximately the same amplitude of charge
current for approximately the same amount of time (for
example, if each battery 20 is approximately fully dis-
charged). The battery charger 30 can either adjust or scale the
thresholds (discussed below) or adjust or scale the measure-
ments according to the nominal voltage of the battery 30
being charged.

[0042] For example, the battery charger 30 may identify a
first battery having a nominal voltage of approximately 21 V
and 5 battery cells. Throughout charging, the battery charger
30 modifies every measurement that the charger 30 samples
(e.g., battery voltage) to obtain a per-cell measurement. That
is, the charger 30 divides every battery voltage measurement
by 5 (e.g., five cells) to obtain, approximately, the average
voltage of a cell. Accordingly, all of the thresholds included in
the battery charger 30 may correlate to a per-cell measure-
ment. Also, the battery charger 30 may identify a second
battery having a nominal voltage of approximately 28 V and
7 battery cells. Similar to the operation with the first battery,
the battery charger 30 modifies every voltage measurement to
obtain a per-cell measurement. Again, all of the thresholds
included in the battery charger 30 may correlate to a per-cell
measurement. In this example, the battery charger 30 can use
the same thresholds for monitoring and disabling charging for
the first and second batteries, enabling the battery charger 30
to charge many batteries over a range of nominal voltages.
[0043] Insome constructions and in some aspects, the bat-
tery charger 30 bases the charging scheme or method for
charging the battery 20 on the temperature of the battery 20.
In one construction, the battery charger 30 supplies a charging
current to the battery 20 while periodically detecting or moni-
toring the temperature of the battery 20. If the battery 20 does
not include a microprocessor or controller, the battery charger
30 periodically measures the resistance of the thermistor 66
after predefined periods of time. If the battery 20 includes a
microprocessor or controller, such as controller 64, then the
battery charger 30 either: 1) interrogates the controller 64
periodically to determine the battery temperature and/or if the
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battery temperature is outside an appropriate operating range
(s); or 2) waits to receive a signal from the controller 64
indicating that the battery temperature is not within an appro-
priate operating range, as will be discussed below.

[0044] In some constructions and in some aspects, the bat-
tery charger 30 bases the charging scheme or method for
charging the battery 20 on the present voltage of the battery
20. In some constructions, the battery charger 30 supplies a
charging current to the battery 20 while periodically detecting
or monitoring the battery voltage after predefined periods of
time when the current is being supplied to the battery 20
and/or when the current is not being supplied, as will be
discussed below. In some constructions, the battery charger
30 bases the charging scheme or method for charging the
battery 20 on both the temperature and the voltage of the
battery 20. Also, charging scheme can be based on individual
cell voltages.

[0045] Once the battery temperature and/or battery voltage
exceeds a predefined threshold or does not fall within an
appropriate operating range, the battery charger 30 interrupts
the charging current. The battery charger 30 continues to
periodically detect or monitor the battery temperature/volt-
ages or waits to receive a signal from the controller 64 indi-
cating that the battery temperature/voltages are within an
appropriate operating range. When the battery temperature/
voltages are within an appropriate operating range, the bat-
tery charger 30 may resume the charging current supplied to
the battery 20. The battery charger 30 continues to monitor
the battery temperature/voltages and continues to interrupt
and resume the charging current based on the detected battery
temperature/voltages. In some constructions, the battery
charger 30 terminates charging after a predefined time period
or when the battery capacity reaches a predefined threshold.
In other constructions, charging is terminated when the bat-
tery 20 is removed from the battery charger 30.

[0046] In some constructions and in some aspects, the bat-
tery charger 30 includes a method of operation for charging
various batteries, such as the battery 20, having different
chemistries and/or nominal voltages. An example of this
charging operation 200 is illustrated in FIGS. 5a and 54. In
some constructions and in some aspects, the battery charger
30 includes a method of operation for charging Li-based
batteries, such as batteries having a Li—Co chemistry, a
Li—Mn spinel chemistry, a Li—Mn Nickel chemistry, and
the like. In some constructions and in some aspects, the charg-
ing operation 200 includes various modules for performing
different functions in response to different battery conditions
and/or battery characteristics.

[0047] In some constructions and in some aspects, the
method of operation 200 includes modules for interrupting
charging based on abnormal and/or normal battery condi-
tions. In some constructions, the charging operation 200
includes a defective pack module, such as the defective pack
module illustrated in flowchart 205 of FIG. 6, and/or a tem-
perature out-of-range module, such as the temperature out-
of-range module illustrated in flowchart 210 of FIG. 7. In
some constructions, the battery charger 30 enters the defec-
tive pack module 205 in order to terminate charging based on
abnormal battery voltage, abnormal cell voltage and/or
abnormal battery capacity. In some constructions, the battery
charger 30 enters the temperature out-of-range module 210 in
order to terminate charging based on abnormal battery tem-
perature and/or one or more abnormal battery cell tempera-
tures. In some constructions, the charging operation 200
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includes more or fewer modules which terminate charging
based on more or fewer battery conditions than the modules
and conditions discussed above and below.

[0048] In some constructions and in some aspects, the
charging operation 200 includes various modes or modules
for charging the battery 20 based on various battery condi-
tions. In some constructions, the charging operation 200
includes a trickle charge module, such as the trickle charge
module illustrated in flowchart 215 of FIG. 8, a step charge
module, such as the step charge module illustrated in flow-
chart 220 of FIG. 9, a fast charge module, such as the fast
charge module illustrated in flowchart 225 of FIG. 10, and/or
a maintenance charge module, such as the maintenance mod-
ule illustrated in flowchart 230 of FIG. 11.

[0049] In some constructions and in some aspects, each
charging module 215-230 is selected by the controller 100
during the charging operation 200 based on certain battery
temperature ranges, certain battery voltage ranges and/or cer-
tain battery capacity ranges. In some constructions, each
module 215-230 is selected by the controller 100 based on the
battery characteristics shown in Table 1. In some construc-
tions, the condition “battery temperature” or “temperature of
the battery” can include the temperature of the battery taken
asawhole (i.e., battery cells, battery components, etc.) and/or
the temperature of the battery cells taken individually or
collectively. In some constructions, each charging module
215-230 can be based on the same base charging scheme or
charging algorithm, such as, for example, a full charge cur-
rent, as discussed below.

Operation for Charging [.i-Based Batteries

[0050]
TABLE 1
Battery
Voltage Battery Temperature (° C.)
(Vicell) <T; T,toT, T,oto T3 >Ty
<V, No charge.  Trickle Trickle No charge.
Slow blink  charge. charge. Slow blink
for first First LED First LED for first
LED. on steady. on steady. LED.
V,to No charge.  Step charge. Fast charge. No charge.
v, Slow blink  First LED on  First LED on Slow blink
for first steady until steady until ~ for first
LED. near full near full LED.
charge, then charge, then
turns off. turns off.
Second LED Second LED
blinks near blinks near
full charge. full charge.
V,to No charge.  Maintenance Maintenance No charge.
V3 Slow blink  charge. charge. Slow blink
for first Second LED Second LED  for first
LED. on steady. on steady. LED.
>V No charge.  No charge. No charge.  No charge.
Fast blink Fast blink Fast blink Fast blink
for first for first for first for first
LED. LED. LED. LED.
[0051] In some constructions and in some aspects, the

charging current applied to the battery 20 during the trickle
charge module 215 includes applying a full charge current
(e.g., “I”) to the battery 20 for a first time period, such as, for
example, ten seconds, and then suspending the full charge
current for a second time period, such as, for example, fifty
seconds. In some constructions, the full charge current is a
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pulse of charging current approximately at a predefined
amplitude. In some constructions, the battery charger 30 only
enters the trickle charge module 215 if the battery voltage is
less than a first predefined voltage threshold, V.

[0052] In some constructions and in some aspects, the
charging current applied to the battery 20 during the fast
charge module 225 includes applying the full charge current
to the battery 20 for a first time period, such as, for example,
one second, and then suspending the full charge current for a
second time period, such as, for example, 50-ms. In some
constructions, the controller 100 sets a back-up timer to a first
predefined time limit, such as, for example, approximately
two hours. In these constructions, the battery charger 30 will
not implement the fast charge module 225 for the predefined
time limit in order to avoid battery damage. In other construc-
tions, the battery charger 30 will shut down (e.g., stop charg-
ing) when the predefined time limit expires.

[0053] In some constructions, the battery charger 30 only
enters the fast charge module 225 if the battery voltage is
included in a range from the first voltage threshold, V,, to a
second predefined voltage threshold, V ,, and the battery tem-
perature falls within a range from a second battery tempera-
ture threshold, T,, to a third battery temperature threshold, T;.
In some constructions, the second voltage threshold, V,, is
greater than the first voltage threshold, V,, and the third
temperature threshold, T, is greater than the second tempera-
ture threshold, T,.

[0054] In some constructions and in some aspects, the
charging current applied to the battery 20 during the step
charge module 220 includes applying the charging current of
the fast charge module 225 to the battery 20, but having a duty
cycle of one minute charging (“ON”), one minute suspended
charging (“OFF”). In some constructions, the controller 100
sets a back-up timer to a second predefined time limit, such as,
for example, approximately four hours. In these construc-
tions, the battery charger 30 will not implement the step
charge module 220 for the predefined time limit in order to
avoid battery damage.

[0055] In some constructions, the battery charger 30 only
enters the step charge module 220 if the battery voltage is
included in a range from the first voltage threshold, V,, to the
second voltage threshold, V,, and the battery temperature
falls within a range from the first temperature threshold, T, to
the second temperature threshold, T,. In some constructions,
the second voltage threshold, V,, is greater than the first
voltage threshold, V, and the second temperature threshold,
T,, is greater than the first temperature threshold, T,.

[0056] In some constructions and in some aspects, the
charging current applied to the battery 20 during the mainte-
nance module 230 includes applying a full charge current to
the battery 20 only when the battery voltage falls to a certain
predefined threshold. In some constructions, the threshold is
approximately 4.05-V/cell +/- 1% per cell. In some construc-
tions, the battery charger 30 only enters the maintenance
module 230 if the battery voltage is included in the range of
the second voltage threshold, V., to the third voltage thresh-
old, V3, and the battery temperature falls within a range from
the first temperature threshold, T,, to the third temperature
threshold, T.

[0057] Insome constructions and in some aspects, the con-
troller 100 implements the various charging modules 220-230
based on various battery conditions. In some constructions,
each charging module 220-230 includes the same charging
algorithm (e.g., algorithm for applying the full charge cur-
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rent). However, each charging module 220-230 implements,
repeats or incorporates the charging algorithm in a different
manner. An example of a charging algorithm is the charge
current algorithm illustrated in flowchart 250 of FIG. 12, as
will be discussed below.

[0058] As illustrated in FIGS. Sa and 54, the charging
operation 200 begins when a battery, such as the battery 20, is
inserted or electrically connected to the battery charger 30 at
step 305. At step 310, the controller 100 determines if a stable
input of power, such as, for example, the power source 130, is
applied or connected to the battery charger 30. As indicated in
FIG. 5a, the same operation (i.e., step 305 proceeding to step
310) still applies if power is applied after the battery 20 is
electrically connected to the battery charger 30.

[0059] Ifthe controller 100 determines there is not a stable
input of power applied, then the controller 100 does not
activate the indicator 110 and no charge is applied to the
battery 20 at step 315. In some constructions, the battery
charger 30 draws a small discharge current at step 315. In
some constructions, the discharge current is approximately
less than 0.1-mA.

[0060] If the controller 100 determines there is a stable
input of power applied to the battery charger 30 at step 310,
then the operation 200 proceeds to step 320. At step 320, the
controller 100 determines if all the connections between the
battery terminals 45, 50 and 55 and the battery charger ter-
minals 80, 85 and 90 are stable. If the connections are not
stable at step 320, the controller 100 continues to step 315.
[0061] Ifthe connections are stable at step 320, the control-
ler 100 identifies the chemistry of the battery 20 via the sense
terminal 55 of the battery 20 at step 325. In some construc-
tions, a resistive sense lead from the battery 20, as sensed by
the controller 100, indicates that the battery 20 has a chem-
istry of either NiCd or NiMH. In some constructions, the
controller 100 will measure the resistance of the resistive
sense lead to determine the chemistry of the battery 20. For
example, in some constructions, if the resistance of the sense
lead falls in a first range, then the chemistry of the battery 20
is NiCd. If the resistance of the sense lead falls in a second
range, then the chemistry of the battery 20 is NiMH.

[0062] In some constructions, NiCd batteries and NiMH
batteries are charged by the battery charger 30 using a single
charging algorithm that is different from a charging algorithm
implemented for batteries having Li-based chemistries. In
some constructions, the single charging algorithm for NiCd
and NiMH batteries is, for example, an existing charging
algorithm for NiCd/NiMH batteries. In some constructions,
the battery charger 30 uses the single charging algorithm for
charging NiCd batteries and NiMH batteries but ends the
charging process for NiCd batteries with a different termina-
tion scheme than the termination scheme used to terminate
charging for NIMH batteries. In some constructions, the bat-
tery charger 30 terminates charging for NiCd batteries when
a negative change in the battery voltage (e.g., —AV) is
detected by the controller 100. In some constructions, the
battery charger 30 terminates charging for NiMH batteries
when a change in battery temperature over time (e.g., AT/dt)
reaches or exceeds a predefined termination threshold.
[0063] In some constructions, the NiCd and/or NiMH bat-
teries are charged using a constant current algorithm. For
example, the battery charger 30 can include the same charg-
ing circuitry for charging different batteries having differing
battery chemistries, such as NiCd, NiMH, Li-ion, and the
like. In an exemplary construction, the charger 30 can use the
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charging circuitry to apply the same full charge current to
NiCd and NiMH batteries as Li-ion batteries using a constant
current algorithm instead of pulse charging. In another exem-
plary construction, the battery charger 30 can be capable of
scaling the full charge current through the charging circuitry
according to the battery chemistry.

[0064] In other constructions, the controller 100 does not
determine the exact chemistry of the battery 20. Rather, the
controller 100 implements a charging module that can effec-
tively charge both NiCd batteries and NiMH batteries.
[0065] In other constructions, the resistance of the sense
lead could indicate that the battery 20 has a Li-based chem-
istry. For example, if the resistance of the sense lead fallsin a
third range, then the chemistry of the battery 20 is Li-based.
[0066] In some constructions, a serial communication link
between the battery charger 30 and the battery 20 established
through the sense terminals 55 and 90 indicates that the bat-
tery 20 has a Li-based chemistry. If a serial communication
link is established at step 320, then a microprocessor or con-
troller, such as the controller 64, in the battery 20 sends
information regarding the battery 20 to the controller 100 in
the battery charger 30. Such information transferred between
the battery 20 and battery charger 30 can include battery
chemistry, nominal battery voltage, battery capacity, battery
temperature, individual cell voltages, number of charging
cycles, number of discharging cycles, status of a protection
circuit or network (e.g., activated, disabled, enabled, etc.),
etc.

[0067] At step 330, the controller 100 determines if the
chemistry of the battery 20 is Li-based or not. [fthe controller
100 determines that the battery 20 has a chemistry of either
NiCd or NiMH at step 330, then the operation 200 proceeds to
the NiCd/NiMH charging algorithm at step 335.

[0068] If the controller 100 determines that the battery 20
has a chemistry that is Li-based at step 330, then the operation
200 proceeds to step 340. At step 340, the controller 100
resets any battery protection circuit, such as, for example, a
switch, included in the battery 20 and determines the nominal
voltage of the battery 20 via the communication link. At step
345, the controller 100 sets the charger analog-to-digital con-
verter (“A/D”) to the appropriate level based on nominal
voltage.

[0069] At step 350, the controller 100 measures the present
voltage of the battery 20. Once a measurement is made, the
controller 100 determines if the voltage of the battery 20 is
greater than 4.3-V/cell at step 355. If the battery voltage is
greater than 4.3-V/cell at step 355, then the operation 200
proceeds to the defective pack module 205 at step 360. The
defective pack module 205 will be discussed below.

[0070] Ifthe battery voltage is not greater than 4.3-V/cell at
step 355, then the controller 100 measures the battery tem-
perature at step 365 and determines if the battery temperature
falls below —10° C. or exceeds 65° C. at step 370. If the battery
temperature is below —10° C. or is above 65° C. at step 370,
then the operation 200 proceeds to the temperature out-of-
range module 210 at step 375. The temperature out-of-range
module 210 will be discussed below.

[0071] If the battery temperature is not below -10° C. or
does not exceed 65° C. at step 370, then the controller 100
determines at step 380 (shown in FIG. 5b) if the battery
temperature falls between —10° C. and 0° C. If the battery
temperature falls between —-10° C. and 0° C. at step 380, the
operation 200 proceeds to step 385. At step 385, the controller
100 determines if the battery voltage is less than 3.5-V/cell. If
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the battery voltage is less than 3.5-V/cell, the operation 200
proceeds to the trickle charge module 215 at step 390. The
trickle charge module 215 will be discussed below.

[0072] If the battery voltage is not less than 3.5-V/cell at
step 385, the controller 100 determines if the battery voltage
is included in the voltage range of 3.5-V/cell to 4.1-V/cell at
step 395. If the battery voltage is not included in the voltage
range of 3.5-V/cell to 4.1-V/cell at step 395, then the opera-
tion 200 proceeds to the maintenance module 230 at step 400.
The maintenance module 230 will be discussed below.

[0073] Ifthe battery voltage is included in the voltage range
of 3.5-V/cell to 4.1-V/cell at step 395, the controller 100
clears a counter, such as a charge counter, at step 405. Once
the charge counter is cleared at step 405, the operation 200
proceeds to the step charge module 220 at step 410. The step
charge module 220 and charge counter will be discussed
below.

[0074] Referring back to step 380, if the battery tempera-
ture is not included within the range of —=10° C. and 0° C., the
controller 100 determines if the battery voltage is less than
3.5-V/cell at step 415. If the battery voltage is less than
3.5-V/cell at step 415, the operation 200 proceeds to the
trickle charge module 215 at step 420.

[0075] If the battery voltage is not less than 3.5-V/cell at
step 415, the controller 100 determines if the battery voltage
is included in the voltage range of 3.5-V/cell to 4.1-V/cell at
step 425. If the battery voltage is not included in the voltage
range of 3.5V/cell to 4.1-V/cell at step 425, then the operation
200 proceeds to the maintenance module 230 at step 430.

[0076] Ifthe battery voltage is included in the voltage range
of 3.5-V/cell to 4.1-V/cell at step 425, the controller 100
clears a counter, such as the charge counter, at step 435. Once
the charge counter is cleared at step 435, the operation 200
proceeds to the fast charge module 225 at step 440. The fast
charge module 225 will be discussed below.

[0077] FIG. 6 is a flowchart illustrating the operation of the
defective pack module 205. Operation of the module 205
begins when the main charging operation 200 enters the
defective pack module 205 at step 460. The controller 100
interrupts the charging current at step 465 and activates the
indicator 110, such as the first LED, at step 470. In the
illustrated construction, the controller 100 controls the first
LED to blink at a rate of approximately 4-Hz. Once the
indicator 110 is activated in step 470, the module 205 ends at
step 475, and the operation 200 may also end.

[0078] FIG. 7 is a flowchart illustrating the operation of the
temperature out-of-range module 210. Operation of the mod-
ule 210 begins when the main charging operation 200 enters
the temperature out-of-range module 210 at step 490. The
controller 100 interrupts the charging current at step 495 and
activates the indicator 110, such as the first LED, at step 500.
In the construction illustrated, the controller 100 controls the
first LED to blink at a rate of approximately 1-Hz to indicate
to a user that the battery charger 30 is currently in the tem-
perature-out-of-range module 210. Once the indicator 110 is
activated in step 500, operation 200 exits the module 210 and
proceeds to where the operation 200 left off.

[0079] FIG. 8 is a flowchart illustrating the trickle charge
module 215. Operation of the module 215 begins when the
main charging operation 200 enters the trickle charge module
215 at step 520. The controller 100 activates the indicator 110,
such as the first LED 115, at step 525 to indicate to a user that
the battery charger 30 is currently charging the battery 20. In
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the illustrated construction, the controller 100 activates the
first LED 115 so that it appears to be constantly on.

[0080] Once the indicator 110 is activated in step 525, the
controller 100 initializes a counter, such as a trickle charge
count counter, at step 530. In the construction illustrated, the
trickle charge count counter has a count limit of twenty.
[0081] At step 540, the controller 100 begins to apply ten
one second (“1-s) full current pulses to the battery 20 and
then suspends charging for fifty seconds (“50-5”). In some
constructions, there are 50-ms time intervals between the 1-s
pulses.

[0082] At step 545, the controller 100 measures the battery
voltage when a charging current is applied to the battery 20
(e.g., current on-times) to determine if the battery voltage
exceeds 4.6-V/cell. If the battery voltage exceeds 4.6-V/cell
during current on-times at step 545, the module 215 proceeds
to the defective pack module 205 at step 550 and would end at
step 552. If the battery voltage does not exceed 4.6-V/cell
during current on-times at step 545, the controller 100 mea-
sures the battery temperature and the battery voltage when a
charging current is not applied to the battery 20 (e.g., current
off-times) at step 555.

[0083] At step 560, the controller 100 determines if the
battery temperature falls below —10° C. or exceeds 65° C. If
the battery temperature is below —10° C. or is above 65° C. at
step 560, then the module 215 proceeds to the temperature
out-of-range module 210 at step 565 and would end at step
570. If the battery temperature is not below —10° C. or is not
above 65° C. at step 560, then the controller 100 determines if
the battery voltage is included in the range of 3.5-V/cell to
4.1-V/cell at step 575.

[0084] If the battery voltage is included in the range of
3.5-V/cell to 4.1-V/eell at step 575, then the controller 100
determines if the battery temperature is included in the range
of =10° C. to 0° C. at step 580. If the battery temperature is
included in the range of =10° C. to 0° C. at step 580, then the
module 215 proceeds to the step charge module 220 at step
585. If the battery temperature is not included in the range of
-10° C.to 0° C. at step 580, then the module 215 proceeds to
the fast charge module 225 at step 590.

[0085] If the battery voltage is not included in range of
3.5-V/cell to 4.1-V/eell at step 575, then the controller 100
increments the trickle charge count counter at step 595. At
step 600, the controller 100 determines if the trickle charge
count counter equals the counter limit, such as for example,
twenty. If the counter does not equal the counter limit at step
600, the module 215 proceeds to step 540. Ifthe counter does
equal the count limit at step 600, the module 215 proceeds to
the defective pack module 205 at step 605 and would end at
step 610.

[0086] FIG. 9 is a flowchart illustrating the step charge
module 220. Operation of the module 220 begins when the
main charging operation 200 enters the step charge module
220 atstep 630. The controller 100 activates the indicator 110,
such as the first LED 115, at step 635 to indicate to a user that
the battery charger 30 is currently charging the battery 20. In
the illustrated construction, the controller 100 activates the
first LED 115 so that it appears to be constantly on.

[0087] At step 640, the controller 100 starts a first timer or
charge-on timer. In the illustrated construction, the charge-on
timer counts down from one minute. At step 645, the module
220 proceeds to the charge current algorithm 250. Once the
charge current algorithm 250 is performed, the controller 100
determines if the charge count equals the count limit, such as,
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for example, 7,200, at step 650. If the charge count equals the
count limit at step 650, the module 220 proceeds to the defec-
tive pack module 205 at step 655 and the module 220 would
end at step 660.

[0088] Ifthe charge count does not equal the count limit at
step 650, the controller 100 determines if the waiting time
between current pulses (as will be discussed below) is greater
than or equal to a first waiting time threshold, such as, for
example, two seconds, at step 665. If the waiting time is
greater than or equal to the first waiting time threshold at step
665, the controller 100 activates the indicator 110 at step 670,
such as, for example, turns off the first LED 115 and activates
the second LED 120 to blink at approximately 1-Hz. If the
waiting time is not greater than or equal to the first waiting
time threshold at step 665, the module 220 proceeds to step
690, which is discussed below.

[0089] Once the indicator 110 is activated at step 670, the
controller 100 determines if the waiting time between current
pulses is greater than or equal to a second waiting time thresh-
old, such as, for example, fifteen seconds, at step 675. If the
waiting time is greater than or equal to the second waiting
time threshold at step 675, the controller 100 changes the
indicator 110 at step 680, such as, for example, activates the
second LED 120 such that the second LED 120 appears to be
on constantly. The module 220 then proceeds to the mainte-
nance module 230 at step 685.

[0090] Ifthe waiting time is not greater than or equal to the
second waiting time threshold at step 675, the controller 100
determines if the battery temperature is greater than 0° C. at
step 690. If the battery temperature is greater than 0° C. at step
690, the module 220 proceeds to the fast charge module 225
at step 695. If the battery temperature is not greater than 0° C.
at step 690, the controller 100 determines if the charge-on
timer has expired at step 700.

[0091] If the charge-on timer has not expired at step 700,
the module 220 proceeds to the charge current algorithm 250
at step 645. If the charge-on timer has expired at step 700, the
controller 100 activates a second timer or a charge-off timer at
step 705 and suspends charging. At step 710, the controller
100 determines if the charge-off timer has expired. If the
charge-off timer has not expired at step 710, the controller
100 waits for a predefined amount of time at step 715 and then
proceeds back to step 710. If the charge-off timer has expired
at step 710, the module 220 proceeds back to step 640 to start
the charge-on timer again.

[0092] FIG. 10 is a flowchart illustrating the fast charge
module 225. Operation of the module 225 begins when the
main charging operation 200 enters the fast charge module
220 at step 730. The controller 100 activates the indicator 110,
such as the first LED 115, at step 735 to indicate to a user that
the battery charger 30 is currently charging the battery 20. In
the illustrated construction, the controller 100 activates the
first LED 115 so that it appears to be constantly on.

[0093] At step 740, the module 225 proceeds to the charge
current algorithm 250. Once the charge current algorithm 250
is performed, the controller 100 determines if the charge
count equals the count limit (e.g., 7,200) at step 745. If the
charge count equals the count limit at step 650, the module
220 proceeds to the defective pack module 205 at step 750 and
the module 220 would end at step 755.

[0094] Ifthe charge count does not equal the count limit at
step 745, the controller 100 determines if the waiting time
between current pulses is greater than or equal to the first
waiting time threshold (e.g., two seconds) at step 760. If the
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waiting time is greater than or equal to the first waiting time
threshold at step 760, the controller 100 activates the indicator
110 at step 765, such as, for example, turns off the first LED
115 and activates the second LED 120 to blink at approxi-
mately 1-Hz. If the waiting time is not greater than or equal to
the first waiting time threshold at step 760, the module 225
proceeds to step 785, which is discussed below.

[0095] Once the indicator 110 is activated at step 765, the
controller 100 determines if the waiting time between current
pulses is greater than or equal to a second waiting time thresh-
old (e.g., fifteen seconds) at step 770. If the waiting time is
greater than or equal to the second waiting time threshold at
step 770, the controller 100 changes the indicator 110 at step
775, such as, for example, activates the second LED 120 such
that the second LED 120 appears to be on constantly. The
module 225 then proceeds to the maintenance module 230 at
step 780.

[0096] Ifthe waiting time is not greater than or equal to the
second waiting time threshold at step 770, the controller 100
determines if the battery temperature is included in the range
of' =20° C. to 0° C. at step 785. If the battery temperature is
included in the range at step 785, the module 225 proceeds to
the step charge module 220 at step 790. If the battery tem-
perature is not included in the range at step 785, the module
225 proceeds back to the charge current algorithm 250 at step
740.

[0097] FIG. 11 is a flowchart illustrating the maintenance
module 230. Operation of the module 230 begins when the
main charging operation 200 enters the maintenance module
230 at step 800. The controller 100 determines is the battery
voltage is included within the range of 3.5-V/cell to 4.05-V/
cell at step 805. If the battery voltage is not included in the
range at step 805, the controller 100 continues to stay in step
805 until the battery voltage is included in the range. Once the
battery voltage is included in the range at step 805, the con-
troller 100 initializes a maintenance timer at step 810. Insome
constructions, the maintenance timer counts down from thirty
minutes.

[0098] At step 815, the controller 100 determines if the
battery temperature falls below —20° C. or exceeds 65° C. If
the battery temperature falls below —20° C. or exceeds 65° C.
at step 815, the module 230 proceeds to the temperature
out-of-range module 210 at step 820 and the module would
end at step 825. If the battery temperature does not fall below
-20° C. or does not exceed 65° C. at step 815, the module 230
proceeds to the charge current algorithm 250 at step 830.
[0099] Once the charge current algorithm 250 is performed
at step 830, the controller 100 determines if the maintenance
timer has expired at step 835. If the maintenance timer has
expired, the module 230 proceeds to the defective pack mod-
ule 840 at step 840, and the module 230 would end at step 845.
If the maintenance timer has not expired at step 835, the
controller 100 determines if the waiting time between the
current pulses is greater than or equal to a first predefined
maintenance waiting time period, such as, for example, fif-
teen seconds, at step 850.

[0100] Ifthe waiting time is greater than the first predefined
maintenance waiting time period at step 850, the module 230
proceeds to step 805. If the waiting time is not greater than or
equal to the first predefined maintenance waiting time period
at step 850, the module 230 proceeds to the charge current
algorithm 250 at step 830. In some constructions, the battery
charger 30 will remain in the maintenance module 230 until
the battery pack 20 is removed from the battery charger 30.
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[0101] FIG. 12 is a flowchart illustrating the base charge
scheme or charge current algorithm 250. Operation of the
module 250 begins when the other modules 220-230 or main
charging operation 200 enters the charge current algorithm
250 at step 870. The controller 100 applies a full current pulse
for approximately one second at step 875. At step 880, the
controller 100 determines if the battery voltage 880 is greater
than 4.6-V/cell when current is being applied to the battery
20.

[0102] If the battery voltage is greater than 4.6-V/cell at
step 880, then the algorithm 250 proceeds to the defective
pack module 205 at step 885, and the algorithm 250 would
end at step 890. If the battery voltage is not greater than
4.6-V/cell at step 880, the controller 100 interrupts the charg-
ing current, increments a counter, such as the charge current
counter, and stores the count value at step 895.

[0103] At step 900, the controller 100 determines is the
battery temperature falls below —-20° C. or exceeds 65° C. If
the battery temperature falls below —20° C. or exceeds 65° C.
at step 900, the algorithm 250 proceeds to the temperature
out-of-range module 205 at step 905, and the algorithm 250
will terminate at step 910. If the battery temperature does not
fall below —20° C. or does not exceed 65° C. at step 900, the
controller 100 measures the battery voltage when the charg-
ing current is not being supplied to the battery 20 at step 915.
[0104] At step 920, the controller 100 determines if the
battery voltage is less than 4.2-V/cell. If the battery voltage is
less than 4.2-V/cell at step 920, the algorithm 250 proceeds to
step 875. If the battery voltage is not less than 4.2-V/cell at
step 920, the controller 100 waits until the battery voltage
approximately equals 4.2-V/cell at step at 925. Also at step
925, the controller 100 stores the waiting time. The algorithm
250 ends at step 930.

[0105] In another construction, the full charge current or
full charge pulse applied by the battery charger 30 can be
scaled according to the individual cell voltages in the battery
20. This implementation will be described with respect to
FIGS. 4 and 16.

[0106] As shownin FIG. 4, the controller 100 in the battery
charger 30 can receive and transmit information from and to
the microcontroller 64 in the battery 20. In some construc-
tions, the microcontroller 64 can monitor various battery
characteristics during charging, including the voltages or
present state of charge of each battery cells 60, either auto-
matically or in response to a command from the battery
charger 30. The microcontroller 64 can monitor certain bat-
tery characteristics and process or average measurements
during periods of charge current (i.e., “current on” time peri-
ods) T,,,. In some constructions, the current on time period
can be approximately one second (“1-s”). During periods of
no charge current (i.e., “current off” time periods) T, 5 infor-
mation regarding certain battery characteristics (e.g., cell
voltages or cell state of charges) can be transferred from the
battery 20 to the charger 30. In some constructions, the cur-
rent off time period T -is approximately 50 ms. The battery
charger 30 can process the information sent from the battery
20 and modify the current on time periods T, accordingly.
For example, if one or more battery cells 60 have a higher
present state of charge than the remaining battery cells 60,
then the battery charger 30 may decrease subsequent current
ontime periods T, in order to avoid overcharging the one or
more higher battery cells.

[0107] In some constructions, the battery charger 30 may
compare each individual cell voltage to an average cell volt-
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age, and if the difference between the individual cell voltage
and the average cell voltage equals or exceeds a predefined
threshold (e.g., an imbalance threshold) then the charger 30
may identify the cell as being a higher state of charge cell. The
battery charger 30 may modify the current ontime period T ,,.
In other constructions, the battery charger 30 may estimate
the state of charge for a particular battery cell (such as a
battery cell identified as a higher voltage cell) during current
on time periods based on the information received from the
battery 20. In these constructions, if the estimation of the
present state of charge for the cell exceeds a threshold, then
the battery charger 30 may modify the duration of the current
on time period T .

[0108] For example, as shown in FIG. 16, the battery
charger 30 can command the battery 20 to average the cell
voltage measurements taken during the next current on time
T,,:- The command may be sent during the first current off
time period T, . Accordingly, during the first current on time
T,,..1, the microcontroller 64 measures and averages the cell
voltages as well as other battery parameters. During the next
current off time T, 5, the battery 30 can transmit the averaged
measurements to the battery charger 30. In some construc-
tions, the battery 20 can send eight averaged measurements
such as, for example, an averaged pack state of charge mea-
surement and an averaged individual cell state of charge for
each of the seven battery cells 60. For example, the battery 20
may send the following information: cell 1 14%, cell 2 14%,
cell 3 15%, cell 4 14%, cell 5 16%, cell 6 14%, cell 7 14%, and
pack (e.g., cells 1-7) voltage 29.96 V. In this example, the
battery charger 30 identifies cell 5 as being a higher battery
cell. The charger 30 also records the battery voltage as mea-
sured by the both the battery microcontroller 64 and the
battery charger 30. In this example, the battery charger 30
measures the battery voltage as approximately 30.07 V. The
battery charger 30 computes the difference in battery voltage
measurements (e.g., 110 mV), and determines the voltage
drop across the terminals and leads as approximately 110 mV.

[0109] During the subsequent current on time period T, ,,
the battery charger 30 “estimates” the voltage of cell 5. For
example, the battery charger 30 samples measurements of the
voltage of the battery 20, and for each battery voltage mea-
surement, estimates the state of charge for cell 5 according to
the following equation:

*
Voatieryren=V rerminats)™ Veent

whereinV,, ..., is the voltage of the battery 20 as measure-
ment by the charger 30, V,,,,....,..;s 15 the voltage drop across
the terminals (e.g., 110mV),and V__, is the voltage of the cell
being estimated as a percentage of the battery voltage. If the
estimation of cell 5’s voltage exceeds a threshold, then the
battery charger 30 may modity the subsequent current on time
period T, ;. As shown in FIG. 16, the charger 30 identifies
cell 5 as being a high battery cell, and modifies the subsequent
current on time period T,,; to be approximately 800 ms.
Accordingly, the length T, of the current on time period T, 5
is less than the length T, of the previous current on time
periods T,,, and T ,.

[0110] In some constructions, the charger 30 continues to
set the subsequent current on time periods (e.g., T, 5) to
approximately the length T, of the previous current on time
period T, ; (e.g., 800 ms). If cell 5 (or another cell) continues
to be identified as a high cell, then the charger 30 can modify
the length the subsequent current on time period (e.g., T ,,¢)
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from length T, (e.g., approximately 800 ms) to T; (e.g.,
approximately 600 ms), for example.

[0111] A further schematic diagram of a battery 20' is sche-
matically illustrated in FIG. 13. The battery 20' is similar to
the battery 20, and common elements are identified by the
same reference number .

[0112] In some constructions, the circuit 62' includes an
electrical component such as, for example, an identification
resistor 950, and the identification resistor 950 can have a set
resistance. In other constructions, the electrical component
may be a capacitor, an inductor, a transistor, a semiconducting
element, an electrical circuit or another component having a
resistance or capable of sending an electrical signal such as,
for example, a microprocessor, a digital logic component and
the like. In the illustrated construction, the resistance value of
the identification resistor 950 can be chosen based on char-
acteristics of the battery 20", such as the nominal voltage and
the chemistry of the battery cell(s) 60'. A sense terminal 55'
can electrically connect to the identification resistor 950.

[0113] Thebattery 20, shown schematically in FIG. 13, can
electrically connect to an electrical device, such as a battery
charger 960 (also shown schematically). The battery charger
960 can include a positive terminal 964, a negative terminal
968 and a sense terminal 972. Each terminal 964, 968, 972 of
the battery charger 960 can electrically connect to the corre-
sponding terminal 45', 50', 55' (respectively), of the battery
20". The battery charger 960 also can include a circuit having
electrical components, such as, for example, a first resistor
976, a second resistor 980, a solid-state electronic device or
semiconductor 984, a comparator 988 and a processor, micro-
controller or controller (not shown). In some constructions,
the semiconductor 984 can include a transistor capable of
operating in saturation or an “ON” state and capable of oper-
ating in cut-off or an “OFF” state. In some constructions, the
comparator 988 can be a dedicated voltage monitoring
device, a microprocessor or a processing unit. In other con-
structions, the comparator 988 can be included in the control-
ler (not shown).

[0114] In some constructions, the controller (not shown)
can be programmed to identify the resistance value of the
electrical component in the battery 20", such as the identifi-
cation resistor 958. The controller can also be programmed to
determine one or more characteristics of the battery 20', such
as, for example, the battery chemistry and the nominal volt-
age of the battery 20'. As previously mentioned, the resistance
value of the identification resistor 958 may correspond to a
dedicated value associated with one or more certain battery
characteristics. For example, the resistance value of the iden-
tification resistor 958 can be included in a range of resistance
values corresponding to the chemistry and to the nominal
voltage of the battery 20".

[0115] In some constructions, the controller can be pro-
grammed to recognize a plurality of resistance ranges of the
identification resistor 958. In these constructions, each range
corresponds to one battery chemistry, such as, for example,
NiCd, NiMH, Li-ion, and the like. In some constructions, the
controller can recognize additional resistance ranges, each
corresponding to another battery chemistry or another battery
characteristic.

[0116] In some constructions, the controller can be pro-
grammed to recognize a plurality of voltage ranges. The
voltages included in the voltage ranges can be dependent on
or correspond to the resistance value of the identification
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resistor 958, such that the controller can determine the value
of the resistor 958 based on the measured voltage.

[0117] In some constructions, the resistance value of the
identification resistor 958 can be further chosen to be unique
for each possible nominal voltage value of the battery 20'. For
example, in one range of resistance values, a first dedicated
resistance value can correspond to a nominal voltage of 21V,
a second dedicated resistance value can correspond to a nomi-
nal voltage of 16.8 V, and a third dedicated resistance value
can correspond to a nominal voltage of 12.6 V. In some
constructions, there can be more or fewer dedicated resis-
tance values, each corresponding to another possible nominal
voltage of the battery 20" associated with the resistance range.

[0118] In an exemplary implementation, the battery 20'
electrically connects to the battery charger 960. To identify a
first battery characteristic, the semiconductor 984 switches to
the “ON” state under the control of additional circuitry (not
shown). When the semiconductor 984 is in the “ON” state, the
identification resistor 958 and resistors 976 and 980 create a
voltage divider network. The network establishes a voltage
V , at afirst reference point 992. If the resistance value of the
resistor 980 is significantly lower than the resistance value of
the resistor 976, then the voltage V , will be dependent upon
the resistance values of the identification resistor 958 and the
resistor 980. In this implementation, the voltage V, is in a
range determined by the resistance value of the identification
resistor 958. The controller (not shown) measures the voltage
V , at the first reference point 992 and determines the resis-
tance value of the identification resistor 958 based on the
voltage V. In some constructions, the controller compares
the voltage V , to a plurality of voltage ranges to determine the
battery characteristic.

[0119] Insome constructions, the first battery characteristic
to be identified can include the battery chemistry. For
example, any resistance value below 150k ohms may indicate
that the battery 20" has a chemistry of NiCd or NiMH, and any
resistance value approximately 150 k ohms or above may
indicate that the battery 20" has a chemistry of L.i or Li-ion.
Once the controller determines and identifies the chemistry of
the battery 20', an appropriate charging algorithm or method
may be selected. In other constructions, there are more resis-
tance ranges which each correspond to another battery chem-
istry than in the above example.

[0120] Continuing with the exemplary implementation, to
identify a second battery characteristic, the semiconductor
984 switches to the “OFF” state under the control of the
additional circuitry. When the semiconductor 984 switches to
the “OFF” state, the identification resistor 958 and the resistor
976 create a voltage divider network. The voltage V , at the
first reference point 992 is now determined by the resistance
values of the identification resistor 958 and the resistor 976.
The resistance value of the identification resistor 958 is cho-
sen such that, when the voltage V5, at a second reference
point 880 substantially equals the nominal voltage of the
battery 20, the voltage V, at the first reference point 992
substantially equals a voltage V.- at a third reference point
996. If the voltage V , at the first reference point 992 exceeds
the fixed voltage V. at the third reference point 996, an
output V 5 of the comparator 988 changes state. In some
constructions, the output V. can be used to terminate
charging or to serve as an indicator to commence additional
functions, such as a maintenance routine, an equalization
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routine, a discharging function, additional charging schemes,
and the like. In some constructions, voltage V. can be a
fixed reference voltage.

[0121] Insome constructions, the second battery character-
istic to be identified can include a nominal voltage of the
battery 20'. For example, a general equation for calculating
the resistance value for the identification resistor 958 can be:

Veer - Rizs
Rigp = 5————
Vaarr — VRer

wherein R, ,, is the resistance value of the identification resis-
tor 958, R | ;5 is the resistance value of the resistor 976, Vg ,
is the nominal voltage of the battery 20" and V. is a fixed
voltage, such as, for example, approximately 2.5 V. For
example, in the range of resistance values for the Li-ion
chemistry (set forth above), a resistance value of approxi-
mately 150 k ohms for the identification resistor 958 can
correspond to a nominal voltage of approximately 21 V, a
resistance value of approximately 194 k ohms can correspond
to a nominal voltage of approximately 16.8 V, and a resistance
value of approximately 274.7 k ohms can correspond to a
nominal voltage of approximately 12.6 V. In other construc-
tions, more or fewer dedicated resistance values may corre-
spond to additional or different battery pack nominal voltage
values.

[0122] In the illustrated construction, both the identifica-
tion resistor 958 and the third reference point 996 may be
situated on the “high” side of a current sense resistor 1000.
Positioning the identification resistor 958 and the third refer-
ence point 996 in this manner can reduce any relative voltage
fluctuations between V , and V-~ when a charging current is
present. Voltage fluctuations may appear in voltage V , if the
identification resistor 958 and the third reference point 996
were referenced to ground 1004 and a charging current was
applied to the battery 20'".

[0123] In some constructions, the battery charger 960 can
also include a charger control function. As previously dis-
cussed, when the voltage V , substantially equals the voltage
V zzr (indicative of voltage V ,requaling the nominal volt-
age of battery 20'), the output V5, of the comparator 988
changes state. In some constructions, the charging current is
no longer supplied to the battery 20" when the output V ,,-of
the comparator 988 changes state. Once the charging current
is interrupted, the battery voltage V- begins to decrease.
When voltage V5 , reaches alow threshold, the output V5
of'the comparator 860 changes state again. In some construc-
tions, the low threshold of voltage V- is determined by a
resistance value of a hysteresis resistor 1008. The charging
current is reestablished once the output V ,, -of the compara-
tor 988 changes state again. In some constructions, this cycle
repeats for a predefined amount of time as determined by the
controller or repeats for a certain amount of state changes
made by the comparator 988. In some constructions, this
cycle repeats until the battery 20' is removed from the battery
charger 960.

[0124] In some constructions and in some aspects, a bat-
tery, such as the battery 20 shown in FIG. 17, can become so
discharged that the battery cells 60 may not have enough
voltage to communicate with a battery charger 30. As shown
in FIG. 17, the battery 20 can include one or more battery cells
60, a positive terminal 1105, a negative terminal 1110 and one
or more sense terminals 1120a and 11205 (as shown in FIG.
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17, the second sense terminal or activation terminal 1205 may
or may not be included in the battery 20). The battery 20 can
also include a circuit 1130 including a microcontroller 1140.
[0125] As shown in FIG. 17, the circuit 1130 can include a
semiconducting switch 1180 that interrupts the discharging
current when the circuit 1130 (e.g., the microprocessor 1140)
determines or senses a condition above or below a predeter-
mined threshold (i.e., an “abnormal battery condition™). In
some constructions, the switch 1180 includes an interruption
condition in which current from or to the battery 20 is inter-
rupted, and an allowance condition in which current from or
to the battery 20 is allowed. In some constructions, an abnor-
mal battery condition can include, for example, high or low
battery cell temperature, high or low battery state of charge,
high or low battery cell state of charge, high or low discharge
current, high or low charge current, and the like. In the illus-
trated constructions, the switch 1180 includes a power FET or
a metal-oxide semiconductor FET (“MOSFET”). In other
constructions, the circuit 1130 can include two switches
1180. In these constructions, the switches 1180 can be
arranged in parallel. Parallel switches 1180 can be included in
battery packs supplying a high average discharge current
(such as, for example, the battery 20 supplying power to a
circular saw, a driver drill, and the like).

[0126] In some constructions, once the switch 1180
becomes non-conducting, the switch 1180 may not reset even
if the abnormal condition is no longer detected. In some
constructions, the circuit 1130 (e.g., the microprocessor
1140) may reset the switch 180 only if an electrical device,
such as, for example, a battery charger 30, instructs the micro-
processor 1140 to do so. As mentioned previously, the battery
20 may become so discharged that the battery cells 60 may
not have enough voltage in order to power the microprocessor
1140 to communicate with a battery charger 30.

[0127] Insome constructions, if the battery 20 cannot com-
municate with the charger 30, the battery charger 30 can
supply a small charge current though the body diode 1210 of
the switch 1180 to slowly charge the battery cells 60. Once the
cells 60 receive enough charge current to power the micro-
processor 1140, the microprocessor 1140 can change the state
of'the switch 1180. That is, the battery 50 can be charged even
when the switch 1180 is in the non-conducting state. As
shown in FIG. 17, the switch 180 can include the body diode
1210, which, in some constructions, is integral with a MOS-
FET and other transistors. In other constructions, the diode
1210 can be electrically connected in parallel with the switch
1180.

[0128] Insome constructions, if the battery 20 cannot com-
municate with the charger 30, the battery charger 30 can apply
a small average current through a sense lead such as, for
example, the sense lead 120a or the dedicated activation
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terminal 1205. The current may charge a capacitor 1150,
which in turn can supply enough voltage to the microproces-
sor 1140 to enable operation.

[0129] The constructions described above and illustrated in
the figures are presented by way of example only and are not
intended as a limitation upon the concepts and principles of
the present invention. As such, it will be appreciated by one
having ordinary skill in the art that various changes in the
elements and their configuration and arrangement are pos-
sible without departing from the spirit and scope of the
present invention.

What is claimed is:

1. An electrical combination comprising:

a battery charger operable to provide a charging current;

a battery pack electrically connectable to the battery

charger over a positive terminal and a negative terminal,
the battery pack including a plurality of lithium-based
battery cells and a control circuit, each of the plurality of
battery cells having an individual state of charge, the
battery pack operable to communicate with the battery
charger in a serial manner over a sense terminal, wherein
the battery pack communicates information related to
the individual state of charge of at least one of the plu-
rality of battery cells to the battery charger; and

a switch operable to control the charging current from the

battery charger to the battery pack based on the infor-
mation related to the individual state of charge of the at
least one of the plurality of battery cells, the switch
operable to be controlled between an ON state and an
OFF state to control the charging current.

2. The electrical combination of claim 1, wherein the
switch includes a field-eftect transistor (“FET”).

3. The electrical combination of claim 2, wherein the con-
trol circuit is operable to control the switch.

4. The electrical combination of claim 1, wherein control
circuit includes a microcontroller.

5. The electrical combination of claim 1, wherein the bat-
tery pack communicates information related to the state of
charge of each of the battery cells in the plurality of battery
cells to the battery charger.

6. The electrical combination of claim 1, wherein the bat-
tery pack communicates information related to the state of
charge of fewer battery cells than a number of battery cells in
the plurality of battery cells.

7. The electrical combination of claim 1, wherein the plu-
rality of battery cells is connected in a series-parallel configu-
ration.

8. The electrical combination of claim 1, wherein the plu-
rality of battery cells is connected in series.

9. The electrical combination of claim 1, wherein the
switch is located in the battery pack.
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