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(57) ABSTRACT 

A power tool includes a housing, a brushless direct current 
(BLDC) motor including a rotor and a stator having at least 
three stator windings corresponding to at least three phases 
of the motor, the rotor being moveable by the stator when the 
stator windings are appropriately energized within the cor 
responding phases, each phase being characterized by a 
corresponding Voltage waveform energizing the correspond 
ing stator winding, the motor being configured to operate 
within an operating Voltage range, and a power Supply 
interface arranged to receive at least one of AC power from 
an AC power supply having a first nominal voltage or DC 
power from a DC power Supply having a second nominal 
Voltage, the power Supply interface configured to output the 
AC power via an AC power line and the DC power via a DC 
power line. A motor control circuit is provided to receive the 
AC power line and the DC power line and supply electric 
power to the motor at a Voltage level corresponding to the 
operating Voltage range of the motor from at least one of the 
AC power supply and/or the DC power supply, the motor 
control circuit including: a rectifier circuit configured to 
convert an alternating signal on the AC power line to a 
rectified Voltage signal on a DC bus line, and a power Switch 
circuit configured to regulate a Supply of electric power from 
at least one of the DC bus line and/or the DC power line to 
the motor. 
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POWER TOOL HAVING MULTIPLE POWER 
SUPPLIES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation, under 35 U.S.C. 
S112, of PCT Application No. PCT/US2015/031432 filed 
May 15, 2015, titled “Power Tool System,” and of U.S. 
patent application Ser. No. 14/992.484 filed Jan. 11, 2016, 
titled “Power Tool System,” which claims the benefit of U.S. 
patent application Ser. No. 14/715,258 filed May 18, 2015, 
titled “Power Tool System, all of which claim priority, 
under 35 U.S.C. S119(e), to U.S. Provisional Application 
No. 61/994,953, filed May 18, 2014, titled “Power Tool 
System.” U.S. Provisional Application No. 62/000,112, filed 
May 19, 2014, titled “Power Tool System.” U.S. Provisional 
Application No. 62/046,546, filed Sep. 5, 2014, titled “Con 
vertable Battery Pack. U.S. Provisional Application No. 
62/118,917, filed Feb. 20, 2015, titled “Convertible Battery 
Pack.” U.S. Provisional Application No. 62/091,134, filed 
Dec. 12, 2014, titled “Convertible Battery Pack.” U.S. 
Provisional Application No. 62/114,645, filed Feb. 11, 2015, 
titled “Transport for System for Convertible Battery Pack.” 
U.S. Provisional Application No. 62/000,307, filed May 19, 
2014, titled “Cycle-By-Cycle Current Limit for Power Tools 
Having a Brushless Motor, and U.S. Provisional Applica 
tion No. 62/093,513, filed Dec. 18, 2014, titled “Conduction 
Band Control for Brushless Motors in Power Tools, each of 
which is incorporated by reference. 

TECHNICAL FIELD 

0002 This application relates to a power tool system that 
includes various power tools and other electrical devices that 
are operable using various AC power Supplies and DC 
power Supplies. 

BACKGROUND 

0003 Various types of electric power tools are commonly 
used in construction, home improvement, outdoor, and do-it 
yourself projects. Power tools generally fall into two cat 
egories—AC power tools (often also called corded power 
tools) that can operate using one or more AC power Supply 
(such as AC mains or a generator), and DC power tools 
(often also called cordless power tools) that can operate 
using one or more DC power Supplies (such as removable 
and rechargeable battery packs). 
0004 Corded or AC power tools generally are used for 
heavy duty applications, such as heavy duty sawing, heavy 
duty drilling and hammering, and heavy duty metal working, 
that require higher power and/or longer runtimes, as com 
pared to cordless power tool applications. However, as their 
name implies, corded tools require the use of a cord that can 
be connected to an AC power Supply. In many applications, 
Such as on construction sites, it is not practical to connect to 
an AC power Supply and/or AC power must be generated by 
a separate AC power generator, e.g., a gasoline powered 
generator. 
0005 Cordless or DC power tools generally are used for 
lighter duty applications, such as light duty sawing, light 
duty drilling, fastening, that require lower power and/or 
shorter runtimes, as compared to corded power tool appli 
cations. Because cordless tools may be more limited in their 
power and/or runtime, they have not generally been accepted 
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by the industry for many of the heavier duty applications. 
Cordless tools are also limited by weight since the higher 
Voltage and/or capacity batteries tend to have greater weight, 
creating an ergonomic disadvantage. 
0006 AC power tools and DC power tools may also 
operate using many different types of motors and motor 
control circuits. For example, corded or AC power tools may 
operate using an AC brushed motor, a universal brushed 
motor (that can operate using AC or DC), or a brushless 
motor. The motor in a corded tool may have its construction 
optimized or rated to run on an AC Voltage source having a 
rated Voltage that is approximately the same as AC mains 
(e.g., 120V in the United States, 230V in much of Europe). 
The motors in AC or corded tools generally are controlled 
using an AC control circuit that may contain an on-off Switch 
(e.g., for tools operating at Substantially constant no-load 
speed) or using a variable speed control circuit such as a 
triac control circuit (e.g., for motors tools operating at a 
variable no-load speed). An example of a triac control circuit 
can be found in U.S. Pat. No. 7.928,673, which is incorpo 
rated by reference. 
0007 Cordless or DC power tools also may operate using 
many different types of motors and control circuits. For 
example, cordless or DC power tools may operate using a 
DC brushed motor, a universal brushed motor or a brushless 
motor. Since the batteries of cordless power tools tend to be 
at a lower rated voltage than the AC mains (e.g., 12V, 20V. 
40V, etc.), the motors for cordless or DC power tools 
generally have their construction optimized or rated for use 
with a DC power supply having one or more of these lower 
voltages. Control circuits for cordless or DC power tools 
may include an on-off Switch (e.g., for tools operating at 
Substantially constant no-load speed) or a variable speed 
control circuit (e.g., for tools operating at a variable no-load 
speed). A variable speed control circuit may comprise, e.g., 
an analog Voltage regulator or a digital pulse-width-modu 
lation (PWM) control to control power delivery to the motor. 
An example of a PWM control circuit can be found in U.S. 
Pat. No. 7,821.217, which is incorporated by reference. 

SUMMARY 

0008. In an aspect, a power tool system includes a first 
power tool having a low power tool rated Voltage, a second 
power tool having a medium power tool rated Voltage that is 
higher than the low power tool rated voltage, a third power 
tool having a high power tool rated Voltage that is higher 
than the medium power tool rated voltage, a first battery 
pack having a low battery pack rated Voltage that corre 
sponds to the low power tool rated Voltage, and a convertible 
battery pack. The convertible battery pack is operable in a 
first configuration in which the convertible battery pack has 
a convertible battery pack rated Voltage that corresponds to 
the first power tool rated Voltage, and in a second configu 
ration in which the convertible battery pack has a second 
convertible battery pack rated Voltage that corresponds to 
the second power tool rated voltage. The first battery pack is 
coupleable to the first power tool to enable operation of the 
first power tool. The convertible battery pack is coupleable 
to the first power tool in the first configuration to enable 
operation of the first power tool. The convertible battery 
pack is coupleable to the second power tool in the second 
configuration to enable operation of the second power tool. 
A plurality of the convertible battery packs are coupleable to 
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the third power tool in their second configuration to enable 
operation of the third power tool. 
0009 Implementations of this aspect may include one or 
more of the following features. The third power tool may be 
alternatively coupleable to an AC power Supply having a 
rated Voltage that corresponds to a Voltage rating of an AC 
mains power Supply to enable operation of the third power 
tool using either the plurality of convertible battery packs or 
the AC power Supply. The AC mains Voltage rating may be 
approximately 100 volts to 120 volts or approximately 220 
volts to 240 volts. The high power tool rated voltage may 
correspond to the Voltage rating of the AC mains power 
Supply. The system may further include a battery pack 
charger having a low charger rated Voltage that corresponds 
to the low battery pack rated voltage and to the convertible 
battery pack rated Voltage, wherein the battery pack charger 
is configured to be coupled to the first battery pack to charge 
the first battery pack, and to be coupled to the convertible 
battery pack when in the first configuration to charge the 
convertible battery pack. 
0010. The medium power tool rated voltage may be a 
whole number multiple of the low power tool rated voltage, 
and the high rated power tool rated Voltage may be a whole 
number multiple of the medium power tool rated voltage. 
The low power tool rated voltage may be between approxi 
mately 17 volts to 20 volts, the medium power tool rated 
voltage may be between approximately 51 volts to 60 volts, 
and the high power tool rated voltage may be between 
approximately 102 volts to 120 volts. The first power tool 
may have been on sale prior to May 18, 2014, and the second 
power tool and the third power tool may have not been on 
sale prior to May 18, 2014. The first power tool may be a 
DC-only power tool, the second power tool may be a 
DC-only power tool, and the third power tool may be an 
AC/DC power tool. 
0011. The convertible battery pack may be automatically 
configured in the first configuration when coupled to the first 
power tool and may be automatically configured in the 
second configuration when coupled to the second power tool 
or the third power tool. The system may include a third 
battery pack having a medium battery pack rated Voltage. 
The third battery pack may be coupleable to the second 
power tool to enable operation of the second power tool. A 
plurality of third battery packs may be coupleable to the 
third power tool to enable operation of the third power tool. 
The first battery pack may be incapable of enabling opera 
tion of the second power tool or the third power tool. 
0012. In another aspect, a power tool system includes a 

first battery pack having a first battery pack rated Voltage and 
a convertible battery pack operable in a first configuration in 
which the convertible battery pack has a first battery pack 
rated Voltage and in a second configuration in which the 
convertible battery pack has a second convertible battery 
pack rated voltage that is higher than the first convertible 
battery pack rated voltage. A first power tool has a first 
motor, a first motor control circuit, and a first power Supply 
interface. The first power tool has a first power tool rated 
Voltage that corresponds to the first battery pack rated 
voltage and the first convertible battery pack rated voltage. 
The first power tool is operable using either the first battery 
pack when the first power Supply interface is coupled to the 
first battery pack or using the convertible battery pack when 
the first power supply interface is coupled to the convertible 
battery pack so that the convertible battery pack is in the first 
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configuration. A second power tool has a second motor, a 
second motor control circuit, and a second power Supply 
interface. The second power tool has a second power tool 
rated Voltage that corresponds to the second convertible 
battery pack rated Voltage. The second power tool is oper 
able using the convertible battery pack when the second 
power supply interface is coupled to convertible battery 
pack so that the convertible battery pack is in the second 
configuration. A third power tool has a third motor, a third 
motor control circuit, and a third power Supply interface. 
The third power tool has a third rated voltage that is a whole 
number multiple of the second convertible battery pack rated 
voltage. The third power tool is operable using a plurality of 
the convertible battery packs when the third power tool 
interface is coupled to the plurality of convertible battery 
packs so that the convertible battery packs each are in the 
second configuration. 
0013 Implementations of this aspect may include one or 
more of the following features. The third power supply 
interface of the third power tool may be alternatively couple 
able to an AC power Supply having a rated Voltage that 
corresponds to a Voltage rating of an AC mains power Supply 
to enable operation of the third power tool using either the 
plurality of convertible battery packs or the AC power 
Supply. The AC mains Voltage rating may be approximately 
100 volts to 120 volts or approximately 220 volts to 240 
Volts. The high power tool rated Voltage may correspond to 
the Voltage rating of the AC mains power Supply. 
0014. The system may include a battery pack charger 
having a first charger rated Voltage that corresponds to the 
first battery pack rated voltage and to the first convertible 
battery pack rated Voltage. The battery pack charger may be 
configured to be coupled to the first battery pack to charge 
the first battery pack, and to be coupled to the convertible 
battery pack when in the first configuration to charge the 
convertible battery pack. The second power tool rated volt 
age may be a whole number multiple of the first power tool 
rated voltage. The first power tool rated voltage may be 
between approximately 17 volts to 20 volts, the second 
power tool rated voltage may be between approximately 51 
volts to 60 volts, and the third power tool rated voltage is 
between approximately 100 volts to 120 volts. The first 
power tool may have been on sale prior to May 18, 2014, and 
the second power tool and the third power tool may have not 
been on sale prior to May 18, 2014. 
0015 The first power tool may be a DC-only power tool. 
The second power tool may be a DC-only power tool. The 
third power tool may be an AC/DC power tool. The con 
vertible battery pack may be automatically configured in the 
first configuration when coupled to the first power tool and 
may be automatically configured in the second configuration 
when coupled to the second power tool or the third power 
tool. The system may include a third battery pack having a 
third battery pack rated voltage that corresponds to the 
second power tool rated Voltage. The third battery pack may 
be coupleable to the second power tool to enable operation 
of the second power tool and a plurality of third battery 
packs may be coupleable to the third power tool to enable 
operation of the third power tool. The first battery pack may 
be incapable of enabling operation of the second power tool 
or the third power tool. 
0016. In another aspect, a power tool includes a power 
Supply interface, a motor, and a motor control circuit. The 
power Supply interface is configured to receive AC power 
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from an AC power Supply having a rated AC voltage that 
corresponds to an AC mains rated Voltage, and to receive DC 
power from one or more removable battery packs having a 
total rated DC voltage that also corresponds to the AC mains 
rated Voltage. The motor has a rated Voltage that corresponds 
to the rated AC voltage and to the rated DC voltage. The 
motor is operable using both the AC power from the AC 
power supply and the DC power from the DC power supply. 
The motor control circuit is configured to control operation 
of the motor using one of the AC power and the DC power, 
without reducing a magnitude of the rated AC Voltage, 
without reducing the magnitude of the rated DC voltage, and 
without converting the DC power to AC power. 
0017 Implementations of this aspect may include one or 
more of the following features. The rated AC voltage may be 
between approximately 100 volts and 120 volts. The DC 
rated voltage may be between approximately 102 volts and 
approximately 120 volts. The motor rated Voltage is approxi 
mately 100 volts and 120 volts. The rated AC voltage may 
encompass an RMS voltage of 120VAC and the rated DC 
Voltage may encompass a nominal Voltage of 120 Volts. The 
rated AC voltage may encompass an average Voltage of 
approximately 108 volts and the rated DC voltage may 
encompass a nominal Voltage of approximately 108 volts. 
The AC power Supply may include AC mains. 
0018. The one or more removable battery packs may 
include at least two removable battery packs. The at least 
two battery packs may be connected to each other in series. 
Each battery pack may have a rated DC voltage that is 
approximately half of the rated AC voltage. The motor may 
be a universal motor. The control circuit may be configured 
to operate the universal motor at a constant no load speed. 
The control circuit is configured to operate the universal 
motor at a variable no load speed based upon a user input. 
The motor may include a brushless motor. 
0019. In another aspect, a power tool system includes a 
DC power supply and a power tool. The DC power supply 
includes one or more battery packs that together have a rated 
DC voltage that corresponds to an AC mains rated Voltage. 
The power tool has a power Supply interface, a motor, and 
a motor control circuit. The power Supply interface is 
configured to receive AC power from an AC power Supply 
having the AC mains rated voltage and to receive DC power 
from the DC power supply. The motor has a rated voltage 
that corresponds to the AC mains rated Voltage and to the 
rated DC voltage. The motor is operable using both the AC 
power from the AC mains power supply and the DC power 
from the DC power supply. The motor control circuit is 
configured to control operation of the motor using one of the 
AC power and the DC power, without reducing a magnitude 
of the rated AC Voltage, without reducing the magnitude of 
the rated DC voltage, and without converting the DC power 
to AC power. 
0020 Implementations of this aspect may include one or 
more of the following features. The rated AC voltage may be 
between approximately 100 volts and 120 volts. The DC 
rated voltage may be between approximately 102 volts and 
approximately 120 volts. The motor rated Voltage is approxi 
mately 100 volts and 120 volts. The rated AC voltage may 
encompass an RMS voltage of 120VAC and the rated DC 
Voltage may encompass a nominal Voltage of 120 Volts. The 
rated AC voltage may encompass an average Voltage of 
approximately 108 volts and the rated DC voltage may 
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encompass a nominal Voltage of approximately 108 volts. 
The AC power Supply may include AC mains. 
0021. The one or more removable battery packs may 
include at least two removable battery packs. The at least 
two battery packs may be connected to each other in series. 
Each battery pack may have a rated DC voltage that is 
approximately half of the rated AC voltage. The motor may 
be a universal motor. The control circuit may be configured 
to operate the universal motor at a constant no load speed. 
The control circuit is configured to operate the universal 
motor at a variable no load speed based upon a user input. 
The motor may include a brushless motor. 
0022. In another aspect, a power tool includes a power 
Supply interface, a motor, and a motor control circuit. The a 
power Supply interface is configured to receive AC power 
from an AC mains power Supply having a rated AC voltage 
and to receive DC power from a DC power supply com 
prising one or more battery packs together having a rated DC 
voltage that is different from the rated AC voltage. The 
motor has a rated Voltage that corresponds to one of the rated 
AC voltage and the rated DC voltage. The motor is operable 
using both the AC power from the AC power supply and the 
DC power from the DC power supply. The motor control 
circuit is configured to enable operation of the motor using 
one of the AC power and the DC power, such that the motor 
Substantially the same output speed performance when oper 
ating using the AC power Supply and the DC power Supply. 
0023 Implementations of this aspect may include one or 
more of the following features. The rated DC voltage may be 
less than the rated AC voltage. The rated AC voltage may be 
approximately 100 volts to 120 volts and the rated DC 
voltage may be less than 100 volts. The rated DC voltage 
may be approximately 51 volts to 60 volts. The rated AC 
voltage may be less than the rated DC voltage. The one or 
more battery packs may include two battery packs connected 
to one another in series, wherein each battery pack has a 
rated voltage that is approximately half of the rated AC 
voltage. The motor may be a universal motor. The control 
circuit may operate the universal motor at a constant no load 
speed. The control circuit may operate the universal motor 
at a variable no load speed based upon a user input. The 
control circuit may optimize a range of pulse-width-modu 
lation according to the rated Voltages of the AC power 
Supply and the DC power Supply so that the motor Substan 
tially the same output speed performance when operating 
using the AC power supply and the DC power supply. The 
motor may be a brushless motor. The control circuit may use 
at least one of cycle-by-cycle current limiting, conduction 
band control, and advance angle control Such that the motor 
Substantially the same output speed performance when oper 
ating using the AC power Supply and the DC power Supply. 
0024. In another aspect, a power tool includes a means 
for receiving AC power from an AC mains power Supply 
having a rated AC voltage and a means for receiving DC 
power from a DC power Supply comprising one or more 
battery packs together having a rated DC voltage that is 
different from the rated AC voltage. The power tool also has 
a motor having a rated voltage that corresponds to the higher 
of the rated AC voltage and the rated DC voltage. The motor 
is operable using both the AC power from the AC power 
supply and the DC power from the DC power supply. The 
power tool also has means for operating the motor using one 
of the AC power and the DC power, such that the motor 
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Substantially the same output speed performance when oper 
ating using the AC power Supply and the DC power Supply. 
0025 Implementations of this aspect may include one or 
more of the following features. The rated DC voltage may be 
less than the rated AC voltage. The rated AC voltage may be 
approximately 100 volts to 120 volts and the rated DC 
voltage may be less than 100 volts. The rated DC voltage 
may be approximately 51 volts to 60 volts. The rated AC 
voltage may be less than the rated DC voltage. The one or 
more battery packs may include two battery packs connected 
to one another in series, wherein each battery pack has a 
rated voltage that is approximately half of the rated AC 
Voltage. The motor may be a universal motor. The means for 
operating the motor may operate the universal motor at a 
constant no load speed. The means for operating the motor 
may operate the universal motor at a variable no load speed 
based upon a user input. The means for operating the motor 
may optimize a range of pulse-width-modulation according 
to the rated voltages of the AC power supply and the DC 
power Supply so that the motor Substantially the same output 
speed performance when operating using the AC power 
supply and the DC power supply. The motor may be a 
brushless motor. The means for operating the motor may use 
at least one of cycle-by-cycle current limiting, conduction 
band control, and advance angle control Such that the motor 
Substantially the same output speed performance when oper 
ating using the AC power Supply and the DC power Supply. 
0026. In another aspect, a power tool system includes a 

first power tool having a first power tool rated voltage, a 
second power tool having a second power tool rated Voltage 
that is different from the first power tool rated voltage, and 
a first battery pack coupleable to the first power tool and to 
the second power tool. The first battery pack is switchable 
between a first configuration having a first battery pack rated 
Voltage that corresponds to the first power tool rated Voltage 
such that the first battery pack enables operation of the first 
power tool, and a second configuration having a convertible 
battery pack rated Voltage that corresponds to the second 
power tool rated voltage such that the battery pack enables 
operation of the second power tool. 
0027. Implementations of this aspect may include one or 
more of the following features. The system may include a 
second removable battery pack having the first battery pack 
rated Voltage and configured to be coupled to the first power 
tool to enable operation of the first power tool, but that does 
not enable operation of the second power tool. The second 
power tool rated Voltage may be greater than the first power 
tool rated voltage. The first power tool rated voltage may be 
a whole number multiple of the second power tool rated 
Voltage. The first power tool rated voltage may be approxi 
mately 17 volts to 20 volts and the second power tool rated 
Voltage range may be approximately 51 volts to 60 volts. 
The first power tool may have been on sale prior to May 18, 
2014, and the second power tool may not have been on sale 
prior to May 18, 2014. The first power tool may be a 
DC-only power tool and the second power tool may be a 
DC-only power tool or an AC/DC power tool. The second 
power may be alternatively coupleable to an AC power 
Supply having a rated Voltage that corresponds to a Voltage 
rating of an AC mains power Supply to enable operation of 
the second power tool using either the convertible battery 
pack or the AC power Supply. 
0028. According to another aspect of the invention, a 
power tool is provided comprising: a housing; an electric 
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universal motor having a positive terminal, a negative ter 
minal, and a commutator engaging a pair of brushes coupled 
to the positive and the negative terminals, the motor being 
configured to operate within an operating Voltage range of 
approximately 90V to 132V, a power supply interface 
arranged to receive at least one of AC power from an AC 
power Supply having a first nominal Voltage or DC power 
from a DC power Supply having a second nominal Voltage, 
the DC power Supply comprising at least one removable 
battery pack coupled to the power Supply interface, the 
power Supply interface configured to output the AC power 
via an AC power line and the DC power via a DC power line, 
wherein the first and second nominal Voltages fall approxi 
mately within the operating Voltage range of the motor; and 
a motor control circuit configured to Supply electric power 
from one of the AC power line or the DC power line via a 
common node to the motor Such that the brushes are 
electrically coupled to one of the AC or DC power supplies. 
0029. In an embodiment, the motor control circuit com 
prises an ON/OFF switch arranged between the common 
node of the AC and DC power lines and the motor. 
0030. In an embodiment, the motor control circuit com 
prises a control unit coupled to a power Switch arranged on 
the DC power line. In an embodiment, the control unit is 
configured to monitor a fault condition associated with the 
DC power supply and turn the power switch off to cut off a 
supply of power from the DC power supply to the motor. 
0031. In an embodiment, the power tool further com 
prises a power supply switching unit arranged to isolate the 
AC power line and the DC power line. In an embodiment, 
the power Supply Switching unit comprises a relay Switch 
arranged on the DC power line and activated by a coil 
coupled to the AC power line. In an embodiment, the power 
Supply Switching unit comprises at least one double-pole 
double-throw switch arranged between the common node of 
the AC and DC power lines and the power supply interface. 
In an embodiment, the power Supply Switching unit com 
prises at least one single-pole double-throw Switch having 
an output terminal coupled to the common node of the AC 
and DC power lines. 
0032. In an embodiment, the DC power supply comprises 
a high rated Voltage battery pack. 
0033. In an embodiment, the DC power supply comprises 
at least two medium-rated Voltage battery packs and the 
power Supply interface is configured to connect two or more 
of the at least two battery packs in series. 
0034. According to another aspect of the invention, the 
power tool described above is a variable-speed tool, as 
described herein. 

0035. In an embodiment, the power tool further com 
prises: a DC Switch circuit arranged between the DC power 
line and the motor; an AC switch arranged between the AC 
power line and the motor; and a control unit configured to 
control a switching operation of the DC switch circuit or the 
AC switch to control a speed of the motor enabling variable 
speed operation of the motor at constant torque. 
0036. In an embodiment, the DC switch circuit comprises 
one or more controllable semiconductor Switches configured 
in at least one of a chopper circuit, a half-bridge circuit, or 
a full-bridge circuit, and the control unit is configured to 
control a pulse-width modulation (PWM) duty cycle of the 
one or more semiconductor Switches according to a desired 
speed of the motor. 
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0037. In an embodiment, the AC switch comprises a 
phase controlled Switch comprising at least one of a triac, a 
thyristor, or a SCR switch, and the control unit is configured 
to control a phase of the AC Switch according to a desired 
speed of the motor. 
0038. In an embodiment, the control unit is configured to 
sense current on one of the AC power line or the DC power 
line to set a mode of operation to one of an AC mode of 
operation or a DC mode of operation, and control the 
switching operation of one or the other of the DC Switch 
circuit or the AC switch based on the mode of operation. 
0039. In an alternative embodiment, the power tool fur 
ther comprises: a power Switching unit comprising a diode 
bridge and a controllable semiconductor Switch nested 
within the diode bridge, wherein the AC and DC power lines 
of the power Supply interface are jointly coupled to a first 
node of the diode bridge and the motor is coupled to a 
second node of the diode bridge; and a control unit config 
ured to control a Switching operation of the semiconductor 
switch to control a speed of the motor enabling variable 
speed operation of the motor at constant torque. 
0040. In an embodiment, the control unit is configured to 
sense current on one of the AC power line or the DC power 
line to set a mode of operation to one of an AC mode of 
operation or a DC mode of operation, and control the 
Switching operation of the semiconductor Switch according 
to the mode of operation. 
0041. In an embodiment, in the DC mode of operation, 
the control unit is configured to set a pulse-width modulation 
(PWM) duty cycle according to a desired speed of the motor 
and turn the semiconductor Switch on and off periodically in 
accordance with the PWM duty cycle. 
0042. In an embodiment, in the AC mode of operation, 
the control unit is configured to set a conduction band 
according to a desired speed of the motor and, within each 
AC line half-cycle, turn the semiconductor switch ON at 
approximately the beginning of the conduction band and 
turn the semiconductor switch OFF at approximately a zero 
crossing of the AC power line. 
0043. In an embodiment, the power tool further com 
prises a second semiconductor Switch and a freewheel diode 
disposed in series with the motor to allow a current path for 
a motor current during an off-cycle of the semiconductor 
switch in the DC mode of operation. 
0044. In an embodiment, the semiconductor switch com 
prises one of a field effect transistor (FET) or an insulated 
gate bipolar transistor (IGBT). 
0045. In an embodiment, the diode bridge is arranged to 
rectify the AC power line through the semiconductor switch, 
but not through the motor. 
0046. In an embodiment, the semiconductor switching 
unit is arranged between the common node of the AC and 
DC power lines. 
0047 According to another aspect of the invention, a 
power tool is provided comprising: a housing; a universal 
motor having a positive terminal, a negative terminal, and a 
commutator engaging a pair of brushes coupled to the 
positive and the negative terminals, the motor being con 
figured to operate within an operating Voltage range; a 
power Supply interface arranged to receive at least one of AC 
power from an AC power Supply having a first nominal 
Voltage or DC power from a DC power Supply having a 
second nominal Voltage, the DC power Supply comprising at 
least one removable battery pack coupled to the power 

May 4, 2017 

Supply interface, the power Supply interface configured to 
output the AC power via an AC power line and the DC 
power via a DC power line, wherein the second nominal 
Voltage falls approximately within the operating Voltage 
range of the motor, but the first nominal Voltage is Substan 
tially higher than the operating Voltage range of the motor; 
and a motor control circuit configured to supply electric 
power from one of the AC power line or the DC power line 
via a common node to the motor Such that the brushes are 
electrically coupled to one of the AC or DC power supplies, 
the motor control circuit being configured to reduce a Supply 
of power from the AC power line to the motor to a level 
corresponding to the operating Voltage of the operating 
Voltage range of the motor. 
0048. In an embodiment, the motor control circuit com 
prises an AC switch disposed in series with the AC power 
line, and a control unit configured to control a phase of the 
AC power line via the AC switch and set a fixed conduction 
band of the AC Switch to reduce an average Voltage amount 
on the AC line to a level corresponding to the operating 
Voltage range of the motor to a level corresponding to the 
operating Voltage range of the motor. 
0049. In an embodiment, the motor control circuit com 
prises an ON/OFF switch arranged between the common 
node of the AC and DC power lines and the motor. 
0050. In an embodiment, the motor control circuit com 
prises a control unit coupled to a power Switch arranged on 
the DC power line. In an embodiment, the control unit is 
configured to monitor a fault condition associated with the 
DC power supply and turn the power switch off to cut off a 
supply of power from the DC power supply to the motor. 
0051. In an embodiment, the power tool further com 
prises a power Supply Switching unit arranged to isolate the 
AC power line and the DC power line. In an embodiment, 
the power Supply Switching unit comprises a relay Switch 
arranged on the DC power line and activated by a coil 
coupled to the AC power line. In an embodiment, the power 
Supply Switching unit comprises at least one double-pole 
double-throw switch arranged between the common node of 
the AC and DC power lines and the power supply interface. 
In an embodiment, the power Supply Switching unit com 
prises at least one single-pole double-throw Switch having 
an output terminal coupled to the common node of the AC 
and DC power lines. 
0052. In an embodiment, the DC power supply comprises 
a high rated Voltage battery pack. 
0053. In an embodiment, the DC power supply comprises 
at least two medium-rated Voltage battery packs and the 
power Supply interface is configured to connect two or more 
of the at least two battery packs in series. In an embodiment, 
the operating Voltage range of the motor is approximately 
within a range of 100V to 120V encompassing the second 
nominal Voltage, and the first nominal Voltage is in the range 
of 220VAC to 240 VAC. In an embodiment, the control unit 
is configured to set the fixed conduction band of the AC 
switch to a value within the range of 100 to 140 degrees. 
0054. In an embodiment, the operating voltage range of 
the motor is approximately within a range of 60V to 90V 
encompassing the second nominal Voltage, and the first 
nominal voltage is in the range of 100 VAC to 120VAC. In 
an embodiment, the control unit is configured to set the fixed 
conduction band of the AC switch to a value within the range 
of 70 to 110 degrees. 
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0055. In an embodiment, the control unit is configured to 
operate the tool at constant speed at the fixed conduction 
band. 
0056. In an embodiment, the AC switch includes a phase 
controlled switch comprising one of a triac, a thyristor, or a 
SCR switch, and the controller is configured to control a 
phase of the AC switch according to a desired speed of the 
motor. 

0057 According to another aspect of the invention, the 
power tool described above is a variable-speed power tool, 
as described herein. 
0058 According to an embodiment, the motor control 

circuit further comprising a DC Switch circuit arranged 
between the DC power line and the motor, wherein the 
control unit is configured to control a switching operation of 
the DC Switch circuit or the AC switch to control a speed of 
the motor enabling variable speed operation of the motor at 
constant load. 
0059. According to an embodiment, the DC switch cir 
cuit comprises one or more controllable semiconductor 
Switches configured in at least one of a chopper circuit, a 
half-bridge circuit, or a full-bridge circuit, and the control 
unit is configured to control a pulse-width modulation 
(PWM) duty cycle of the one or more semiconductor 
switches according to a desired speed of the motor. 
0060 According to an embodiment, the control unit is 
configured to vary a conduction angle of the AC switch from 
Zero up to the fixed conduction band according to a desired 
speed of the motor. 
0061 According to an embodiment, the control unit is 
configured to sense current on one of the AC power line or 
the DC power line to set a mode of operation to one of an 
AC mode of operation or a DC mode of operation, and 
control the switching operation of one or the other of the DC 
Switch circuit or the AC switch based on the mode of 
operation. 
0062 According to an embodiment, the motor control 
circuit comprises: a power switching unit including a diode 
bridge and a controllable semiconductor switch nested 
within the diode bridge, wherein the AC and DC power lines 
of the power supply interface are jointly coupled to a first 
node of the diode bridge and the motor is coupled to a 
Second node of the diode bridge; and a control unit config 
ured to control a switching operation of the semiconductor 
switch to control a speed of the motor enabling variable 
speed operation of the motor at constant load, wherein the 
control unit is configured to control a phase of the AC power 
line via the semiconductor switch. 
0063. In an embodiment, the control unit is configured to 
sense current on one of the AC power line or the DC power 
line to set a mode of operation to one of an AC mode of 
operation or a DC mode of operation, and control the 
Switching operation of the semiconductor switch in one of 
an AC mode or a DC mode of operation according to the 
mode of operation. 
0064. In an embodiment, in the DC mode of operation, 
the control unit is configured to set a pulse-width modulation 
(PWM) duty cycle according to a desired speed of the motor 
and turn the semiconductor switch on and off periodically in 
accordance with the PWM duty cycle. 
0065. In an embodiment, in the AC mode of operation, 
the control unit is configured to set a maximum conduction 
band corresponding to the operating voltage range of the 
motor. 
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0066. In an embodiment, the control unit is configured to 
set a conduction band according to a desired speed of the 
motor from Zero up to the maximum conduction band and in 
proportion thereto, and within each AC line half-cycle, turn 
the semiconductor switch ON at approximately the begin 
ning of the conduction band and turn the semiconductor 
switch OFF at approximately a zero crossing of the AC 
power line. 
0067. In an embodiment, the operating voltage range of 
the motor is approximately within a range of 100V to 120V 
encompassing the second nominal voltage, and the first 
nominal voltage is in the range of 220VAC to 240 VAC. In 
an embodiment, the control unit is configured to set the 
maximum conduction band to a value within the range of 
100 to 140 degrees. 
0068. In an embodiment, the operating voltage range of 
the motor is approximately within a range of 60V to 100V 
encompassing the second nominal voltage, and the first 
nominal voltage is in the range of 100 VAC to 120VAC. In 
an embodiment, the control unit is configured to set the 
maximum conduction band of the AC switch to a value 
within the range of 70 to 110 degrees. 
0069. In an embodiment, the diode bridge is arranged to 
rectify the AC power line through the semiconductor switch, 
but not through the motor. 
0070. In an embodiment, the motor control circuit further 
comprising a second semiconductor switch and a freewheel 
diode disposed in series with the motor to allow a current 
path for a motor current during an off-cycle of the semicon 
ductor switch in the DC mode of operation. 
0071. In an embodiment, the semiconductor switch com 
prises one of a field effect transistor (FET) or an insulated 
gate bipolar transistor (IGBT). 
0072 According to another aspect of the invention, a 
power tool is provided comprising: a housing: an electric 
universal motor having a positive terminal, a negative ter 
minal, and a commutator engaging a pair of brushes coupled 
to the positive and the negative terminals; a power supply 
interface arranged to receive at least one of AC power from 
an AC power supply or DC power from a DC power supply, 
and to output the AC power via an AC power line and the DC 
power via a DC power line; a power switching unit com 
prising a diode bridge and a controllable semiconductor 
switch nested within the diode bridge, wherein the AC and 
DC power lines of the power supply interface are jointly 
coupled to a first node of the diode bridge and the motor is 
coupled to a second node of the diode bridge; and a control 
unit configured to control a switching operation of the 
semiconductor switch to control a speed of the motor 
enabling variable speed operation of the motor at constant 
torque. 
(0073. In an embodiment, the control unit is configured to 
sense current on one of the AC power line or the DC power 
line to set a mode of operation to one of an AC mode of 
operation or a DC mode of operation, and control the 
Switching operation of the semiconductor switch according 
to the mode of operation. 
10074. In an embodiment, in the DC mode of operation, 
the control unit is configured to set a pulse-width modulation 
(PWM) duty cycle according to a desired speed of the motor 
and turn the semiconductor Switch on and off periodically in 
accordance with the PWM duty cycle. 
I0075. In an embodiment, in the AC mode of operation, 
the control unit is configured to set a conduction band 
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according to a desired speed of the motor and, within each 
AC line half-cycle, turn the semiconductor switch ON at 
approximately the beginning of the conduction band and 
turn the semiconductor switch OFF at approximately a zero 
crossing of the AC power line. 
0076. In an embodiment, the power tool further com 
prises a second semiconductor Switch and a freewheel diode 
disposed in series with the motor to allow a current path for 
a motor current during an off-cycle of the semiconductor 
switch in the DC mode of operation. 
0077. In an embodiment, the semiconductor switch com 
prises one of a field effect transistor (FET) or an insulated 
gate bipolar transistor (IGBT). 
0078. In an embodiment, the diode bridge is arranged to 
rectify the AC power line through the semiconductor switch, 
but not through the motor. 
0079. In an embodiment, the power switching unit is 
arranged between the common node of the AC and DC 
power lines. 
0080 According to another aspect of the invention, a 
power tool is provided comprising: a housing; an electric 
direct-current (DC) motor having a positive terminal, a 
negative terminal, and a commutator engaging a pair of 
brushes coupled to the positive and the negative terminals, 
the motor being configured to operate within an operating 
voltage range within a range of approximately 90V to 132V: 
a power Supply interface arranged to receive at least one of 
AC power from an AC power Supply having a first nominal 
voltage or DC power from a DC power supply having a 
second nominal Voltage, the DC power Supply comprising at 
least one removable battery pack coupled to the power 
Supply interface, the power Supply interface configured to 
output the AC power via an AC power line and the DC 
power via a DC power line, wherein the first and second 
nominal Voltages fall approximately within the operating 
Voltage range of the motor; and a motor control circuit 
including a rectifier circuit configured to rectify an alternat 
ing signal to a rectified signal on the AC power line, the 
motor control circuit being configured to Supply electric 
power from one of the AC power line or the DC power line 
via a common node to the motor Such that the brushes are 
electrically coupled to one of the AC or DC power supplies. 
0081. In an embodiment, the rectifier circuit includes a 
full-wave diode bridge rectifier. 
0082 In an embodiment, the motor control circuit com 
prises an ON/OFF switch arranged between the common 
node of the AC and DC power lines and the motor. 
0083. In an embodiment, the motor control circuit com 
prises a control unit coupled to a power Switch arranged on 
the DC power line. In an embodiment, the control unit is 
configured to monitor a fault condition associated with the 
DC power supply and turn the power switch off to cut off a 
supply of power from the DC power supply to the motor. 
0084. In an embodiment, the power tool further com 
prises a power Supply Switching unit arranged to isolate the 
AC power line and the DC power line. In an embodiment, 
the power Supply Switching unit comprises a relay Switch 
arranged on the DC power line and activated by a coil 
coupled to the AC power line. In an embodiment, the power 
Supply Switching unit comprises at least one double-pole 
double-throw switch arranged between the common node of 
the AC and DC power lines and the power supply interface. 
In an embodiment, the power Supply Switching unit com 
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prises at least one single-pole double-throw Switch having 
an output terminal coupled to the common node of the AC 
and DC power lines. 
I0085. In an embodiment, the DC power supply comprises 
a high rated Voltage battery pack. 
I0086. In an embodiment, the DC power supply comprises 
at least two medium-rated Voltage battery packs and the 
power Supply interface is configured to connect two or more 
of the at least two battery packs in series. 
I0087. According to another aspect of the invention, the 
power tool described above is a variable-speed tool, as 
described herein. 
I0088. In an embodiment, the power tool further com 
prises: a Switching circuit arranged between the common 
node of the AC and DC power lines and the motor; and a 
control unit configured to control a Switching operation of 
the Switching circuit to control a speed of the motor enabling 
variable speed operation of the motor at constant torque. 
I0089. In an embodiment, the switching circuit comprises 
one or more controllable semiconductor Switches configured 
in at least one of a chopper circuit, a half-bridge circuit, or 
a full-bridge circuit, and the control unit is configured to 
control a pulse-width modulation (PWM) duty cycle of the 
one or more semiconductor Switches according to a desired 
speed of the motor. 
0090. In an embodiment, the motor is a permanent mag 
net DC motor. 

0091. According to another aspect of the invention, a 
power tool is provided comprising: a housing: an electric 
direct-current (DC) motor having a positive terminal, a 
negative terminal, and a commutator engaging a pair of 
brushes coupled to the positive and the negative terminals, 
the motor being configured to operate within an operating 
Voltage range; a power Supply interface arranged to receive 
at least one of AC power from an AC power Supply having 
a first nominal voltage or DC power from a DC power 
Supply having a second nominal Voltage, the DC power 
Supply comprising at least one removable battery pack 
coupled to the power Supply interface, the power Supply 
interface configured to output the AC power via an AC 
power line and the DC power via a DC power line, wherein 
the second nominal voltage falls approximately within the 
operating Voltage range of the motor, but the first nominal 
Voltage is Substantially higher than the operating Voltage 
range of the motor, and a motor control circuit including a 
rectifier circuit configured to rectify an alternating signal to 
a rectified signal on the AC power line, the motor control 
circuit being configured to Supply electric power from one of 
the AC power line or the DC power line via a common node 
to the motor such that the brushes are electrically coupled to 
one of the AC or DC power supplies, the motor control 
circuit being configured to reduce a Supply of power from 
the AC power line to the motor to a level corresponding to 
the operating Voltage range of the motor. 
0092. In an embodiment, the rectifier circuit includes a 
half-wave diode bridge circuit arranged to reduce an average 
Voltage amount on the AC power line by approximately half. 
0093. In an embodiment, the motor control circuit com 
prises a power Switch arranged between the common node 
of the AC and DC power lines and a control unit configured 
to control a pulse-width modulation (PWM) of the power 
Switch, wherein the control unit is configured to set a 
pulse-width modulation (PWM) duty cycle of the power 
switch to a fixed value less than 100% to reduce an average 
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Voltage amount on the AC line to a level corresponding to 
the operating Voltage range of the motor. In an embodiment, 
the power switch comprises one of a field effect transistor 
(FET) or an insulated gate bipolar transistor (IGBT). 
0094. In an embodiment, the motor control circuit com 
prises an AC switch disposed in series with the AC power 
line between the power supply interface and the rectifier 
circuit and a control unit configured to control a phase of the 
AC power line via the AC switch and set a fixed conduction 
band of the AC Switch to reduce an average Voltage amount 
on the AC power line to a level corresponding to the 
operating Voltage range of the motor. 
0095. In an embodiment, the AC switch includes a phase 
controlled Switch comprising one of a triac, a thyristor, or a 
SCR switch, and the controller is configured to control a 
phase of the AC switch according to a desired speed of the 
motor. 

0096. In an embodiment, the motor control circuit com 
prises an ON/OFF switch arranged between the common 
node of the AC and DC power lines and the motor. 
0097. In an embodiment, the motor control circuit com 
prises a control unit coupled to a power Switch arranged on 
the DC power line. In an embodiment, the control unit is 
configured to monitor a fault condition associated with the 
DC power supply and turn the power switch off to cut off a 
supply of power from the DC power supply to the motor. 
0098. In an embodiment, the power tool further com 
prises a power supply switching unit arranged to isolate the 
AC power line and the DC power line. In an embodiment, 
the power Supply Switching unit comprises a relay Switch 
arranged on the DC power line and activated by a coil 
coupled to the AC power line. In an embodiment, the power 
Supply Switching unit comprises at least one double-pole 
double-throw switch arranged between the common node of 
the AC and DC power lines and the power supply interface. 
In an embodiment, the power Supply Switching unit com 
prises at least one single-pole double-throw Switch having 
an output terminal coupled to the common node of the AC 
and DC power lines. 
0099. In an embodiment, the DC power supply comprises 
a high rated Voltage battery pack. 
0100. In an embodiment, the DC power supply comprises 
at least two medium-rated Voltage battery packs and the 
power Supply interface is configured to connect two or more 
of the at least two battery packs in series. In another 
embodiment, the operating Voltage range of the motor is 
approximately within a range of 100V to 120V encompass 
ing the second nominal Voltage, and the first nominal Voltage 
is in the range of 220VAC to 240 VAC. In an embodiment, 
the control unit is configured to set the fixed conduction 
band of the AC switch to a value within the range of 100 to 
140 degrees. 
0101. In an embodiment, the operating Voltage range of 
the motor is approximately within a range of 60V to 90V 
encompassing the second nominal Voltage, and the first 
nominal voltage is in the range of 100 VAC to 120VAC. In 
an embodiment, the control unit is configured to set the fixed 
conduction band of the AC switch to a value within the range 
of 70 to 110 degrees. 
0102. In an embodiment, the control unit is configured to 
operate the tool at constant speed at the fixed conduction 
band. 
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0103) According to another aspect of the invention, the 
power tool described above is a variable-speed tool, as 
described herein. 
0104. In an embodiment, the power tool further com 
prises: a Switching circuit arranged between the common 
node of the AC and DC power lines and the motor; and a 
control unit configured to control a pulse-width modulation 
(PWM) switching operation of the switching circuit to 
control a speed of the motor enabling variable speed opera 
tion of the motor at constant torque. 
0105. In an embodiment, the switching circuit comprises 
one or more controllable semiconductor Switches configured 
in at least one of a chopper circuit, a half-bridge circuit, or 
a full-bridge circuit, and the control unit is configured to 
control a pulse-width modulation (PWM) duty cycle of the 
one or more semiconductor Switches according to a desired 
speed of the motor. 
0106. According to an embodiment, the control unit is 
configured to sense current on one of the AC power line or 
the DC power line to set a mode of operation to one of an 
AC mode of operation or a DC mode of operation. 
0107. In an embodiment, the controller is configured to 
reduce a Supply of power through the Switching circuit to a 
level corresponding to the operating Voltage range of the 
motor in the AC mode of operation. 
0108. In an embodiment, the control unit is configured to 
control the Switching operation of the Switching circuit 
within a first duty cycle range in the DC mode of operation, 
and control the Switching operation of the switching circuit 
within a second duty cycle range in the AC mode of 
operation, wherein the second duty cycle range is Smaller 
than the first duty cycle range. 
0109. In an embodiment, the control unit is configured to 
control the Switching operation of the Switching circuit at 
Zero to 100% duty cycle in the DC mode of operation, and 
control the Switching operation of the Switching circuit from 
Zero to a threshold value less than 100% in the AC mode of 
operation. 
0110. According to another aspect of the invention, a 
power tool is provided comprising: a housing; a brushless 
direct current (BLDC) motor including a rotor and a stator 
having at least three stator windings corresponding to at 
least three phases of the motor, the rotor being moveable by 
the stator when the stator windings are appropriately ener 
gized within the corresponding phases, each phase being 
characterized by a corresponding voltage waveform ener 
gizing the corresponding stator winding, the motor being 
configured to operate within an operating voltage range; a 
power Supply interface arranged to receive at least one of AC 
power from an AC power Supply having a first nominal 
Voltage or DC power from a DC power Supply having a 
second nominal Voltage, the DC power Supply comprising at 
least one removable battery pack coupled to the power 
Supply interface, the power Supply interface configured to 
output the AC power via an AC power line and the DC 
power via a DC power line; and a motor control circuit 
configured to receive the AC power line and the DC power 
line and supply electric power to the motor at a level 
corresponding to the operating Voltage range of the motor, 
the motor control circuit having a rectifier circuit configured 
to rectify an alternating signal on the AC power line to a 
rectified Voltage signal on a DC bus line, and a power Switch 
circuit configured to regulate a Supply of electric power from 
the DC bus line to the motor. 
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0111. In an embodiment, the rectifier circuit comprises a 
diode bridge. In an embodiment, the rectifier circuit further 
comprises a link capacitor arranged in parallel to the diode 
bridge on the DC bus line. In an embodiment, the diode 
bridge comprises a full-wave bridge. In an alternative 
embodiment, the diode bridge comprises a half-wave bridge. 
0112. In an embodiment, the DC power line is connected 
directly to a node on the DC bus line bypassing the rectifier 
circuit. In an alternative embodiment, the DC power line and 
the AC power line are jointly coupled to an input node of the 
rectifier circuit. 

0113. In an embodiment, the power tool further com 
prises a power Supply Switching unit arranged to isolate the 
AC power line and the DC power line. In an embodiment, 
the Switching unit comprises a relay Switch arranged on the 
DC power line and activated by a coil coupled to the AC 
power line. In an embodiment, the power Supply Switching 
unit comprises at least one single-pole double-throw Switch 
having input terminals coupled to the AC and DC power 
lines and an output terminal coupled to an input node of the 
rectifier circuit. In an embodiment, the power Supply Switch 
ing unit comprises at least one double-pole double-throw 
switch having input terminals coupled to the AC and DC 
power lines, a first output terminal coupled to the input node 
of the rectifier circuit, and a second output terminal coupled 
directly to a node on the DC bus line bypassing the rectifier 
circuit. 

0114. In an embodiment, the motor control circuit further 
comprises a controller arranged to control a Switching 
operation of the power switch circuit. In an embodiment, the 
controller is a programmable device including a microcon 
troller, a microprocessor, a computer processor, a signal 
processor. Alternatively, the controller is an integrated cir 
cuit configured and customized to control a Switching opera 
tion of the power switch unit. In an embodiment, the control 
unit is further configured to monitor a fault condition 
associated with the power tool or the DC power supply and 
deactivate the power switch circuit to cut off a supply of 
power to the motor. In an embodiment, the control unit is 
configured to sense current on one of the AC power line or 
the DC power line to set a mode of operation to one of an 
AC mode of operation or a DC mode of operation, and 
control the switching operation of the power switch circuit 
based on the mode of operation. In an alternative embodi 
ment, the control unit is configured to control the Switching 
operation of the power switch circuit irrespective of an AC 
or DC mode of operation. 
0115. In an embodiment, the power switch circuit com 
prises a plurality of power Switches including three pairs of 
high-side and low-side power Switches configured as a 
three-phase bridge circuit coupled to the phases of the motor. 
0116. In an embodiment, the motor control circuit further 
comprises a gate driver circuit coupled to the controller and 
the power Switch circuit, and configured to drive gates of the 
plurality of power switches based on one or more drive 
signals from the controller. 
0117. In an embodiment, the motor control circuit further 
comprises a power Supply regulator including at least one 
Voltage regulator configured to output a Voltage signal to 
power at least one of the gate driver circuit or the controller. 
0118. In an embodiment, the motor control circuit further 
comprises an ON/OFF switch coupled to at least one of an 
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ON/OFF actuator or a trigger switch and arranged to cut off 
a Supply of power from the power Supply regulator and the 
gate driver circuit. 
0119. In an embodiment, the power tool further com 
prises a plurality of position sensors disposed at close 
proximity to the rotor to provide rotational position signals 
of the rotor to the control unit. In an embodiment, the 
controller is configured to control the Switching operation of 
the power Switch circuit based on the position signals to 
appropriately energize the stator windings within the corre 
sponding phases. 
I0120 According to an embodiment, within each phase of 
the motor, the controller is configured to activate a drive 
signal for a corresponding one of the plurality of power 
Switches within a conduction band corresponding to the 
phase of the motor. 
I0121. In an embodiment, the controller is configured to 
set a pulse-width modulation (PWM) duty cycle according 
to a desired speed of the motor and control the drive signal 
to turn the corresponding one of the plurality of power 
switches on and off periodically within the conduction band 
in accordance with the PWM duty cycle to enable variable 
speed operation of the motor at constant load. 
I0122) According to an aspect of the invention, the first 
and second nominal Voltages both fall approximately within 
the operating Voltage range of the motor. 
0123. In an embodiment, the operating Voltage range of 
the motor is approximately within a range of 90V to 132V 
encompassing the second nominal Voltage, and the first 
nominal voltage is in the range of approximately 100 VAC 
to 120 VAC. In an embodiment, the DC power supply 
comprises a high-rated Voltage battery pack. In an embodi 
ment, the DC power Supply comprises at least two medium 
rated Voltage battery packs and the power Supply interface is 
configured to connect two or more of the at least two battery 
packs in series. 
0.124. In an embodiment, the link capacitor has a capaci 
tance value optimized to provide an average Voltage of 
approximately less than or equal to 110V on the DC bus line 
when the power tool is powered by the AC power supply, 
where the first nominal voltage is approximately 120VAC. 
In an embodiment, the link capacitor has a capacitance value 
of less than or equal to approximately 50 LF. 
0.125. In an embodiment, the link capacitor has a capaci 
tance value optimized to provide an average Voltage of 
approximately 120V on the DC bus line when the power tool 
is powered by the AC power supply, where the first nominal 
voltage is approximately 120VAC. In an embodiment, the 
link capacitor has a capacitance value of less than or equal 
to approximately 200 to 600 uF. In an embodiment, the DC 
power Supply has a nominal Voltage of approximately 120 
VDC. 
0126. According to an aspect of the invention, at least one 
of first and second nominal Voltages does not approximately 
correspond to the operating Voltage range of the motor. 
0127. In an embodiment, the motor control circuit is 
configured to optimize a Supply of power from at least one 
of the AC power line or the DC power line to the motor at 
a level corresponding to the operating Voltage range of the 
motor. 

I0128. In an embodiment, the controller is configured to 
set a mode of operation to one of an AC mode of operation 
or a DC mode of operation, and control the Switching 
operation of the power switch circuit based on the mode of 
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operation. In an embodiment, the controller is configured to 
sense current on one of the AC power line or the DC power 
line to set the mode of operation. In an embodiment, the 
controller is configured to receive a signal from the power 
Supply interface indicative of the mode of operation. 
0129. In an embodiment, the operating voltage range of 
the motor encompasses the first nominal Voltage, but not the 
second nominal Voltage. In an embodiment, the operating 
Voltage range of the motor is approximately within a range 
of 100V to 120V encompassing the first nominal voltage, 
and the second nominal Voltage is in a range of approxi 
mately 60 VDC to 100 VDC. In an embodiment, the 
controller may be configured to boost an effective supply of 
power to the motor in the DC mode of operation to corre 
spond to the operating voltage range of the motor. 
0130. In an embodiment, the operating voltage range of 
the motor encompasses the second nominal voltage, but not 
the first nominal Voltage. In an embodiment, the operating 
Voltage range of the motor is approximately within a range 
of 60V to 100V encompassing the second nominal voltage, 
and the first nominal Voltage is in a range of approximately 
100VAC to 120VAC. In an embodiment, the controller may 
be configured to reduce an effective supply of power to the 
motor in the AC mode of operation to correspond to the 
operating Voltage range of the motor. 
0131. In an embodiment, the operating Voltage range of 
the motor encompasses neither the first nominal Voltage nor 
the first nominal Voltage. In an embodiment, the motor 
control circuit is configured to optimize a supply of power 
from both the AC power line and the DC power line to the 
motor at a level corresponding to the operating Voltage range 
of the motor. 
0132. In an embodiment, the operating Voltage range of 
the motor is approximately within a range of 150V to 170V. 
the first nominal voltage is in a range of approximately 100 
VAC to 120 VAC, and the second nominal voltage is in a 
range of approximately 90 VDC to 120 VDC. In an embodi 
ment, the controller may be configured to boost an effective 
supply of power to the motor in both the AC mode of 
operation and the DC mode of operation to correspond to the 
operating Voltage range of the motor. 
0133. In an embodiment, the operating voltage range of 
the motor is approximately within a range of 150V to 170V. 
the first nominal voltage is in a range of approximately 220 
VAC to 240 VAC, and the second nominal voltage is in a 
range of approximately 90 VDC to 120 VDC. In an embodi 
ment, the controller may be configured to boost an effective 
supply of power to the motor in the DC mode of operation, 
but reduce an effective supply of power to the motor in the 
AC mode of operation, to correspond to the operating 
Voltage range of the motor. 
0134. In an embodiment, the controller is configured to 
control the switching operation of the power switch circuit 
via one or more drive signals at a fixed pulse-width modu 
lation (PWM) duty cycle, the controller setting the fixed 
PWM duty cycle to a first value in relation to the first 
nominal Voltage when powered by the AC power Supply and 
to a second value different from the first value and in relation 
to the second nominal voltage when powered by the DC 
power Supply. 
0135) In an embodiment, the controller is configured to 
control the switching operation of the power switch circuit 
via one or more drive signals at a fixed pulse-width modu 
lation (PWM) duty cycle of less than 100% in the AC mode 
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of operation to reduce an effective supply of power to the 
motor in the AC mode of operation to correspond to the 
operating Voltage range of the motor. 
0.136. In an embodiment, the controller is configured to 
control the switching operation of the power switch circuit 
via one or more drive signals at a pulse-width modulation 
(PWM) duty cycle up to a threshold value, the controller 
setting the threshold value to a first value in relation to the 
first nominal voltage when powered by the AC power supply 
and to a second value different from the first value and in 
relation to the second nominal Voltage when powered by the 
DC power supply. 
0.137 In an embodiment, the controller is configured to 
control the switching operation of the power switch circuit 
within a first duty cycle range in the DC mode of operation, 
and control the Switching operation of the power Switch 
circuit within a second duty cycle range in the AC mode of 
operation, wherein the second PWM duty cycle range is 
Smaller than the first duty cycle range, in order to reduce an 
effective supply of power to the motor in the AC mode of 
operation to correspond to the operating Voltage range of the 
motor. 

0.138. In an embodiment, the controller is configured to 
control the switching operation of the power switch circuit 
at Zero to 100% duty cycle in the DC mode of operation, and 
control the switching operation of the power switch circuit 
from Zero to a threshold value less than 100% in the AC 
mode of operation, in order to reduce an effective Supply of 
power to the motor in the AC mode of operation to corre 
spond to the operating voltage range of the motor. 
0.139. In an embodiment, the controller is configured to 
receive a measure of instantaneous current on the DC bus 
line and enforce a current limit on current through the power 
Switch circuit by comparing instantaneous current measures 
to the current limit and, in response to an instantaneous 
current measure exceeding the current limit, turning off the 
plurality of power switches for a remainder of a present time 
interval to interrupt current flowing to the electric motor, 
where duration of each time interval is fixed as a function of 
the given frequency at which the electric motor is controlled 
by the controller. 
0140. In an embodiment, the controller turns on select 
power switches at end of the present time interval and 
thereby resumes current flow to the motor. 
0.141. In an embodiment, the duration of each time inter 
Val is approximately ten times an inverse of the given 
frequency at which the motor is controlled by the controller. 
In an embodiment, the duration of each time interval is on 
the order to 100 microseconds. 

0142. In an embodiment, duration of the each time inter 
Val corresponds to a period of pulse-width modulation 
(PWM) cycle. 
0143. In an embodiment, the controller is configured to 
receive a measure of current on the DC bus line and enforce 
a current limit on current through the power switch circuit by 
setting or adjusting a PWM duty cycle of the one or more 
drive signals. In an embodiment, the controller is configured 
to monitor the current through the DC bus line and adjust the 
PWM duty cycle if the current through the DC bus line 
exceeds the current limit. 

0144. In an embodiment, the controller is configured to 
set the current limit according to a Voltage rating of one of 
the AC or the DC power supplies. 
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0145. In an embodiment, the controller is configured to 
set the current limit to a first threshold in the AC mode of 
operation and to a second threshold in the DC mode of 
operation, wherein the second threshold is higher than the 
first threshold, in order to reduce an effective supply of 
power to the motor in the AC mode of operation to corre 
spond to the operating voltage range of the motor. 
0146 According to an embodiment, the controller is 
configured to activate a drive signal within each phase of the 
motor for a corresponding one of the plurality of power 
Switches within a conduction band (CB) corresponding to 
the phase of the motor. According to an embodiment, the CB 
is set to approximately 120 degrees. 
0147 In an embodiment, the controller is configured to 
shift the CB by an advance angle (AA) such that the CB 
leads ahead of a back electro-magnetic field (EMF) current 
of the motor. According to an embodiment, the AA is set to 
approximately 30 degrees. 
0148. In an embodiment, the controller is configured to 
set at least one of the CB or AA according to a Voltage rating 
of one or more of the AC or DC power supplies. In an 
embodiment, the controller is configured to set at least one 
of the CB or AA to a first value in relation to the first nominal 
Voltage when powered by the AC power Supply and to a 
second value different from the first value and in relation to 
the second nominal voltage when powered by the DC power 
Supply. 
0149. In an embodiment, the controller is configured set 

to the CB to a first CB value during the AC mode of 
operation and to a second CB value greater than the first CB 
value during the DC mode of operation. In an embodiment, 
the second CB value is determined so as to boost an effective 
supply of power to the motor in the DC mode of operation 
to correspond to the operating Voltage range of the motor. In 
an embodiment, first CB value is approximately 120 degrees 
and the second CB value is greater than approximately 130 
degrees. 
0150. In an embodiment, the controller is configured set 

to the AA to a first AA value during the AC mode of 
operation and to a second AA value greater than the first AA 
value during the DC mode of operation. In an embodiment, 
the second AA value is determined so as to boost an effective 
supply of power to the motor in the DC mode of operation 
to correspond to the operating Voltage range of the motor. In 
an embodiment, first AA value is approximately 30 degrees 
and the second AA value is greater than approximately 35 
degrees. 
0151. In an embodiment, the controller is configure to set 
the CB and AA in tandem according to the Voltage rating of 
the AC or DC power supplies. 
0152. In an embodiment, the controller is configured to 
set at least one of the CB or AA to a base value correspond 
ing to a maximum speed of the motor at approximately no 
load, and gradually increase the at least one of CB or AA 
from the base value to a threshold value in relation to an 
increase in torque to yield a substantially linear speed-torque 
curve. In an embodiment, the controller is configured to 
maintain Substantially constant speed on the speed-torque 
curve. In an embodiment, the base value and the threshold 
value corresponds to a low torque range within which the 
speed-torque curve is Substantially linear. In an embodiment, 
the controller is configured to maintain the at least one of CB 
or AA at the torque greater than the low torque range. 
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0153. According to another aspect of the invention, a 
power tool is provided comprising: a housing; a brushless 
direct current (BLDC) motor including a rotor and a stator 
having at least three stator windings corresponding to at 
least three phases of the motor, the rotor being moveable by 
the stator when the stator windings are appropriately ener 
gized within the corresponding phases, each phase being 
characterized by a corresponding voltage waveform ener 
gizing the corresponding stator winding, the motor being 
configured to operate within an operating Voltage range; and 
a motor control circuit configured to receive electric power 
from a first power Supply having a first nominal voltage or 
a second power Supply having a second nominal Voltage 
different from the first nominal voltage, and to provide 
electric power to the motor at a level corresponding to the 
operating Voltage range of the motor. In an embodiment, the 
first and second power Supplies each comprise an AC power 
Supply or a DC power Supply. 
0154. In an embodiment, at least one of first and second 
nominal Voltages does not approximately correspond to, is 
different from, or is outside the operating Voltage range of 
the motor. In an embodiment, the motor control circuit is 
configured to optimize a Supply of power from at least one 
of the first or second power supplies to the motor at a level 
corresponding to the operating Voltage range of the motor. 
0.155. In an embodiment, the operating voltage range of 
the motor encompasses the first nominal Voltage, but not the 
second nominal Voltage. In an embodiment, the operating 
voltage range of the motor is approximately within a range 
of 100V to 120V encompassing the first nominal voltage, 
and the second nominal Voltage is in a range of approxi 
mately 60V to 100V. In an embodiment, the controller may 
be configured to boost an effective supply of power to the 
motor to correspond to the operating Voltage range of the 
motor when powered by the second power Supply. 
0156. In an embodiment, the operating voltage range of 
the motor encompasses the second nominal voltage, but not 
the first nominal Voltage. In an embodiment, the operating 
Voltage range of the motor is approximately within a range 
of 60V to 100V encompassing the second nominal voltage, 
and the first nominal Voltage is in a range of approximately 
100 VAC to 120VAC. In an embodiment, the controller may 
be configured to reduce an effective supply of power to the 
motor to correspond to the operating Voltage range of the 
motor when powered by the first power supply. 
0157. In an embodiment, the operating voltage range of 
the motor encompasses neither the first nominal Voltage nor 
the first nominal Voltage. In an embodiment, the motor 
control circuit is configured to optimize a Supply of power 
from both the first and the second power supplies to the 
motor at a level corresponding to the operating Voltage range 
of the motor. 

0158. In an embodiment, at least one of the first or second 
power Supplies comprises an AC power Supply and the 
motor control circuit comprises a rectifier circuit including 
a diode bridge. In an embodiment, the rectifier circuit further 
comprises a link capacitor arranged in parallel to the diode 
bridge on the DC bus line. In an embodiment, the diode 
bridge comprises a full-wave bridge. In an alternative 
embodiment, the diode bridge comprises a half-wave bridge. 
0159. In an embodiment, both the first and the second 
power Supplies comprise DC power Supplies having differ 
ent nominal Voltage levels. 
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0160. In an embodiment, the motor control circuit further 
comprises a controller arranged to control a Switching 
operation of the power switch circuit. In an embodiment, the 
controller is a programmable device including a microcon 
troller, a microprocessor, a computer processor, a signal 
processor. Alternatively, the controller is an integrated cir 
cuit configured and customized to control a Switching opera 
tion of the power switch unit. 
0161 In an embodiment, the power switch circuit com 
prises a plurality of power Switches including three pairs of 
high-side and low-side power Switches configured as a 
three-phase bridge circuit coupled to the phases of the motor. 
In an embodiment, the motor control circuit further com 
prises a gate driver circuit coupled to the controller and the 
power Switch circuit, and configured to drive gates of the 
plurality of power switches based on one or more drive 
signals from the controller. In an embodiment, the motor 
control circuit further comprises a power Supply regulator 
including at least one Voltage regulator configured to output 
a Voltage signal to power at least one of the gate driver 
circuit or the controller. In an embodiment, the motor control 
circuit further comprises an ON/OFF switch coupled to at 
least one of an ON/OFF actuator or a trigger switch and 
arranged to cut off a Supply of power from the power Supply 
regulator and the gate driver circuit. 
0162. In an embodiment, the power tool further com 
prises a plurality of position sensors disposed at close 
proximity to the rotor to provide rotational position signals 
of the rotor to the control unit. In an embodiment, the 
controller is configured to control the Switching operation of 
the power Switch circuit based on the position signals to 
appropriately energize the stator windings within the corre 
sponding phases. 
0163 According to an embodiment, within each phase of 
the motor, the controller is configured to activate a drive 
signal for a corresponding one of the plurality of power 
Switches within a conduction band corresponding to the 
phase of the motor. 
0164. In an embodiment, the controller is configured to 
set a pulse-width modulation (PWM) duty cycle according 
to a desired speed of the motor and control the drive signal 
to turn the corresponding one of the plurality of power 
switches on and off periodically within the conduction band 
in accordance with the PWM duty cycle to enable variable 
speed operation of the motor at constant load. 
0.165. In an embodiment, the link capacitor has a capaci 
tance value of less than or equal to approximately 50 LF. 
0166 In an embodiment, the controller is configured to 
control the switching operation of the power switch circuit 
via one or more drive signals at a fixed pulse-width modu 
lation (PWM) duty cycle, the controller setting the fixed 
PWM duty cycle to a first value in relation to the first 
nominal Voltage when powered by the first power Supply 
and to a second value different from the first value and in 
relation to the second nominal Voltage when powered by the 
second power Supply. 
0167. In an embodiment, the controller is configured to 
control the switching operation of the power switch circuit 
via one or more drive signals at a pulse-width modulation 
(PWM) duty cycle up to a threshold value, the controller 
setting the threshold value to a first value in relation to the 
first nominal voltage when powered by the first power 
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supply and to a second value different from the first value 
and in relation to the second nominal Voltage when powered 
by the second power Supply. 
0.168. In an embodiment, the controller is configured to 
control the switching operation of the power switch circuit 
within a first duty cycle range when coupled to the first 
power Supply, and control the Switching operation of the 
power Switch circuit within a second duty cycle range when 
coupled to the second power Supply, wherein the second 
PWM duty cycle range is smaller than the first duty cycle 
range, in order to optimize an effective Supply of power to 
the motor when powered by the either the first or the second 
power Supplies to correspond to the operating Voltage range 
of the motor. 
0169. In an embodiment, the controller is configured to 
receive a measure of instantaneous current on the DC bus 
line and enforce a current limit on current through the power 
Switch circuit by comparing instantaneous current measures 
to the current limit and, in response to an instantaneous 
current measure exceeding the current limit, turning off the 
plurality of power switches for a remainder of a present time 
interval to interrupt current flowing to the electric motor, 
where duration of each time interval is fixed as a function of 
the given frequency at which the electric motor is controlled 
by the controller. 
(0170. In an embodiment, the controller turns on select 
power switches at end of the present time interval and 
thereby resumes current flow to the motor. 
(0171 In an embodiment, the duration of each time inter 
Val is approximately ten times an inverse of the given 
frequency at which the motor is controlled by the controller. 
In an embodiment, the duration of each time interval is on 
the order to 100 microseconds. 
0.172. In an embodiment, duration of the each time inter 
Val corresponds to a period of pulse-width modulation 
(PWM) cycle. 
0173. In an embodiment, the controller is configured to 
receive a measure of current on the DC bus line and enforce 
a current limit on current through the power switch circuit by 
setting or adjusting a PWM duty cycle of the one or more 
drive signals. In an embodiment, the controller is configured 
to monitor the current through the DC bus line and adjust the 
PWM duty cycle if the current through the DC bus line 
exceeds the current limit. 
0.174. In an embodiment, the controller is configured to 
set the current limit according to a Voltage rating of one of 
the first or second power Supplies. 
0.175. In an embodiment, the controller is configured to 
set the current limit to a first threshold when the power tool 
is powered by the first power Supply and to a second 
threshold when the power tool is powered by the second 
power Supply, wherein the second threshold is higher than 
the first threshold, in order to optimize an effective supply of 
power to the motor from either the first or the second power 
Supplies to correspond to the operating Voltage range of the 
motor. 

0176 According to an embodiment, the controller is 
configured to activate a drive signal within each phase of the 
motor for a corresponding one of the plurality of power 
Switches within a conduction band (CB) corresponding to 
the phase of the motor. According to an embodiment, the CB 
is set to approximately 120 degrees. 
0177. In an embodiment, the controller is configured to 
shift the CB by an advance angle (AA) such that the CB 
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leads ahead of a back electro-magnetic field (EMF) current 
of the motor. According to an embodiment, the AA is set to 
approximately 30 degrees. 
0178. In an embodiment, the controller is configured to 
set at least one of the CB or AA according to a Voltage rating 
of one or more of the first or the second power supplies. 
0179. In an embodiment, the controller is configured to 
set the CB to a first CB value when the power tool is 
powered by the first power supply and to a second CB value 
greater than the first CB value when the power tool is 
powered by the second power Supply. In an embodiment, the 
second CB value is determined so as to boost or reduce an 
effective supply of power to the motor when powered by 
either the first or the second power supplies to correspond to 
the operating Voltage range of the motor. In an embodiment, 
first CB value is approximately 120 degrees and the second 
CB value is greater than approximately 130 degrees. 
0180. In an embodiment, the controller is configured to 
the AA to a first AA value when the power tool is powered 
by the first power Supply to a second AA value greater than 
the first AA value when the power tool is powered by the 
second power Supply. In an embodiment, the second AA 
value is determined so as to boost or reduce an effective 
supply of power to the motor when powered by either the 
first or the second power Supplies to correspond to the 
operating Voltage range of the motor. In an embodiment, first 
AA value is approximately 30 degrees and the second AA 
value is greater than approximately 35 degrees. 
0181. In an embodiment, the controller is configure to set 
the CB and AA in tandem according to the Voltage rating of 
the first or the second power Supplies. 
0182. In an embodiment, the controller is configured to 
set at least one of the CB or AA to a base value correspond 
ing to a maximum speed of the motor at approximately no 
load, and gradually increase the at least one of CB or AA 
from the base value to a threshold value in relation to an 
increase in torque to yield a substantially linear speed-torque 
curve. In an embodiment, the controller is configured to 
maintain Substantially constant speed on the speed-torque 
curve. In an embodiment, the base value and the threshold 
value corresponds to a low torque range within which the 
speed-torque curve is Substantially linear. In an embodiment, 
the controller is configured to maintain the at least one of CB 
or AA at the torque greater than the low torque range. 
0183 In another aspect, a battery pack is convertible back 
and forth between a low rated Voltage/high capacity con 
figuration and a medium rated Voltage/low capacity con 
figuration. 
0184. In another aspect, a power tool system includes a 
battery pack that is convertible back and forth between a low 
rated Voltage/high capacity configuration and a medium 
rated Voltage/low capacity configuration and a power tool 
that couples with the battery pack, converts the battery pack 
from the low rated Voltage/high capacity configuration to the 
medium rated Voltage/low capacity configuration and oper 
ates with the battery pack in its medium rated voltage/low 
capacity configuration. 
0185. In another aspect, a power tool system includes a 
battery pack that is convertible back and forth between a low 
rated Voltage/high capacity configuration and a medium 
rated Voltage/low capacity configuration, a first power tool 
that couples with the battery pack, converts the battery pack 
from the low rated Voltage/high capacity configuration to the 
medium rated Voltage/low capacity configuration and oper 
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ates with the battery pack its medium rated voltage/low 
capacity configuration and a second power tool that couples 
with the battery pack and operates with the battery pack in 
its low rated Voltage/high capacity configuration. 
0186. In another aspect, a power tool system includes a 

first battery pack that is convertible back and forth between 
a low rated Voltage/high capacity configuration and a 
medium rated Voltage/low capacity configuration, a second 
battery pack that is always in a low rated Voltage/high 
capacity configuration and a power tool that couples with the 
first battery pack and operates with the first battery pack in 
its low rated Voltage/high capacity configuration and couples 
with the second battery pack and operates with the second 
battery pack in its low rated Voltage/high capacity configu 
ration. 

0187. In another aspect, a power tool system includes a 
first battery pack that is convertible back and forth between 
a low rated Voltage/high capacity configuration and a 
medium rated Voltage/low capacity configuration, a second 
battery pack that is always in a low rated Voltage/high 
capacity configuration, a first power tool power tool that 
couples with the first battery pack and operates with the first 
battery pack in its low rated Voltage/high capacity configu 
ration and couples with the second battery pack and operates 
with the second battery pack in its low rated voltage/high 
capacity configuration and a second power tool that couples 
with the first battery pack but not the second battery pack 
and operates with the first battery pack in its high rated 
Voltage/low capacity configuration. 
0188 In another aspect, a power tool system includes a 
battery pack that is convertible back and forth between a low 
rated Voltage/high capacity configuration and a medium 
rated Voltage/low capacity configuration, a first, medium 
rated Voltage power tool that couples with the battery pack, 
converts the battery pack from the low rated voltage/high 
capacity configuration to the medium rated Voltage/low 
capacity configuration and operates with the battery pack in 
its medium rated Voltage/low capacity configuration and a 
second, high rated Voltage power tool that couples with a 
plurality of the battery packs, converts each battery pack 
from the low rated Voltage/high capacity configuration to the 
medium rated Voltage/low capacity configuration and oper 
ates with the battery packs in their medium rated voltage/ 
low capacity configuration. 
0189 In another aspect, a power tool system includes a 
battery pack that is convertible back and forth between a low 
rated Voltage/high capacity configuration and a medium 
rated Voltage/low capacity configuration, a high rated Volt 
age power tool that couples with a plurality of the battery 
packs, converts each battery pack from the low rated Volt 
age/high capacity configuration to the medium rated Voltage? 
low capacity configuration and/or couples with a high rated 
Voltage alternating current power Supply and operates at a 
high rated voltage with either the battery packs in their 
medium rated Voltage/low capacity configuration and/or the 
high rated Voltage alternating current power Supply. 
0190. In another aspect, a first battery pack is convertible 
back and forth between a low rated Voltage/high capacity 
configuration and a medium rated Voltage/low capacity 
configuration a second battery pack that is always in a low 
rated Voltage/high capacity configuration and a battery pack 
charger is electrically and mechanically connectable to the 
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first battery pack and the second battery pack is able to 
charger both the first battery pack and the second battery 
pack. 
0191 In another aspect, a battery pack includes a housing 
and a battery residing in the housing. The battery may 
include a plurality of rechargeable cells and a Switching 
network coupled to the plurality of rechargeable cells. The 
Switching network may have a first configuration and a 
second configuration. The Switching network may be Swit 
chable from the first configuration to the second configura 
tion and from the second configuration to the first configu 
ration. The plurality of rechargeable cells may be in a first 
configuration when the Switching network is in the first 
configuration and a second configuration when the Switching 
network is in the second configuration. The second configu 
ration is different than the first configuration. 
0.192 The switching network of the battery pack of this 
embodiment may have a third configuration wherein the 
plurality of rechargeable cells is in a third configuration 
when the Switching network is in the third configuration. 
The switching network of the battery pack of this embodi 
ment may be switched between the first configuration and 
the second configurations by an external input to the battery 
pack. The first configuration of the rechargeable cells of the 
battery pack of this embodiment may be a relatively low 
Voltage and high capacity configuration and the second 
configuration of the rechargeable cells of the battery pack 
may be a relatively high Voltage and low capacity configu 
ration. The battery pack of this embodiment may include cell 
configurations in which the first configuration provides a 
first rated pack Voltage and the second configuration pro 
vides a second rated pack Voltage, wherein the first rated 
pack Voltage is different than the second rated pack Voltage. 
The third configuration of the battery pack of this embodi 
ment may be an open circuit configuration. 
0193 The rechargeable cells of the battery pack of the 

first configuration may enter the third configuration upon 
converting between the first and second configurations. The 
battery pack of this embodiment may comprise a terminal 
block coupled to the plurality of rechargeable cells and the 
switching network, wherein the terminal block receives a 
switching element to switch the switching network from the 
first configuration to the second configuration. 
0194 In another aspect, a battery pack comprises a 
housing and a battery residing in the housing. The battery 
may include a set P of Orechargeable cells Q, where O is 
a number 2. The set P of rechargeable cells Q may include 
N subsets R of cells Q, where N is a number 2. Each subset 
R of cells Q may include M cells Q, where M is a number 
>1, where MxN=O. The battery may include a switching 
network coupled to the rechargeable cells, wherein the 
Switching network may have a first configuration and a 
second configuration and may be switchable from the first 
configuration to the second configuration and from the 
second configuration to the first configuration. All of the 
subsets R of rechargeable cells Q may be connected in 
parallel when the Switching network is in the first configu 
ration and disconnected when the Switching network is in 
the second configuration. A first power terminal may be 
coupled to a positive terminal of cell Q1 and a second power 
terminal may be coupled to a negative terminal of Q0 
wherein the first and second power terminals provide power 
out from the battery pack. A negative conversion terminal 
may be coupled to a negative terminal of each Subset R1 
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through RN-1 and a positive conversion terminal may be 
coupled to a positive terminal of each subset R2 through RN. 
The negative conversion terminal and the positive conver 
sion terminal of the battery pack of this embodiment are 
accessible from outside the battery housing. 
0.195. In another aspect, a battery pack comprises a 
housing and a battery residing in the housing. The battery of 
this embodiment may include a battery residing in the 
housing. The battery of this embodiment may include a set 
P of Orechargeable cells Q, where O is a number 2. The 
set P of rechargeable cells Q may include N subsets R of 
cells Q, where N is a number 22. Each subset R of cells Q 
may include M cells Q, where M is a number 21, where 
MxN=O. The battery pack of this embodiment may include 
a switching network coupled to the rechargeable cells. The 
Switching network may have a first configuration and a 
second configuration and may be switchable from the first 
configuration to the second configuration and from the 
second configuration to the first configuration. All of the 
subsets R of rechargeable cells Q may be connected in 
parallel when the Switching network is in the first configu 
ration and disconnected when the Switching network is in 
the second configuration. The battery pack may include a 
first power terminal coupled to a positive terminal of Q1 and 
a second power terminal coupled to a negative terminal of 
Q0 wherein the first and second power terminals provide 
power out from the battery pack. The battery pack may 
include a negative conversion terminal coupled to a negative 
terminal of each subset of cells and a positive conversion 
terminal coupled to a positive terminal of each subset of 
cells. 

0196. In another aspect, a power tool comprises: a first 
power Supply from an AC input having a rated AC Voltage; 
a second power Supply from a plurality of rechargeable 
battery cells having the rated DC voltage; a motor couple 
able to the first power Supply and the second power Supply: 
and a control circuit configured to operate the motor with 
Substantially the same output power when operating on the 
first power Supply and the second power Supply. The rated 
DC voltage of the power tool of this embodiment may be 
approximately equal to the rated AC voltage. The motor of 
the power tool of this embodiment is a brushed motor. The 
control circuit of the power tool of this embodiment may 
operate the brushed motor at a constant no load speed 
regardless of whether the motor is operating on the first 
power Supply or the second power Supply. The control 
circuit of the power tool of this embodiment may operate the 
brushed motor at a variable no load speed based upon a user 
input. The control circuit of the power tool of this embodi 
ment may include an IGBT/MOSFET circuit configured to 
operate the motor at a variable no load speed using either the 
first power Supply or the second power Supply. The motor of 
the power tool of this embodiment may be a brushless motor. 
The control circuit of the power tool of this embodiment 
may comprise a small capacitor and a cycle by cycle current 
limiter. The rated DC voltage of the power tool of this 
embodiment may be less than the rated AC voltage. The 
control circuit of the power tool of this embodiment may 
comprise a small capacitor and a cycle by cycle current 
limiter. The control circuit power tool of this embodiment 
may comprise at least one of advance angle and conduction 
band controls. The control circuit of the power tool of this 
embodiment may detect whether the first power supply and 
the second power supply are activated. The control circuit of 
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the power tool of this embodiment may select the first power 
supply whenever it is active. The control circuit of the power 
tool of this embodiment may switch to the second power 
Supply in the event that the first power Supply becomes 
inactive. The control circuit of the power tool of this 
embodiment may include a boost mode whereby the control 
circuit operates the power Supply at a higher output power 
using both the first power Supply and the second power 
Supply simultaneously. The power Supply of the power tool 
of this embodiment may be provided by a cordset. The first 
power Supply and the second power Supply of the power tool 
of this embodiment may provide power to the motor simul 
taneously and may provide Substantially more power than 
either the first or the second power supplies could provide 
individually. 
0197) In another aspect, a power tool comprises an input 
for receiving power from an AC power Supply; an input for 
receiving power from a rechargeable DC power Supply; a 
charger for charging the rechargeable DC power Supply with 
the AC power Supply; and a motor configured to be powered 
by at least one of the AC power supply and the rechargeable 
DC power supply. The AC power supply of the power tool 
of this embodiment may be a mains line. The rechargeable 
DC power supply of the power tool of this embodiment may 
be a removable battery pack. 
0198 In another aspect, a power tool comprises a power 
tool comprising an input for receiving AC power from an AC 
power source, the AC power Source having a rated AC 
voltage, the AC power source external to the power tool; an 
input for receiving DC power from a DC power source, the 
DC power source having a rated DC voltage, the DC power 
Source being a plurality of rechargeable battery cells, the 
rated DC voltage approximately equal to the rated AC 
Voltage; and a motor configured to be powered by at least 
one of the AC power source and the DC power source. The 
AC power source of the power tool of this embodiment may 
be a mains line. The rechargeable DC power supply of the 
power tool of this embodiment may be a battery pack. The 
AC power supply and the DC power supply of the power 
tool of this embodiment may have a rated voltage of 120 
volts. 

0199. In another aspect, a power tool comprises a motor; 
a first power Supply from an AC input line; a second power 
Supply from a rechargeable battery, the second power Supply 
providing power approximately equivalent to the power of 
the first power supply. The first power supply and the second 
power supply of the power tool of this embodiment may 
provide power to the motor simultaneously. The first power 
Supply and the second power Supply of the power tool of this 
embodiment may provide power to the motor alternatively. 
0200. In another aspect, a power tool comprises a motor; 
a first power Supply from an AC input line; a second power 
Supply from a rechargeable battery, the second power Supply 
providing power approximately equivalent to the power of 
the first power supply. The first power supply and the second 
power supply of the power tool of this embodiment may 
provide power to the motor simultaneously. The first power 
Supply and the second power Supply of the power tool of this 
embodiment may provide power to the motor alternatively. 
0201 In another aspect, a battery pack may include: a 
housing; a plurality of cells; and a converter element, the 
converter element moveable between a first position wherein 
the plurality of cells are configured to provide a first rated 
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Voltage and a second position wherein the plurality of cells 
are configured to provide a second rated Voltage different 
than the first rated voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0202 FIG. 1A is a schematic diagram of a power tool 
system. 
0203 FIG. 1B is a schematic diagram of one particular 
implementation of a power tool system. 
0204 FIGS. 2A-2C are exemplary simplified circuit dia 
grams of battery cell configurations of a battery. 
0205 FIG. 3A is a schematic diagram of a set of low rated 
voltage DC power tool(s), a set of DC battery pack power 
Supply(ies), and a set of battery pack charger(s) of the power 
tool system of FIG. 1A. 
0206 FIG. 3B is a schematic diagram of a set of medium 
rated voltage DC power tool(s), a set of DC battery pack 
power Supply(ies), and a set of battery pack charger(s) of the 
power tool system of FIG. 1A. 
0207 FIG. 3C is a schematic diagram of a set of high 
rated voltage DC power tool(s), a set of DC battery pack 
power Supply(ies), and a set of battery pack charger(s) of the 
power tool system of FIG. 1A. 
0208 FIG. 4 is a schematic diagram of a set of high rated 
voltage AC/DC power tool(s), a set of DC battery pack 
power Supply(ies), a set of AC power Supply(ies), and a set 
of battery pack charger(s) of the power tool system of FIG. 
1A. 

(0209 FIGS. 5A-5B are schematic diagrams of classifi 
cations of AC/DC power tools of the power tool system of 
FIG 1A 
0210 FIG. 6A depicts an exemplary system block dia 
gram of a constant-speed AC/DC power tool with a univer 
sal motor, according to an embodiment. 
0211 FIG. 6B depicts an exemplary system block dia 
gram of the constant-speed AC/DC power tool of FIG. 6A 
additionally provided with an exemplary power Supply 
Switching unit, according to an embodiment. 
0212 FIG. 6C depicts an exemplary system block dia 
gram of the constant-speed AC/DC power tool of FIG. 6A 
additionally provided with an alternative exemplary power 
Supply Switching unit, according to an embodiment. 
0213 FIG. 6D depicts an exemplary system block dia 
gram of the constant-speed AC/DC power tool of FIG. 6A 
additionally provided with yet another exemplary power 
Supply Switching unit, according to an embodiment. 
0214 FIG. 6E depicts an exemplary system block dia 
gram of a constant-speed AC/DC power tool with a univer 
sal motor where power Supplied from an AC power Supply 
has a nominal Voltage significantly different from nominal 
Voltage provided from a DC power Supply, according to an 
embodiment. 
0215 FIG. 7A depicts an exemplary system block dia 
gram of a variable-speed AC/DC power tool with a universal 
motor, according to an embodiment. 
0216 FIG. 7B depicts an exemplary system block dia 
gram of the constant-speed AC/DC power tool of FIG. 7A 
additionally provided with a power Supply Switching unit, 
according to an embodiment. 
0217 FIGS. 7C-7E depict exemplary circuit diagrams of 
various embodiments of a DC Switch circuit. 
0218 FIG. 7F depicts an exemplary system block dia 
gram of a variable-speed AC/DC power tool with a universal 
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motor having an integrated AC/DC power Switching circuit, 
according to an alternative embodiment. 
0219 FIGS. 7G and 7H depict exemplary circuit dia 
grams of various embodiments of the integrated AC/DC 
power Switching circuit. 
0220 FIG. 8A depicts an exemplary system block dia 
gram of a constant-speed AC/DC power tool with a brushed 
direct-current (DC) motor, according to an embodiment. 
0221 FIG. 8B depicts an exemplary system block dia 
gram of the constant-speed AC/DC power tool of FIG. 8A 
additionally provided with an exemplary power Supply 
Switching unit, according to an embodiment. 
0222 FIG. 8C depicts an exemplary system block dia 
gram of a constant-speed AC/DC power tool with a brushed 
DC motor where power supplied from an AC power supply 
has a nominal Voltage significantly different from nominal 
Voltage provided from a DC power Supply, according to an 
embodiment. 
0223 FIG. 8D depicts another exemplary system block 
diagram of a constant-speed AC/DC power tool with a 
brushed DC motor where power supplied from an AC power 
Supply has a nominal Voltage significantly different from 
nominal Voltage provided from a DC power Supply, accord 
ing to an alternative embodiment. 
0224 FIG. 9A depicts an exemplary system block dia 
gram of a variable-speed AC/DC power tool with a brushed 
DC motor, according to an embodiment. 
0225 FIG. 9B depicts an exemplary system block dia 
gram of the constant-speed AC/DC power tool of FIG. 9A 
additionally provided with a power Supply Switching unit, 
according to an embodiment. 
0226 FIG. 10A depicts an exemplary system block dia 
gram of an AC/DC power tool with a three-phase brushless 
DC motor having a power Supply Switching unit and a motor 
control circuit, according to an embodiment. 
0227 FIG. 10B depicts an exemplary system block dia 
gram of the AC/DC power tool of FIG. 10A having an 
alternative power Supply Switching unit, according to an 
embodiment. 

0228 FIG. 10C depicts an exemplary power switch cir 
cuit having a three-phase inverter bridge, according to an 
embodiment. 

0229 FIG. 11A depicts an exemplary waveform diagram 
of a drive signal for the power Switch circuit within a single 
conduction band of a phase of the motor at various pulse 
width modulation (PWM) duty cycle levels for variable 
speed operation of the brushless motor, according to an 
embodiment. 

0230 FIG. 11B depicts an exemplary current-time wave 
form implementing an exemplary 20 amp cycle-by-cycle 
current limit, according to an embodiment. 
0231 FIG. 11C depicts an exemplary flowchart for 
implementing cycle-by-cycle current limits. 
0232 FIG. 12A depicts an exemplary waveform diagram 
of a pulse-width modulation (PWM) drive sequence of the 
three-phase inventor bridge circuit FIG. 10C within a full 
360 degree conduction cycle, where each phase is being 
driven at a 120 degree conduction band (CB), according to 
an embodiment. 

0233 FIG. 12B depicts an exemplary waveform diagram 
of the drive sequence of FIG. 12A operating at full-speed, 
according to an embodiment. 
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0234 FIG. 12C depicts an exemplary waveform diagram 
corresponding to the drive sequence of FIG. 12B with an 
advance angle (AA) of Y-30°, according to an embodiment. 
0235 FIG. 12D depicts an exemplary speed-torque 
waveform diagram of an exemplary high powered tool 
showing the effect of increasing AA at a fixed CB of 120° on 
the speed/torque profile, according to an embodiment. 
0236 FIG. 12E depicts an exemplary power-torque 
waveform diagram of the same high powered tool showing 
the effect of increasing AA at a fixed CB of 120° on the 
power/torque profile, according to an embodiment. 
0237 FIG. 12F depicts an exemplary efficiency-torque 
waveform diagram of the same high powered tool showing 
the effect of increasing AA at a fixed CB of 120° on the 
efficiency/torque profile, according to an embodiment. 
0238 FIG. 13A depicts an exemplary waveform diagram 
of the drive sequence of the three-phase inventor bridge 
circuit, where each phase is being driven at CB of 150°. 
according to an embodiment. 
0239 FIG. 13B depicts an exemplary waveform diagram 
of the drive sequence of the three-phase inventor bridge 
circuit, where each phase is being driven at CB of 150° with 
an AA of Y-30°, according to an embodiment. 
0240 FIG. 13C depicts an exemplary speed-torque wave 
form diagram of an exemplary high powered tool showing 
the effect of increasing CB and AA in tandem on the 
speed/torque profile, according to an embodiment. 
0241 FIG. 13D depicts an exemplary power-torque 
waveform diagram of the same high powered tool showing 
the effect of increasing CB and AA in tandem on the 
power/torque profile, according to an embodiment. 
0242 FIG. 13E depicts an exemplary efficiency-torque 
waveform diagram of the same high powered tool showing 
the effect of increasing CB and AA in tandem on the 
efficiency/torque profile, according to an embodiment. 
0243 FIG. 13F depicts an exemplary improved speed 
torque waveform diagram of an exemplary high powered 
tool using variable CB/AA, according to an embodiment. 
0244 FIG. 13G depicts another improved speed-torque 
waveform diagram of the same high powered tool using 
variable CB/AA, according to an alternative embodiment. 
0245 FIG. 14A depicts an exemplary maximum power 
output contour map for an exemplary power tool based on 
various CB and AA values, according to an alternative 
embodiment. 
0246 FIG. 14B depicts an exemplary efficiency contour 
map for the same power tool based on various CB and AA 
values, according to an alternative embodiment. 
0247 FIG. 14C depicts an exemplary combined effi 
ciency and maximum power output contour map for the 
same power tool based on various CB and AA values, 
according to an alternative embodiment. 
0248 FIG. 14D depicts an exemplary contour map show 
ing optimal combined efficiency and maximum power out 
put contours at various input voltage levels, according to an 
alternative embodiment. 

0249 FIG. 15A depicts an exemplary waveform diagram 
of the rectified AC waveform supplied to the motor control 
circuit under a loaded condition, according to an embodi 
ment. 

(0250 FIG. 15B depicts an exemplary rectified voltage 
waveform diagram and a corresponding current waveform 
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diagram using a relatively large capacitor on a rectified AC 
power line (herein referred to as DC bus line), according to 
an embodiment. 
0251 FIG. 15C depicts an exemplary rectified voltage 
waveform diagram and a corresponding current waveform 
diagram using a relatively medium-sized capacitor on the 
DC bus line, according to an embodiment. 
0252 FIG. 15D depicts an exemplary rectified voltage 
waveform diagram and a corresponding current waveform 
diagram using a relatively small capacitor on the DC bus 
line, according to an embodiment. 
0253 FIG. 15E depicts an exemplary combined diagram 
showing power output/capacitance, and average DC bus 
voltage/capacitance waveforms at various RMS current rat 
ings, according to an embodiment. 

DETAILED DESCRIPTION 

0254 I. Power Tool System 
0255 Referring to FIG. 1A, in one embodiment, a power 
tool system 1 includes a set of power tools 10 (which include 
DC power tools 10A and AC/DC power tools 10B), a set of 
power supplies 20 (which include DC battery pack power 
supplies 20A and AC power supplies 20B), and a set of 
battery pack chargers 30. Each of the power tools, power 
Supplies, and battery pack chargers may be said to have a 
rated Voltage. As used in this application, rated Voltage may 
refer to one or more of the advertised Voltage, the operating 
Voltage, the nominal Voltage, or the maximum Voltage, 
depending on the context. The rated voltage may also 
encompass a single Voltage, several discrete Voltages, or one 
or more ranges of Voltages. As used in the application, rated 
Voltage may refer to any of these types of Voltages or a range 
of any of these types of Voltages. 
0256 Advertised Voltage. 
0257 With respect to power tools, battery packs, and 
chargers, the advertised Voltage generally refers to a Voltage 
that is designated on labels, packaging, user manuals, 
instructions, advertising, marketing, or other supporting 
documents for these products by a manufacturer or seller so 
that a user is informed which power tools, battery packs, and 
chargers will operate with one another. The advertised 
Voltage may include a numeric Voltage value, or another 
word, phrase, alphanumeric character combination, icon, or 
logo that indicates to the user which power tools, battery 
packs, and chargers will work with one another. In some 
embodiments, as discussed below, a power tool, battery 
pack, or charger may have a single advertised Voltage (e.g., 
20V), a range of advertised voltages (e.g., 20V-60V), or a 
plurality of discrete advertised voltages (e.g., 20V/60V). As 
discussed further below, a power tool may also be advertised 
or labeled with a designation that indicates that it will 
operate with both a DC power supply and an AC power 
supply (e.g., AC/DC or AC/60V). An AC power supply may 
also be said to have an advertised voltage, which is the 
Voltage that is generally known in common parlance to be 
the AC mains Voltage in a given country (e.g., 120VAC in 
the United States and 220 VAC-240 VAC in Europe). 
0258 Operating Voltage. 
0259 For a power tool, the operating voltage generally 
refers to a Voltage or a range of Voltages of AC and/or DC 
power Supply(ies) with which the power tool, its motor, and 
its electronic components are designed to operate. For 
example, a power tool advertised as a 120VAC/DC tool may 
have an operating voltage range of 92V-132V. The power 
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tool operating Voltage may also refer to the aggregate of the 
operating Voltages of a plurality of power Supplies that are 
coupled to the power tool (e.g., a 120V power tool may be 
operable using two 60V battery packs connected in series). 
For a battery pack and a charger, the operating Voltage refers 
to the DC voltage or range of DC voltages at which the 
battery pack or charger is designed to operate. For example, 
a battery pack or charger advertised as a 20V battery pack or 
charger may have an operating Voltage range of 17V-19V. 
For an AC power Supply, the operating voltage may refer 
either to the root-mean-square (RMS) of the voltage value of 
the AC waveform and/or to the average voltage within each 
positive half-cycle of the AC waveform. For example, a 120 
VAC mains power supply may be said to have an RMS 
operating Voltage of 120V and an average positive operating 
voltage of 108V. 
0260 
0261 For a battery pack, the nominal voltage generally 
refers to the average DC voltage output from the battery 
pack. For example, a battery pack advertised as a 20V 
battery pack, with an operating voltage of 17V-19V, may 
have a nominal voltage of 18V. For an AC power supply, the 
operating Voltage may refer either to the root-mean-square 
(RMS) of the voltage value of the AC waveform and/or to 
the average voltage within each positive half-cycle of the 
AC waveform. For example, a 120VAC mains power supply 
may be said to have an RMS nominal voltage of 120V and 
an average positive nominal voltage of 108V. 
0262 
0263 For a battery pack, the maximum voltage may refer 
to the fully charged voltage of the battery pack. For example, 
a battery pack advertised as a 20V battery pack may have a 
maximum fully charged voltage of 20V. For a charger, the 
maximum Voltage may refer to the maximum voltage to 
which a battery pack can be recharged by the charger. For 
example, a 20V charger may have a maximum charging 
voltage of 20V. 
0264. It should also be noted that certain components of 
the power tools, battery packs, and chargers may themselves 
be said to have a Voltage rating, each of which may refer to 
one or more of the advertised Voltage, the operating Voltage, 
the nominal or Voltage, or the maximum Voltage. The rated 
Voltages for each of these components may encompass a 
single Voltage, several discrete Voltages, or one or more 
ranges of Voltages. These voltage ratings may be the same as 
or different from the rated voltage of power tools, battery 
packs and chargers. For example, a power tool motor may be 
said to have its own an operating Voltage or range of 
Voltages at which the motor is designed to operate. The 
motor rated voltage may be the same as or different from the 
operating Voltage or Voltage range of the power tool. For 
example, a power tool having a voltage rating of 60V-120V 
may have a motor that has an operating voltage of 60V-120V 
or a motor that has an operating voltage of 90V-100V. 
0265. The power tools, power supplies, and chargers also 
may have ratings for features other than Voltage. For 
example, the power tools may have ratings for motor per 
formance, such as an output power (e.g., maximum watts out 
(MWO) as described in U.S. Pat. No. 7,497,275, which is 
incorporated by reference) or motor speed under a given 
load condition. In another example, the battery packs may 
have a rated capacity, which refers to the total energy stored 
in a battery pack. The battery pack rated capacity may 

Nominal Voltage. 

Maximum Voltage. 
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depend on the rated capacity of the individual cells and the 
manner in which the cells are electrically connected. 
0266 This application also refers to the ratings for volt 
age (and other features) using relative terms such as low, 
medium, high, and very high. The terms low rated, medium 
rated, high rated, and very high rated are relative terms used 
to indicate relative relationships between the various ratings 
of the power tools, battery packs, AC power Supplies, 
chargers, and components thereof, and are not intended to be 
limited to any particular numerical values or ranges. For 
example, it should be understood that a low rated Voltage is 
generally lower than a medium rated Voltage, which is 
generally lower than a high rated Voltage, which is generally 
lower than a very high rated Voltage. In one particular 
implementation, the different rated voltages may be whole 
number multiples or factors of each other. For example, the 
medium rated voltage may be a whole number multiple of 
the low rated Voltage, and the high rated Voltage may be a 
whole number multiple of the medium rated voltage. For 
example, the low rated voltage may be 20V, the medium 
rated voltage may be 60V (3x20V), and the high rated 
voltage may be 120V (2x60V and 6x20V). In this applica 
tion, the designation “XY may sometimes be used as a 
generic designation for the terms low, medium, high, and 
very high. 
0267 In some instances, a power tool, power Supply, or 
charger may be said to have multiple rated Voltages. For 
example, a power tool or a battery pack may have a 
low/medium rated voltage or a medium/high rated voltage. 
As discussed in more detail below, this multiple rating refers 
to the power tool, power Supply, or charger having more than 
one maximum, nominal or actual Voltage, more than one 
advertised voltage, or being configured to operate with two 
or more power tools, battery packs, AC power Supplies, or 
chargers, having different rated Voltages from each other. 
For example, a medium/high rated Voltage power tool may 
labeled with a medium and a high Voltage, and may be 
configured to operate with a medium rated Voltage battery 
pack or a high rated Voltage AC power Supply. It should be 
understood that a multiply rated Voltage may mean that the 
rated Voltage comprises a range that spans two different 
rated Voltages or that the rated Voltage has two discrete 
different rated values. 

0268. This application also sometimes refers to a first one 
of a power tool, power Supply, charger, or components 
thereof as having a first rated Voltage that corresponds to, 
matches, or is equivalent to a second rated Voltage of a 
second one of a power tool, power Supply, charger, or 
components thereof. This comparison generally refers to the 
first rated Voltage having one or more value(s) or range(s) of 
values that are substantially equal to, overlap with, or fall 
within one or more value(s) or range(s) of values of the 
second rated voltage, or that the first one of the power tool, 
power Supply, charger, or components, is configured to 
operate with the second one of the power tool, power Supply, 
charger, or components thereof. For example, an AC/DC 
power tool having a rated voltage of 120V (advertised) or 
90V-132V (operating) may correspond to a pair of battery 
packs having a total rated voltage of 120V (advertised and 
maximum), 108V (nominal) or 102V-120V (operating), and 
to several AC power Supplies having a rated Voltages 
ranging from of 100 VAC-120 VAC. 
0269 Conversely, this application sometimes refers to a 

first one of a power tool, power Supply, charger, or compo 
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nents thereof as having a first rated Voltage that does not 
correspond to, that is different from, or that is not equivalent 
to a second rated Voltage of a second one of a power tool, 
power Supply, charger, or components thereof. These com 
parisons generally refer to the first rated Voltage having one 
or more value(s) or range(s) of values that are not equal to, 
do not overlap with, or fall outside one or more value(s) or 
range(s) of values of the second rated Voltage, or that the first 
one of the power tool, power Supply, charger, or components 
thereof are not configured to operate with the second one of 
the power tool, power Supply, chargers, or components 
thereof. For example, an AC/DC power tool having the rated 
voltage of 120V (advertised) or 90V-132V (operating) may 
not correspond to a battery packs having a total rated Voltage 
of 60V (advertised and maximum), 54V (nominal) or 51V 
60V (operating), or to AC power Supplies having a rated 
voltages ranging from of 220 VAC-240 VAC. 
0270. Referring again to FIG. 1A, the power tools 10 
include a set of cordless-only or DC power tools 10A and a 
set of corded/cordless or AC/DC power tools 10B. The set 
of DC power tools 10A may include a set of low rated 
voltage DC power tools 10A1 (e.g., under 40V. Such as 4V, 
8V, 12V, 18V, 20V, 24V and/or 36V), a set of medium rated 
voltage DC power tools 10A2 (e.g., 40V to 80V, such as 
40V, 54V, 60V. 72V, and/or 80V), and a set of high rated 
voltage DC power tools 10A3 (e.g., 100V to 24OV, such as 
100V. 110V, 120V. 220V. 230V and/or 240V). It may also be 
said that the high rated voltage DC power tools include a 
subset of high rated voltage DC power tools (e.g., 100V to 
120V, such as 100V, 110V, or 120V for, e.g., the United 
States, Canada, Mexico, and Japan) and a Subset of very 
high rated voltage DC power tools (e.g., 220V to 240V, such 
as 220V. 230V, or 240V for, e.g., most countries in Europe, 
South America, Africa, and Asia). For convenience, the high 
rated and very high rated voltage DC power tools are 
referred to collectively as a set of high rated voltage DC 
power tools 10A3. 
(0271 The AC/DC power tools 10B generally have a rated 
Voltage that corresponds to the rated Voltage for an AC 
mains Supply in the countries in which the tool will operate 
or is sold (e.g., 100V to 120V, such as 100V, 110V, or 120V 
in countries such as the United States, Canada, Mexico, and 
Japan, and 220V to 240V, such as 220V. 230V and/or 240 V 
in most countries in Europe, South America, Asia and 
Africa). In some instances, these high rated Voltage AC/DC 
power tools 10B are alternatively referred to as AC-rated 
AC/DC power tools, where AC rated refers to the fact that 
the high voltage rating of the AC/DC power tools corre 
spond to the Voltage rating of the AC mains power Supply in 
a country where the power tool is operable and/or sold. For 
convenience, the high rated and very high rated Voltage 
AC/DC power tools are referred to collectively as a set of 
high rated voltage AC/DC power tools 10B. 
(0272 A. Power Supplies 
0273. The set of power supplies 20 may include a set of 
DC battery pack power supplies 20A and a set of AC power 
supplies 20B. The set of DC battery pack power supplies 
20A may include one or more of the following: a set of low 
rated voltage battery packs 20A1 (e.g., under 40V, such as 
4V, 8V, 12V, 18V, 20V, 24V and/or 36V), a set of medium 
rated voltage battery packs 20A2 (e.g., 40V to 80V, such as 
40V, 54V, 60V, 72V and/or 80V), a set of high rated voltage 
battery packs 20A3 (e.g., 100V to 120V and 220V to 240V. 
such as 100V, 110V, 120V. 220V. 230V and/or 240V), and 
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a set of convertible voltage range battery packs 20A4 
(discussed in greater detail below). The AC power supplies 
20B may include power Supplies that have a high Voltage 
rating that correspond to the Voltage rating of an AC power 
supply in the countries in which the tool is operable and/or 
sold (e.g., 100V to 120V, such as 100V. 110V, or 120V, in 
countries such as the United States, Canada, Mexico, and 
Japan, and 220V to 240V, such as 220V. 230V and/or 240 V 
in most countries in Europe, South America, Asia and 
Africa). The AC power Supplies may comprise an AC mains 
power Supply or an alternative power Supply with a similar 
rated Voltage, such as an AC generator or another portable 
AC power Supply. 
0274. One or more of the DC battery pack power supplies 
20A are configured to power one or more of the set of low 
rated voltage DC power tools 10A1, the set of medium rated 
voltage DC power tools 10A2, and the set of high rated 
voltage DC power tools 10A3, as described further below. 
The AC/DC power tools 10B may be powered by one or 
more of the DC battery pack power supplies 20A or by one 
or more of the AC power supplies 20B. FIGS. 111-114 of 
U.S. Pat. No. 9,406,915, which is incorporated herein by 
reference, illustrate an exemplary embodiment of an AC/DC 
power tool interface 22B for providing AC power from the 
AC power supply 20B to the AC/DC power tool 10B. The 
AC/DC power tool interface 22B includes a housing 23 and 
a cord 25 including a two or three pronged plug (not shown) 
at a first end and a coupled to the housing 23 at a second end. 
The housing 23 includes a pair of DC power tool interfaces 
27 that are substantially equivalent in shape and size as the 
DC power tool interface 22A of the DC battery pack power 
Supply 20A. The housing 23 also includes a three pronged 
receptacle 29 (or alternatively a two pronged receptacle) 
positioned between the pair of DC power tool interfaces 27. 
The illustrated AC/DC power tool interface 22B of the AC 
power Supply 20B is received in an exemplary power Supply 
interface 16 of an AC/DC power tool illustrated and 
described below in FIGS. 114 and 115. As illustrated in FIG. 
113 of U.S. Pat. No. 9,406,915, the AC/DC power tool 
interface 22B may include a circuit 31 for receiving “dirty' 
AC signals from certain AC power Supplies, for example, 
gas powered generators. The set of battery pack chargers 30 
includes one or more battery pack chargers 30 configured to 
charge one or more of the DC battery pack power Supplies 
20A. Below is a more detailed description of the power 
supplies 20, the battery pack chargers 30, and the power 
tools 10. 

(0275 1. DC Battery Pack Power Supplies 
(0276 Referring to FIG. 1, as noted above, the DC battery 
pack power Supplies 20A include a set of low rated Voltage 
battery packs 20A1, a set of medium rated voltage battery 
packs 20A2, a set of high rated voltage battery packs 20A3, 
and a set of convertible battery packs 20A4. Each battery 
pack may include a housing, a plurality of cells, and a power 
tool interface that is configured to couple the battery pack to 
a power tool or to a charger. Each cell has a rated Voltage, 
usually expressed in Volts (V), and a rated capacity (refer 
ring to the energy stored in a cell), usually expressed in 
amp-hours (Ah). As is well known by those of ordinary skill 
in the art, when cells in a battery pack are connected to each 
other in series the voltage of the cells is additive. When the 
cells are connected to each other in parallel the capacity of 
the cells is additive. The battery pack may include several 
strings of cells. Within each string, the cells may be con 
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nected to each other in series, and each string may be 
connected to the other cells in parallel. The arrangement, 
Voltage and capacity of the cells and the cell Strings deter 
mine the overall rated Voltage and rated capacity of the 
battery pack. Within each set of DC battery pack power 
Supplies 20A, there may be battery packs having the same 
Voltage but multiple different rated capacities, for example, 
1.5 Amp-Hours (Ah), 2 Ah, 3 Ah, or 4 Ah. 
(0277 FIGS. 2A-2C illustrate exemplary battery cell con 
figurations for a battery 24 that is part of the set of DC 
battery pack power Supplies 20A. These examples are not 
intended to limit the possible cell configurations of the 
batteries 24 in each set of DC battery pack power supplies 
20A. FIG. 2A illustrates a battery 24 having five battery cells 
26 connected in series. In this example, if each of the cells 
26 has a rated voltage of 4V and a rated capacity of 1.5 Ah 
this battery 24 would have a rated voltage of 20V and a rated 
capacity of 1.5 Ah. FIG. 2B illustrates a battery 24 having 
ten cells. The battery 24 includes five subsets 28 of cells 26 
with each subset 28 including two cells 26. The cells 26 of 
each subset 28 are connected in parallel and the subsets 28 
are connected in series. In this example, if each of the cells 
26 has a rated voltage of 4V and a rated capacity of 1.5 Ah 
this battery 24 would have a rated voltage of 20V and a rated 
capacity of 3 Ah. FIG. 2C illustrates a battery 24 having 
fifteen cells 120. The battery 24 includes five subsets 28 of 
cells 26 with each subset 28 including three cells 26. The 
cells 26 of each subset 28 are connected in parallel and the 
subsets 28 are connected in series. In this example, if each 
of the cells 26 has a rated voltage of 4V and a rated capacity 
of 1.5 Ah this battery 24 would have a rated voltage of 20V 
and a rated capacity of 4.5 Ah. 
(0278 a. Low Rated Voltage Battery Packs 
(0279 Referring to FIGS. 1A and 3A, each of the low 
rated voltage battery packs 20A1 includes a DC power tool 
interface 22A configured to be coupled to a battery pack 
interface 16A on a corresponding low rated Voltage power 
tool 10A1 and to a battery pack interface 16A on a corre 
sponding low rated voltage battery pack charger 30. The DC 
power tool interface 22A may include a DC power in/out-- 
terminal, a DC power in/out- terminal, and a communica 
tions (COMM) terminal. The set of low rated voltage battery 
packs 20A1 may include one or more battery packs having 
a first rated voltage and a first rated capacity. The first rated 
Voltage is, relatively speaking, a low rated Voltage, as 
compared to the other battery packs in the DC battery pack 
power supplies 20A. For example, the low rated voltage 
battery packs 20A1 may include battery packs having a rated 
voltage of 17V-20V (which may encompass an advertised 
voltage of 20V, an operating voltage of 17V-19V, a nominal 
voltage of 18V, and a maximum voltage of 20V). However, 
the set of low rated voltage battery packs 20A1 is not limited 
to a rated voltage of 20V. The set of low rated voltage battery 
packs 20A1 may have other relatively low rated voltages 
such as 4V, 8V, 12V, 18V, 24V, or 36V. Within the set of low 
rated voltage battery packs 20A1 there may be battery packs 
having the same rated voltage but with different rated 
capacities. For example, the set of low rated Voltage battery 
packs 20A1 may include a 20V/1.5 Ah battery pack, a 20V/2 
Ah battery pack, a 20V/3 Ah battery pack and/or a 20V/4Ah 
battery pack. When referring to the low rated voltage of the 
set of low rated voltage battery packs 20A1, it is meant that 
the rated voltage of the set of low rated voltage battery packs 



US 2017/O 126051 A1 

20A1 is lower than the rated voltage of the set of medium 
rated voltage battery packs 20A2 and the set of high rated 
voltage battery packs 20A3. 
0280 Examples of battery packs in the set of low rated 
voltage battery packs 120A may include the DEWALT 20V 
MAX set of battery packs, sold by DEWALT Industrial Tool 
Co. of Towson, Md. Other examples of battery packs that 
may be included in the first set of battery packs 110 are 
described in U.S. Pat. No. 8,653,787 and U.S. patent appli 
cation Ser. Nos. 13/079, 158; 13/475,002; and Ser. No. 
13/080,887, which are incorporated by reference. 
0281. The rated voltage of the set of low rated voltage 
battery packs 20A1 generally corresponds to the rated 
voltage of the set of low rated voltage DC power tools 10A1 
so that the set of low rated voltage battery packs 20A1 may 
supply power to and operate with the low rated voltage DC 
power tools 10A1. As described in further detail below, the 
set of low rated voltage battery packs 20A1 may also be able 
to supply power to one or more of the medium rated Voltage 
DC power tools 10A2, the high rated voltage DC power 
tools 10A3, or the high rated voltage AC/DC power tools 
1013, for example, by coupling more than one of the low 
rated voltage battery packs 20A1 to these tools in series so 
that the voltage of the low rated voltage battery packs 20A1 
is additive and corresponds to the rated voltage of the power 
tool to which the battery packs are coupled. The low rated 
voltage battery packs 20A1 may additionally or alternatively 
be coupled in series with one or more of the medium rated 
voltage battery packs 20A2, the high rated voltage battery 
packs 20A3, or the convertible battery packs 20A4 to output 
the desired voltage level for any of the medium and high 
rated voltage DC power tools 10A2, 10A3, and/or the 
AC/DC power tools 10B. 
0282 b. Medium Rated Voltage Battery Packs 
(0283 Referring to FIGS. 1A and 3B, each of the medium 
rated voltage battery packs 20A2 includes a DC power tool 
interface 22A configured to be coupled to a battery pack 
interface 16A on a corresponding medium rated Voltage DC 
power tool 10A2 and to a battery pack interface 16A on a 
corresponding medium rated Voltage battery pack charger 
30. The DC power tool interface 22A may include a DC 
power in/out-- terminal, a DC power in/out- terminal, and a 
communications (COMM) terminal. The set of medium 
rated Voltage battery packs 20A2 may include one or more 
battery packs having a second rated Voltage and a second 
rated capacity. The second rated Voltage is, relatively speak 
ing, a medium rated Voltage, as compared to other battery 
packs in the set of DC battery packs power supplies 20A. For 
example, the set of medium rated Voltage battery packs 
20A2 may include battery packs having a rated Voltage of 
51V-60V (which may encompass an advertised voltage of 
60V, an operating voltage of 51V-57V a nominal voltage of 
54V, and a maximum voltage of 60V). However, the set of 
medium rated voltage battery packs 20A2 is not limited to 
a rated voltage of 60V. The set of medium rated voltage 
battery packs 20A2 may have other relatively medium rated 
voltages such as 40V, 54V, 72V or 80V. Within the set of 
medium rated voltage battery packs 20A2, there may be 
battery packs having the same rated Voltage but with dif 
ferent rated capacities. For example, the set of medium rated 
voltage battery packs 20A2 may include a 60V/1.5 Ah 
battery pack, a 60V/2 Ah battery pack, a 60V/3 Ah battery 
pack, and/or 60V/4 Ah battery pack. When referring to the 
medium rated Voltage of the set of medium rated Voltage 
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battery packs 20A2, it is meant that the rated voltage of the 
set of medium rated voltage battery packs 20A2 is higher 
than the rated voltage of the set of low rated voltage battery 
packs 20A1 but lower than the rated voltage of the set of 
high rated voltage battery packs 20A3. 
0284. The rated voltage of the set of medium rated 
Voltage battery packs 20A2 generally corresponds to the 
rated voltage of the medium rated voltage DC power tools 
10A2 so that the set of medium rated voltage battery packs 
20A2 may supply power to and operated with the medium 
rated voltage DC power tools 10A2. As described in further 
detail below, the set of medium rated voltage battery packs 
20A2 may also be able to supply power to the high rated 
voltage DC power tools 10A3 or the AC/DC power tools 
10B, for example, by coupling more than one of the medium 
rated voltage battery packs 20A2 to these tools other in 
series so that the voltage of the medium rated voltage battery 
packs 20A2 is additive and corresponds to the rated voltage 
of the power tool to which the battery packs are coupled. The 
medium rated voltage battery packs 20A2 may additionally 
or alternatively be coupled in series with any of the low rated 
voltage battery packs 20A1, the high rated voltage battery 
packs 20A3, or the convertible battery packs 20A4 to output 
the desired voltage level for any of the high rated voltage DC 
power tools 10A or the AC/DC power tools 10B. 
(0285 c. High Rated Voltage Battery Packs 
(0286 Referring to FIGS. 1A and 3C, each of the high 
rated voltage battery packs 20A3 includes a DC power tool 
interface 22A configured to be coupled to a battery pack 
interface 16A on a corresponding high rated Voltage DC 
power tool 10A3 and to a battery pack interface 16A on a 
corresponding medium rated Voltage battery pack charger 
30. The DC power tool interface 22A may include a DC 
power in/out-- terminal, a DC power in/out- terminal, and a 
communications (COMM) terminal. The set of high rated 
voltage battery packs 20A3 may include one or more battery 
packs having a third rated Voltage and a third rated capacity. 
The third rated Voltage is, relatively speaking, a high rated 
Voltage, as compared to other battery packs in the set of DC 
battery pack power supplies 220A. For example, the set of 
high rated voltage battery packs 20A3 may include battery 
packs having a rated voltage of 102V-120V (which may 
encompass an advertised Voltage of 120V, an operating 
voltage of 102V-114V a nominal voltage of 108V, and 
maximum voltage of 120V). However, the set of high rated 
voltage battery packs 20A3 is not limited to a rated voltage 
of 120V. The set of high rated voltage battery packs 20A3 
may have other relatively high rated voltages such as 90V. 
100V. 110V, or 120V. The high rated voltage of the set of 
high rated voltage battery packs 20A3 may alternatively be 
referred to as an AC rated voltage since the high rated 
Voltage may correspond to a rated Voltage of an AC mains 
power Supply in the country in which the power tool is 
operable and/or sold. Within the set of high rated voltage 
battery packs 20A3, there may be battery packs having the 
same rated voltage but with different rated capacities. For 
example, the set of high rated voltage battery packs 20A3 
may include a 120V/1.5 Ah battery pack, a 120V/2 Ah 
battery pack, a 120V/3 Ah battery pack, and/or a 120V/4Ah 
battery pack. When referring to the high rated voltage of the 
set of high rated voltage battery packs 20A3, it is meant that 
the rated voltage of the set of high rated voltage battery 
packs 20A3 is higher than the rated voltage of the set of low 
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rated voltage battery packs 20A1 and the rated voltage of the 
set of medium rated voltage battery packs 20A2. 
0287. The rated voltage of the set of high rated voltage 
battery packs 20A3 generally corresponds to the rated 
voltage of the high rated voltage DC power tools 10A3 and 
the AC/DC power tools 10E3 so that the set of high rated 
Voltage battery packs 20A3 may supply power to and 
operate with the high rated voltage DC power tools 10A3 
and the AC/DC power tools 10B. As described in further 
detail below, the set of high rated voltage battery packs 
20A3 may also be able to supply power to the very high 
rated voltage AC/DC power tools 128, for example, by 
coupling more than one of the high rated Voltage battery 
packs 20A3 to the tools in series so that the voltage of the 
high rated voltage battery packs 20A3 is additive. The high 
rated voltage battery packs 20A3 may additionally or alter 
natively be coupled in series with any of the low rated 
voltage battery packs 20A1, the medium rated voltage 
battery packs 20A2, or the convertible battery packs 20A4 
to output the desired voltage level for any of the AC/DC 
power tools 10B. 
0288 d. Convertible Battery Packs 
0289 Referring to FIG. 1A and as discussed in greater 
detail in U.S. Pat. No. 9,406,915, which is incorporated 
herein by reference, the set of convertible battery packs 
20A4 are convertible battery packs, each of which may be 
converted between (1) a first rated voltage and a first rated 
capacity and (2) a second rated Voltage and a second rated 
capacity that are different than the first rated voltage and the 
first rated capacity. For example, the configuration of the 
cells residing in the battery pack 20A4 may be changed 
between a first cell configuration that places the convertible 
battery pack 20A4 in a first battery pack configuration and 
a second cell configuration that places the convertible bat 
tery pack 20A4 in a second battery pack configuration. In 
one implementation, in the first battery pack configuration, 
the convertible battery pack 20A4 has a low rated voltage 
and a high rated capacity, and in the second battery pack 
configuration, the battery pack has a medium rated Voltage 
and a low rated capacity. In other words, the battery packs 
of the set of convertible battery packs 20A4 are capable of 
having at least two different rated Voltages, e.g., a lower 
rated Voltage and a higher rated Voltage, and at least two 
different capacities, e.g., a higher rated capacity and a lower 
rated capacity. 
0290. As noted above, low, medium and high ratings are 
relative terms and are not intended to limit the battery packs 
of the set of convertible battery packs 20A4 to specific 
ratings. Instead, the convertible battery packs of the set of 
convertible battery packs 20A4 may be able to operate with 
the low rated voltage power tools 10A1 and with the 
medium rated voltage power tools 20A2, where the medium 
rated Voltage is greater than the low rated Voltage. In one 
particular embodiment, the convertible battery packs 20A4 
are convertible between a low rated voltage (e.g., 17V-20V. 
which may encompass an advertised Voltage of 20V, an 
operating voltage of 17V-19Va nominal voltage of 18V, and 
a maximum voltage of 20V) that corresponds to the low 
rated voltage of the low rated voltage DC power tools 10A1, 
and a medium rated Voltage (e.g., 60V, which may encom 
pass an advertised Voltage of 60V, an operating voltage of 
51V-57V, a nominal voltage of 54V, and a maximum voltage 
of 60V) that corresponds to the medium rated voltage of the 
medium rated voltage DC power tools 10A2. In addition, as 
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described further below, the convertible battery packs 20A4 
may be able to supply power to the high rated voltage DC 
power tools 10A3 and the high voltage AC/DC power tools 
10B, e.g., with the convertible battery packs 20A4 operating 
at their medium rated Voltage and connected to each other in 
series so that their voltage is additive to correspond to the 
rated voltage of the high rated voltage DC power tools 10A3 
or the AC/DC power tools 10B. 
0291. In other embodiments, the convertible battery 
packs may be backwards compatible with a first pre-existing 
set of power tools having a first rated Voltage when in a first 
rated Voltage configuration and forwards compatible with a 
second new set of power tools having a second rated Voltage. 
For example, the convertible battery packs may be couple 
able to a first set of power tools when in a first rated voltage 
configuration, where the first set of power tools is an existing 
power tool that was on sale prior to May 18, 2014, and to a 
second set of power tools when in a second rated Voltage 
configuration, where the second set of power tools was not 
on sale prior to May 18, 2014. For example, in one possible 
implementation a low/medium rated convertible battery 
pack may be coupleable in a 20V rated Voltage configuration 
to one or more of DeWALTR 20V MAX cordless power 
tools sold by DeWALT Industrial Tool Co. of Towson, Md., 
that were on sale prior to May 18, 2014, and in a 60V rated 
voltage configuration to one or more 60V rated power tools 
that were not on sale prior to May 18, 2014. Thus, the 
convertible battery packs facilitate compatibility in a power 
tool system having both pre-existing and new sets of power 
tools. 

0292 Referring to FIGS. 1A and 3A-3C, the convertible 
battery packs 20A4 each include a plurality of cells and a 
DC power tool interface 22A configured to be coupled to a 
battery pack interface 16A on a corresponding low, medium, 
or high rated voltage DC power tool 10A1, 10A2, or 10A3. 
The DC power tool interface 22A is also configured to be 
coupled the battery pack interface 16A on a corresponding 
battery pack charger 30. As discussed in greater detail below, 
the convertible battery pack 20A4 may be coupled to one or 
more rated voltage battery pack chargers 30 where the 
convertible battery pack 20A4 is placed in the voltage rating 
configuration that corresponds to that battery pack charger 
30 when it is coupled to that battery pack charger 30. For 
example, the DC power tool interface 22A may include a DC 
power in/out-- terminal, a DC power in/out- terminal, and a 
communications (COMM) terminal. Several possible 
embodiments of convertible battery packs and their inter 
faces are described in further detail below. 
0293 B. Battery Pack Chargers 
0294 Referring to FIGS. 1A, and 3A-3C, the set of 
battery pack chargers 30 contains one more battery pack 
chargers that are able to mechanically and electrically con 
nect to the battery packs of one or more of the low rated 
voltage battery packs 20A1, medium rated voltage battery 
packs 20A2, high rated voltage battery packs 20A3, and 
convertible battery packs 20A4. The set of battery pack 
chargers 30 are able to charge any of the battery packs 20A1, 
20A2, 20A3, 20A4. The battery pack chargers 30 may have 
different rated voltages. For example, the battery pack 
chargers 30 may have one or more rated Voltages, such as a 
low rated Voltage, a medium rated Voltage, and/or a high 
rated Voltage to match the rated Voltages of the sets of 
battery packs in the system. The battery pack chargers 30 
may also have multiple or a range of rated Voltages (e.g., a 
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low-medium rated Voltage) to enable the battery pack char 
gers 30 to charge battery packs having different rated 
Voltages. The battery pack chargers 30 may also have a 
battery pack interface 16A configured to be coupled to a DC 
power tool interface 22A on the battery packs. The battery 
pack interface 16A may include a DC power in/out-- termi 
nal, a DC power in/out- terminal, and a communications 
(COMM) terminal. In certain embodiments, the battery pack 
interface 16A may include a converter configured to cause 
one of the convertible battery packs to be placed in a desired 
rated Voltage configuration for charging the battery pack, as 
discussed in greater detail below. 
0295 C. Power Tools 
0296 1. Low Rated Voltage DC Power Tools 
0297 Referring to FIGS. 1A and 3A, the set of low rated 
voltage power tools 10A1 includes one or more different 
types of cordless or DC-only power tools that utilize DC 
power supplied from one or more of the DC battery pack 
power Supplies 20A that have a low rated Voltage (such as 
removable and rechargeable battery packs). The rated volt 
age of the low rated voltage DC power tools 10A1 generally 
correspond to the rated voltage of the low rated voltage 
battery packs 20A1 or to the rated voltage of the convertible 
battery packs 20A4 when placed in a low rated voltage 
configuration. For example, the low rated voltage DC power 
tools 10A1 having a rated voltage of 20V may be powered 
using 20V battery pack(s) 20A1 or by 20V/60V convertible 
battery packs 20A4 in a 20V configuration. The power tool 
rated voltage of 20V may itself be shorthand for a broader 
rated Voltage of 17-20V, which may encompass an operating 
Voltage range of, e.g., 17V-20V that encompasses the rated 
Voltage range of the low rated Voltage battery packs. 
0298. The low rated voltage DC power tools 10A1 each 
include a motor 12A that can be powered by a DC-only 
power supply. The motor 12A may be any brushed or 
brushless DC electric motor, including, but not limited to, a 
permanent magnet brushless DC motor (BLDC), a perma 
nent magnet brushed motor, a universal motor, etc. The low 
rated voltage DC power tools 10A1 may also include a 
motor control circuit 14A configured to receive DC power 
from a battery pack interface 16A via a DC line input DC+/- 
and to control power delivery from the DC power supply to 
the motor 12A. In an exemplary embodiment, the motor 
control circuit 14A may include a power unit 18A having 
one or more power Switches (not shown) disposed between 
the power supply and the motor 12A. The power switch may 
be an electro-mechanical on/off Switch, a power semicon 
ductor device (e.g., diode, FET, BJT, IGBT, etc.), or a 
combination thereof. In an exemplary embodiment, the 
motor control circuit 14A may further include a control unit 
11. The control unit 11 may be arranged to control a 
Switching operation of the power Switches in the power unit 
18A. In an exemplary embodiment, the control unit 11 may 
include a micro-controller or similar programmable module 
configured to control gates of power Switches. Additionally 
or alternatively, the control unit 11 may be configured to 
monitor and manage the operation of the DC battery pack 
power supplies 20A. Additionally or alternatively, the con 
trol unit 11 may be configured to monitor and manage 
various tool operations and conditions, such as temperature 
control, over-speed control, braking control, etc. 
0299. In an exemplary embodiment, as discussed in 
greater detail below, the low rated voltage DC power tool 
10A1 may be a constant-speed tool (e.g., a hand-held light, 
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saw, grinder, etc.). In such a power tool, the power unit 18A 
may simply include an electro-mechanical on/off Switch 
engageable by a tool user. Alternatively, the power unit 18A 
may include one or more semi-conductor devices controlled 
by the control unit 11 at fixed no-load speed to turn the tool 
motor 12A on or off. 

0300. In another embodiment, as discussed in greater 
detail below, a low rated voltage DC power tool 10A1 may 
be a variable-speed tool (e.g., a hand-held drill, impact 
driver, reciprocating saw, etc.). In Such a power tool, the 
power switches of the power unit 18A may include one or 
more semiconductor devices arranged in various configura 
tions (e.g., a FET and a diode, an H-bridge, etc.), and the 
control unit 11 may control a pulse-width modulation of the 
power switches to control a speed of the motor 12A. 
(0301 The low rated voltage DC power tools 10A1 may 
include hand-held cordless tools such as drills, circular saws, 
screwdrivers, reciprocating saws, oscillating tools, impact 
drivers, and flashlights, among others. The low rated Voltage 
power tools may include existing cordless power tools that 
were on sale prior to May 18, 2014. Examples of such low 
rated voltage DC power tools 10A1 may include one or more 
of the DeWALTR 20V MAX set of cordless power tools 
sold by DeWALT Industrial Tool Co. of Towson, Md. The 
low rated voltage DC power tools 10A1 may alternatively 
include cordless power tools that were not on sale prior to 
May 18, 2014. In other examples, U.S. Pat. Nos. 8.381,830, 
8,317,350, 8,267,192, D646,947, and D644,494, which are 
incorporated by reference, disclose tools comprising or 
similar to the low rated voltage cordless power tools 10A1. 
(0302) 2. Medium Rated Voltage DC Power Tools 
(0303 Referring to FIGS. 1A and 3B, the set of medium 
rated voltage DC power tools 10A2 may include one or more 
different types of cordless or DC-only power tools that 
utilize DC power supplied from one or more of the DC 
battery pack power supplies 20A that alone or together have 
a medium rated Voltage (such as removable and recharge 
able battery packs. The rated voltage of the medium rated 
voltage DC power tools 10A2 will generally correspond to 
the rated Voltage of the medium rated Voltage battery packs 
20A2 or to the rated voltage of the convertible battery packs 
20A4 when placed in a medium rated Voltage configuration. 
For example, the medium rated voltage DC power tools 
10A2 may have a rated voltage of 60V and may be powered 
by a 60V medium rated voltage battery pack 20A2 or by a 
20V/60V convertible battery pack 20A4 in a 60V configu 
ration. The power tool rated voltage of 60V may be short 
hand for a broader rated voltage of 17-20V, which may 
encompass an operating range of e.g., 51V-60V that encom 
passes the rated Voltage of the medium rated Voltage battery 
packs. In an exemplary embodiment, the medium rated 
voltage DC power tool 10A2 may include multiple battery 
interfaces configured to receive two or more low rated 
Voltage battery packs 20A1. In an exemplary embodiment, 
the medium rated voltage DC power tool 10A2 may addi 
tionally include circuitry to couple the DC battery pack 
power Supplies 20A in series to produce a desired medium 
rated Voltage corresponding to the rated Voltage of the 
medium rated voltage DC power tool 10A2. 
0304 Similar to low rated voltage DC power tools 10A1 
discussed above, the medium rated voltage DC power tools 
10A2 each include a motor 12A that can be powered by a DC 
battery pack power supply 20A. The motor 12A may be any 
brushed or brushless DC electric motor, including, but not 
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limited to, a permanent magnet brushless DC motor 
(BLDC), a permanent magnet brushed motor, a universal 
motor, etc. The medium rated voltage DC power tools 10A2 
also include a motor control circuit 14A configured to 
receive DC power from the battery pack interface 16A via a 
DC line input DC+/- and to control power delivery from the 
DC power supply to the motor 12A. In an exemplary 
embodiment, the motor control circuit 14A may include a 
power unit 18A having one or more power Switches (not 
shown) disposed between the power Supply and the motor 
12A. The power switch may be an electro-mechanical on/off 
Switch, a power semiconductor device (e.g., diode, FET. 
BJT, IGBT, etc.), or a combination thereof. In an exemplary 
embodiment, the motor control circuit 14A may further 
include a control unit 11. The control unit 11 may be 
arranged to control a Switching operation of the power 
switches in the power unit 18A. Similarly to the motor 
control circuit 14A described above for low rated voltage 
DC power tools 10A1, the motor control circuit 14A may 
control the motor 12A in fixed or variable speed. In an 
exemplary embodiment, the control unit 11 may include a 
micro-controller or similar programmable module config 
ured to control gates of power Switches. Additionally or 
alternatively, the control unit 11 may be configured to 
monitor and manage the operation of the DC battery pack 
power supplies 20A. Additionally or alternatively, the con 
trol unit 11 may be configured to monitor and manage 
various tool operations and conditions, such as temperature 
control, over-speed control, braking control, etc. 
0305. The medium rated voltage DC power tools 10A2 
may include similar types of tools as the low rated Voltage 
DC power tools 10A1 that have relatively higher power 
output requirements, such as drills, a circular saws, screw 
drivers, reciprocating saws, oscillating tools, impact drivers 
and flashlights. The medium rated voltage DC power tools 
10A2 may also or alternatively have other types of tools that 
require higher power or capacity than the low rated Voltage 
DC power tools 10A1. Such as chainsaws, string trimmers, 
hedge trimmers, lawn mowers, nailers and/or rotary ham 
CS. 

0306 In yet another and/or a further embodiment, as 
discussed in more detail below, the motor control circuit 
14A of a medium rated voltage DC power tool 10A2 enables 
the motor 12A to be powered using DC battery pack power 
supplies 20A having rated voltages that are different from 
each other and that are less than a medium rated Voltage. In 
other words, medium rated voltage DC power tool 10A2 
may be configured to operate at more than one rated Voltage 
(e.g., at a low rated Voltage or at a medium rated Voltage). 
Such a medium rated voltage DC power tool 10A2 may be 
said to have more than one Voltage rating corresponding to 
each of the Voltage ratings of the DC power Supplies that can 
power the tool. For example, the medium rated voltage DC 
power tool 10A2 of FIG. 3B may have a low/medium rated 
voltage (e.g., a 20V/60V rated voltage, 40V/60V rated 
voltage) that is capable of being alternatively powered by 
one of the low rated voltage battery packs 20A1 (e.g., a 20V 
battery pack), by one of the medium rated voltage battery 
packs 20A2 (e.g., a 60V battery pack), or by a convertible 
battery pack 20A4 in either a low rated voltage configuration 
or a medium rated Voltage configuration. In alternative 
implementations, the medium rated Voltage DC power tool 
10A2 may operate using a pair of low rated Voltage battery 
packs 20A1 connected in series to operate at yet another low 
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or medium rated voltage that is different than the medium 
rated voltage of the motor 12A in the medium rated voltage 
DC power tool 10A2 (e.g., two low rated voltage 18V 
battery packs 20A1 connected in series to generate a com 
bined low rated voltage of 36V). 
0307 Operating the power tool motor 12A at signifi 
cantly different voltage levels will yield significant differ 
ences in power tool performance, in particular the rotational 
speed of the motor, which may be noticeable and in some 
cases unsatisfactory to the users. Thus, in an embodiment of 
the invention herein described, the motor control circuit 14A 
is configured to optimize the motor 12A performance based 
on the rated Voltage of the power Supply, i.e., based on 
whether the medium rated voltage DC power tool 10A2 is 
coupled with either a low rated voltage DC power supply 
(e.g., low rated Voltage battery pack 20A1) or a medium 
rated Voltage power Supply (e.g., medium rated Voltage 
battery pack 20A2 for which the motor 212A in the medium 
rated voltage DC power tools 10A2 is optimized or rated). 
In doing so, the difference in the tools output performance 
is minimized, or at least reduced to a level that is satisfactory 
to the end user. 

0308. In this embodiment, the motor control circuit 14A 
is configured to either boost or reduce an effective motor 
performance from the power supply to a level that corre 
sponds to the operating Voltage range (or Voltage rating) of 
the medium rated voltage DC power tool 10A2. In particu 
lar, the motor control circuit 14A may reduce the power 
output of the tool 10A when used with a medium rated 
Voltage battery pack 20A2 to match (or come reasonably 
close to) the output level of the tool 10A when used with a 
low rated voltage battery pack 20A1 in a manner that is 
satisfactory to an end user. Alternatively or additionally, 
motor control circuit 14A may boost the power output of the 
medium rated voltage DC power tool 10A2 when used with 
a low rated voltage battery pack 20A1 to match (or come 
reasonably close to) the output level of the medium rated 
voltage DC power tool 10A2 when used with a medium 
rated Voltage battery pack 20A2 in a manner that is satis 
factory to an end user. In an embodiment, the low/medium 
rated voltage DC power tool 10A2 may be configured to 
identify the rated voltage of the power supply via, for 
example, a battery ID, and optimize motor performance 
accordingly. These methods for optimizing (i.e., boosting or 
reducing) the effective motor performance are discussed 
later in this disclosure in detail. 

(0309. 3. High Rated Voltage DC Power Tools 
0310 Referring to FIGS. 1A and 3C, the set of high rated 
voltage DC power tools 10A3 may include cordless (DC 
only) high rated (or AC rated) voltage power tools with 
motors configured to operate at a high rated Voltage and high 
output power (e.g., approximately 1000 to 1500 Watts). 
Similar to the low and medium rated voltage DC power tools 
10A1, 10A2, the high rated voltage DC power tools 10A3 
may include various cordless tools (i.e., power tools, out 
door tools, etc.) for high power output applications. The high 
rated voltage DC power tools 10A3 may include for 
example, similar types of tools as the low rated Voltage and 
medium rated Voltage DC power tools. Such as drills, 
circular saws, Screwdrivers, reciprocating saws, oscillating 
tools, impact drivers, flashlights, string trimmers, hedge 
trimmers, lawnmowers, nailers and/or rotary hammers. The 
high rated Voltage DC power tools may also or alternatively 
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include other types of tools that require higher power or 
capacity Such as miter saws, chain saws, hammer drills, 
grinders, and compressors. 
0311 Similar to the low and medium rated voltage DC 
power tools 10A1, 10A2, the high rated voltage DC power 
tools 10A3 each include a motor 12A, a motor control circuit 
14A, and a battery pack interface 16A that are configured to 
enable operation from one or more DC battery pack power 
Supplies 20A that together have a high rated Voltage that 
corresponds to the rated voltage of the power tool 10A. 
Similarly to motors 12A described above with reference to 
FIG. 3A, the motor 12A may be any brushed or brushless 
DC electric motor, including, but not limited to, a permanent 
magnet brushless DC motor (BLDC), a permanent magnet 
DC brushed motor (PMDC), a universal motor, etc. Simi 
larly to motor control circuits 14A may include a power unit 
18A having one or more power switches (not shown) 
disposed between the power supply and the motor 12A. The 
power Switch may be an electro-mechanical on/off Switch, a 
power semiconductor device (e.g., diode, FET, BJT, IGBT, 
etc.), or a combination thereof. In an embodiment, the motor 
control circuit 14A may further include a control unit 11. The 
control unit 11 may be arranged to control a Switching 
operation of the power switches in the power unit 18A. The 
motor control circuit 14A may control the motor 12A in 
fixed or variable speed. In an embodiment, the control unit 
11 may include a micro-controller or similar programmable 
module configured to control gates of power Switches. 
Additionally or alternatively, the control unit 11 may be 
configured to monitor and manage the operation of the DC 
battery pack power supplies 20A. Additionally or alterna 
tively, the control unit 11 may be configured to monitor and 
manage various tool operations and conditions. 
0312 Referring to FIG. 3C, the high rated voltage DC 
power tools 10A3 may be powered by a single DC battery 
pack power Supply 20A received in a battery pack interface 
(or battery receptacle) 16A. In an embodiment, the DC 
battery pack power Supply 20A may be a high rated Voltage 
battery pack 20A3 having a high rated voltage (e.g., 120V) 
that corresponds to the rated voltage of the high rated 
voltage DC power tool 10A3. 
0313 Referring to FIG. 3C, in an alternative embodi 
ment, the battery pack interface 16A of the high rated 
voltage DC power tools 10A3 may include two or more 
battery receptacles 16A1, 16A2 that receive two or more DC 
battery pack power Supplies 20A at a given time. In an 
embodiment, the high rated voltage DC power tools 10A3 
may be powered by a pair of DC battery pack power supplies 
20A received together in the battery receptacles 216A1, 
216A2. In this embodiment, the battery pack interface 16A 
also may include a Switching unit (not shown) configured to 
connect the two DC battery pack power supplies 20A in 
series. The Switching unit may for example include a circuit 
provided within the battery pack interface 16A, or within the 
motor control circuit 14A. Alternatively, the DC battery 
pack power Supplies 20A may be medium rated Voltage 
battery packs 20A2 connected in series via the switching 
unit 120-10 to similarly output a high rated voltage (e.g., two 
60V battery packs connected in series for a combined rated 
voltage of 120V). In yet another embodiment, a single high 
rated voltage battery pack 20A3 may be coupled to one of 
the battery receptacles to provide a rated voltage of 120V. 
For example, the high rated voltage DC power tools 10A2 
may have a rated voltage of 60V and may be powered by two 
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60V medium rated voltage battery packs 20A2 or by two 
20V/60V convertible battery packs 20A4 in their 60V con 
figuration. The power tool rated voltage of 120V may itself 
be shorthand for a broader rated voltage range of 102V 
120V, which may encompass an operating range of, e.g., 
102V-120V that encompasses the operating range of the two 
medium rated Voltage battery packs. 
0314. In an embodiment, the total rated voltage of the 
battery packs received in the cordless power tool battery 
receptacle(s) 16A may correspond to the rated voltage of the 
cordless DC power tool 10A itself. However, in other 
embodiments, the high rated voltage cordless DC power tool 
10A3 may additionally be operable using one or more DC 
battery pack power supplies 20A that together have a rated 
voltage that is lower than the rated voltage of the motor 12A 
and the motor control circuit 14A in the high rated cordless 
DC power tool 10A3. In this latter case, the cordless DC 
power tool 10A may be said to have multiple rated voltages 
corresponding to the rated voltages of the DC battery pack 
power supplies 20A that the high rated voltage DC power 
tool 10A3 will accept. For example, the high rated voltage 
DC power tool 10A3 may be a medium/high rated voltage 
DC power tool if it is able to operate using either a high rated 
voltage battery pack 20A3 or a medium rated voltage battery 
pack 20A2 (e.g., a 60V/120V, a 60-120V power tool, a 
80V/120V, or a 80-120V power tool) that is capable of being 
alternatively powered by a plurality of low rated voltage 
battery packs 20A1 (e.g., a 20V battery packs), one or more 
medium rated voltage battery packs 20A2 (e.g., a 60V 
battery pack), one high rated voltage battery pack 20A3, or 
one or more convertible battery packs 20A4. The user may 
mix and match any of the DC battery pack power Supplies 
20A for use with the high rated voltage DC power tool 10A3. 
0315. In order for the motor in the high rated voltage DC 
power tool 10A3 (which as discussed may be optimized to 
work at a high power and a high Voltage rating) to work 
acceptably with DC power Supplies having a total Voltage 
rating that is less than the Voltage rating of the motor), the 
motor control circuit 14A may be configured to optimize the 
motor performance based on the rated voltage of the low 
rated voltage DC battery packs 20A1. As discussed briefly 
above and in detail later in this disclosure, this may be done 
by optimizing (i.e., booting or reducing) an effective motor 
performance from the power supply to a level that corre 
sponds to the operating Voltage range (or Voltage rating) of 
the high rated voltage DC power tool 10A3. 
0316. In an alternative or additional embodiment (not 
shown), an AC/DC adaptor may be provided that couples an 
AC power supply to the battery pack interface 16A and 
converts the AC power from the AC power supply to a DC 
signal of comparable rated Voltage to Supply a high rated 
voltage DC power supply to the high rated voltage DC 
power tool 10A3 via the battery pack interface 16A. 
0317 4. High (AC) Rated Voltage AC/DC Power Tools 
0318 Referring to FIGS. 1A and 4, the corded/cordless 
(AC/DC) power tools 10B each have an AC/DC power 
supply interface 16 with DC line inputs DC+/- (16A), AC 
line inputs ACH, ACL (16B), and a communications line 
(COMM) coupled to a motor control circuit 14B. The 
AC/DC power supply interface 16 is configured to be 
coupled to a tool interface of one or more of the DC battery 
pack power supplies 20A and the AC power supplies 20B. 
The DC battery pack power supplies 20A may have a DC 
power in/out-- terminal, a DC power in/out- terminal, and a 
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communications (COMM) terminal that can be coupled to 
the DC+/- line inputs and the communications line 
(COMM) in the AC/DC power supply interface 16 in the 
AC/DC power tool 10B. The DC power in/out-- terminal, the 
DC power in/out- terminal, and the communications 
(COMM) terminals of the DC battery pack power supplies 
20A may also be able to couple the DC battery pack power 
supplies 20A to the battery pack interfaces 16A of the battery 
pack chargers 30, as described above. The AC power sup 
plies 20B may be coupled to the ACH, ACL, and/or the 
communications (COMM) terminals of the power supply 
interface 16B in the AC/DC power tool 10B by AC power 
H and AC power L terminals or lines and by a communi 
cations (COMM) terminal or line. In each AC/DC power 
tool 10B, the motor control circuit 14B and the motor 12B 
are designed to optimize performance of the motor for a 
given rated voltage of the power tool and of the power 
Supplies. 
0319. As discussed further below, the motors 12B may be 
brushed motors or brushless motors, such as a permanent 
magnet brushless DC motor (BLDC), a permanent magnet 
DC brushed motor (PMDC), or a universal motor. The motor 
control circuit 14B may enable either constant-speed opera 
tion or variable-speed operation, and depending on the type 
of motor and speed control, may include different power 
Switching and control circuitry, as described in greater detail 
below. 

0320 In an exemplary embodiment, the AC/DC power 
supply interface 16 may be configured to include a single 
battery pack interface (e.g. a battery pack receptacle) 16A 
and an AC power interface 16B (e.g. AC power cable 
received in the tool housing). The motor control circuit 14B 
in this embodiment may be configured to selectively switch 
between the AC power supply 20B and DC battery pack 
power supply 20A. In this embodiment, the DC battery pack 
power Supply 20A may be a high rated Voltage battery pack 
20A3 having a high rated voltage (e.g., 120V) that corre 
sponds to the rated voltage of the AC/DC power tool 10B 
and/or the rated voltage of the AC power supply 20B. The 
motor control unit 14B may be configured to, for example, 
supply AC power from the AC supply 20B by default when 
it senses a current from the AC supply 20B, and otherwise 
supply power from the DC battery pack power supply 20A. 
0321. In another exemplary embodiment, the AC/DC 
power Supply interface 16 may be configured to include, in 
addition to the AC supply interface 16B, a pair of battery 
interfaces such as two battery receptacles. Reference is made 
herein once again to FIGS. 114-117 of U.S. Pat. No. 
9.406,915, which is incorporated herein by reference, for an 
example of Such an arrangement. This arrangement allows 
the AC/DC power tool 10B to be powered by more than one 
DC battery pack power supply 20A that, when connected in 
series, together have a high rated Voltage that corresponds to 
the AC rated Voltage of the mains power Supply. In this 
embodiment, the AC/DC power tools 10B may be powered 
by a pair of the DC battery pack power supplies 20A 
received in the battery receptacles 16A1, 16A2. In an 
embodiment, a Switching unit may be provided and config 
ured to connect the two DC battery pack power supplies 20A 
in series. Such a Switching unit may for example include a 
simple wire connection provided in AC/DC power supply 
interface 16 connecting the battery receptacles. Alterna 
tively. Such a Switching unit may be provided as a part of the 
motor control circuit 14B. 
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0322. In this embodiment, the DC battery pack power 
supplies 20A may be two of the medium rated voltage 
battery packs 20A2 connected in series via a Switching unit 
to similarly output a high rated Voltage (e.g., two 60V 
battery packs connected in series for a combined rated 
voltage of 120V). Referring to FIG. 116, in yet another 
exemplary embodiment, a single high rated Voltage battery 
pack 20A3 may be coupled to one of the battery receptacles 
16A2 to provide a rated voltage of 120V, and the other 
battery receptacle 16A1 may be left unused. In this embodi 
ment, motor control circuit 14B may be configured to select 
one of the AC power supply 20B or the combined DC 
battery pack power Supplies 20A for Supplying power to the 
motor 12B. 

0323. In these embodiments, the total rated voltage of the 
DC battery pack power supplies 20A received in the AC/DC 
power tool battery pack receptacle(s) 16A may correspond 
to the rated voltage level of the AC/DC power tool 10B, 
which generally corresponds to the rated voltage of the AC 
mains power Supply 20B. As previously discussed, the 
power supply 20 used for the high rated voltage DC power 
tools 10A3 or the AC/DC power tools 10B is a high rated 
voltage mains AC power supply 20B. For example, the 
AC/DC power tools 10A2 may have a rated voltage of 120V 
and may be able to be powered by a 120VAC AC mains 
power supply or by two 20V/60V convertible battery packs 
20A4 in their 60V configuration and connected in series. The 
power tool rated voltage of 120V may be shorthand for a 
broader rated voltage of, e.g., 100V-120V that encompasses 
the operating range of the power tool and the operating range 
of the two medium rated Voltage battery packs. In one 
implementation, the power tool rated voltage of 120V may 
be shorthand for an even broader operating range of 90V 
132V which encompasses the entire operating range of the 
two medium rated voltage battery packs (e.g., 102 VDC-120 
VDC) and the all of the AC power supplies available in 
North America and Japan (e.g., 100 VAC, 110 VAC, 120 
VAC) with a +10% error factor to account for variances in 
the Voltage of the AC mains power Supplies). 
0324. In other embodiments, the AC/DC power tools 10B 
may additionally be operable using one or more of the DC 
battery pack power supplies 20A that together have a rated 
voltage that is lower than the AC rated voltage of the AC 
mains power Supply, and that is less than the Voltage rating 
of the motor 12A and motor control circuit 14A. In this 
embodiment, the AC/DC power tool 10B may be said to 
have multiple rated Voltages corresponding to the rated 
voltages of the DC battery pack power supplies 20A and the 
AC power supply 20B that the AC/DC power tool 10B will 
accept. For example, the AC/DC power tool 10B is be a 
medium/high rated power tool if it is able to operate using 
either a medium rated voltage battery pack 20A2 or a high 
rated voltage AC power supply 20B (e.g., a 60V/120V or a 
60-120V or 60 VDC/120 VAC). According to this embodi 
ment, the user may be given the ability to mix and match any 
of the DC battery pack power supplies 20A for use with 
AC/DC power tool 10B. For example, AC/DC power tool 
10B may be able to be used with two low rated voltage packs 
20A1 (e.g., 20V. 3OV, or 40V packs) connected in series via 
a switching unit to output a rated voltage of between 40V to 
80V. In another example, the AC/DC power tool 10B may be 
used with a low rated voltage battery pack 20A1 and a 
medium rated voltage battery pack 20A2 for a total rated 
voltage of between 80V to 100V. 
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0325 In order for the motor 12B in the AC/DC power 
tool 10B (which as discussed above is optimized to work at 
a high output power and a high Voltage rating) to work 
acceptably with DC battery pack power Supplies having a 
total Voltage rating that is less than the high Voltage rating 
of the tool (e.g., in the range of 40V to 100V as discussed 
above), the motor control circuit 14B may be configured to 
optimize the motor performance based on the rated Voltage 
of the DC battery pack power supplies 20A. As discussed 
briefly above and in detail later in this disclosure, this may 
be done by optimizing (i.e., boosting or reducing) an effec 
tive motor performance from the power supply to a level that 
corresponds to the operating Voltage range (or Voltage 
rating) of the high rated voltage DC power tool 10A3. 
0326 II. AC/DC Power Tools and Motor Controls 
0327. Referring to FIGS. 1A and 5A, the high rated 
voltage AC/DC power tools 10B may be classified based on 
the type of motor, i.e., high rated voltage AC/DC power 
tools with brushed motors 122 and high rated voltage 
AC/DC power tools with brushless motors 128. Referring 
also to FIG. 5B, the AC rated voltage AC/DC power tools 
with brushed motors 122 may be further classified into four 
Subsets based on speed control and motor type: constant 
speed AC/DC power tools with universal motors 123, vari 
able-speed AC/DC power tools with universal motors 124, 
constant-speed AC/DC power tools with DC brushed motors 
125, and variable-speed AC/DC power tools with universal 
motors 126. These various sets and subsets of high rated 
voltage AC/DC power tools are discussed in greater detail 
below. 
0328. In the ensuing FIGS. 5A-15E, power tools 123, 
124, 125, 126 and 128 may each correspond to power tool 
10B depicted in FIG. 4. Similarly, in the ensuing FIGS. 
5A-15E, motors 123-2, 124-2, 125-2, 126-2, and 202 may 
each correspond to motor 12B in FIG. 4; motor control 
circuits 123-4, 124-4, 125-4, 126-4, and 204 may each 
correspond to motor control circuit 14B in FIG. 4; power 
units 123-6, 124-6, 125-6, 126-6, and 206 may each corre 
spond to power unit 18B in FIG. 4; control unit 123-8, 
124-8, 125-8, 126-8, and 208 may each correspond to 
control unit 11B in FIG. 4; and power supply interfaces 
123-5, 124-5, 125-5, 126-5, and 128-5 may each correspond 
to power supply interface 16B in FIG. 4. 
0329. A. Constant-Speed AC/DC Power Tools with Uni 
versal Motors 
0330 Turning now to FIGS. 6A-6D, the first subset of 
AC/DC power tools with brushed motors 122 includes the 
constant-speed AC/DC power tools 123 with universal 
motors (herein referred to as constant-speed universal-motor 
tools 123). These include corded/cordless (AC/DC) power 
tools that operate at constant speed at no load (or constant 
load) and include brushed universal motors 123-2 config 
ured to operate at a high rated voltage (e.g., 100V to 120V. 
or more broadly 90V to 132V) and high power (e.g., 1500 
to 2500 Watts). A universal motor is a series-wound motor 
having stator field coils and a commutator connected to the 
field coils in series. A universal motor in this manner can 
work with a DC power supply as well as an AC power 
Supply. In an embodiment, constant-speed universal motor 
tools 123 may include high powered tools for high power 
applications such as concrete hammers, miter saws, table 
saws, vacuums, blowers, and lawn mowers, etc. 
0331. In an embodiment, a constant-speed universal 
motor tool 123 includes a motor control circuit 123-4 that 
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operates the universal motor 123-2 at a constant speed under 
no load. The power tool 123 further includes power supply 
interface 123-5 arranged to receive power from one or more 
of the aforementioned DC power supplies and/or AC power 
supplies. The power supply interface 123-5 is electrically 
coupled to the motor control circuit 123-4 by DC power 
lines DC+ and DC- (for delivering power from a DC power 
supply) and by AC power lines ACH and ACL (for deliv 
ering power from an AC power Supply). 
0332. In an embodiment, motor control circuit 123-4 may 
include a power unit 123-6. In an embodiment, power unit 
123-6 includes an electro-mechanical ON/OFF switch 123 
12. In an embodiment, the tool 123 includes an ON/OFF 
trigger or actuator (not shown) coupled to ON/OFF switch 
123-12 enabling the user to turn the motor 123-2ON or OFF. 
The ON/OFF switch 123-12 is provided in series with the 
power Supply to electrically connect or disconnect Supply of 
power from power supply interface 123-5 to the motor 
123-2. 

0333 Referring to FIG. 6A, constant-speed universal 
motor tool 123 is depicted according to one embodiment, 
where the ACH and DC+ power lines are coupled together 
at common positive node 123-11a, and the ACL and DC 
power lines are coupled together at a common negative node 
123-11b. In this embodiment, ON/OFF switch 123-12 is 
arranged between the positive common node 123-11a and 
the motor 123-2. To ensure that only one of the AC or DC 
power Supplies are utilized at any given time, in an embodi 
ment, a mechanical lockout may be utilized. In an exemplary 
embodiment, the mechanical lockout may physically block 
access to the one of the AC or DC power supplies at any 
given time. 
0334. In addition, as depicted in FIG. 6A, constant-speed 
universal motor tool 123 may be further provided with a 
control unit 123-8. In an embodiment, control unit 123-8 
may be coupled to a power switch 123-13 that is arranged 
inside power unit 123-6 between the DC+ power line of 
power supply interface 123-5 and the ON/OFF switch 
123-12. In an embodiment, control unit 123-8 may be 
provided to monitor the power tool 123 and/or battery 
conditions. In an embodiment, control unit 123-8 may be 
coupled to tool 123 elements such as a thermistor inside a 
tool. In an embodiment, control unit 123-8 may also be 
coupled to the battery pack(s) via a communication signal 
line COMM provided from power supply interface 123-5. 
The COMM signal line may provide a control or informa 
tional signal relating to the operation or condition of the 
battery pack(s) to the control unit 123-8. In an embodiment, 
control unit 123-8 may be configured to cut off power from 
the DC+ power line from power supply interface 123-5 
using the power switch 123-13 if tool fault conditions (e.g., 
tool over-temperature, tool over-current, etc.) or battery fault 
conditions (e.g., battery over-temperature, battery over-cur 
rent, battery over-Voltage, battery under-Voltage, etc.) are 
detected. In an embodiment, power switch 123-13 may 
include a FET or other controllable switch that is controlled 
by control unit 123-8. 
0335 FIG. 6B-6D depict the constant-speed universal 
motor tool 123 according to an alternative embodiment, 
where the DC power lines DC+/DC- and AC power lines 
ACH/ACL are isolated via a power supply switching unit 
123-15 to ensure that power cannot be supplied from both 
the AC power supply and the DC power supply at the same 
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time (even if the power supply interface 123-5 is coupled to 
both AC and DC power supplies). 
0336. In one embodiment, as shown in FIG. 6B, the 
power supply switching unit 123-15 may include a nor 
mally-closed single-pole, single-throw relay arranged 
between the DC power line DC+ and the ON/OFF switch 
123-12, with a coil coupled to the AC power line ACH and 
ACL. The output of the power supply switching unit 123-15 
and the ACH power line are jointly coupled to the power 
switch 123-13. When no AC power is being supplied, the 
relay is inactive, and DC power line DC+ is coupled to the 
power switch 123-13. When AC power is being supplied, the 
coil is energized and the relay becomes active, thus discon 
necting the DC power line DC+ from the power switch 
123-13. 

0337. In an alternative or additional embodiment, as 
shown in FIG. 6C, the power supply switching unit 123-15 
may include a double-pole, double-throw switch 123-16 
having input terminals coupled to the DC+ and ACH power 
lines of the power supply interface 123-5, and output ter 
minals jointly coupled to the power switch 123-13. In an 
embodiment, a second double-pole, double-throw switch 
123-17 is provided having input terminals coupled to nega 
tive DC- and ACL power lines of the power supply interface 
123-5, and output terminals jointly coupled to a negative 
terminal of the motor 123-2. In an embodiment, switches 
123-16 and 123-17 may be controlled via a relay coil similar 
to FIG. 6B. Alternatively, switches 123-16 and 123-17 may 
be controlled via a mechanical Switching mechanism (e.g., 
a moving contact provided on the battery receptacle that 
closes the switches when a battery pack is inserted into the 
battery receptacle). 
0338. In another embodiment, as shown in FIG. 6D, the 
power Supply Switching unit 123-15 may include a single 
pole, double-throw switch 123-18 having input terminals 
coupled to DC+ and ACH power lines of the power supply 
interface 123-5, and an output terminal coupled to the power 
switch 123-13. In an embodiment, a second single-pole, 
double-throw switch 123-19 is provided having input ter 
minals coupled to negative DC- and ACL power lines of the 
power supply interface 123-5, and an output terminal 
coupled to a negative terminal of the motor 123-2. In an 
embodiment, switches 123-18 and 123-19 may be controlled 
via a relay coil similar to FIG. 6B. Alternatively, switches 
123-18 and 123-19 may be controlled via a mechanical 
Switching mechanism (e.g., a moving contact provided on 
the battery receptacle that closes the switches when a battery 
pack is inserted into the battery receptacle). 
0339. It must be understood that while tool 123 in FIGS. 
6A-6D is provided with a control unit 123-8 and power 
switch 123-13 to cut off supply of power in an event of a tool 
or battery fault condition, tool 123 may be provided without 
a control unit 123-8 and a power switch 123-13. For 
example, the battery pack(s) may be provided with its own 
controller to monitor its fault conditions and manage its 
operations. 
0340 1. Constant-Speed Universal Motor Tools with 
Power Supplies Having Comparable Voltage Ratings 
(0341. In FIGS. 6A-6D described above, power tools 123 
are designed to operate at a high-rated Voltage range of, for 
example, 100V to 120V (which corresponds to the AC 
power voltage range of 100 VAC to 120 VAC in North 
America and Japan), or more broadly, 90V to 132V (which 
is +10% of the AC power voltage range of 100 to 120VAC), 
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and at high power (e.g., 1500 to 2500 Watts). Specifically, 
the motor 123-2 and power unit 123-6 components of power 
tools 123 are designed and optimized to handle high-rated 
voltage of 100 to 120V, or more broadly 90V to 132V. This 
may be done by selecting Voltage-compatible power 
devices, and designing the motor with the appropriate size 
and winding configuration to handle the high-rated Voltage 
range. The motor 123-2 also has an operating Voltage or 
operating Voltage range that may be equivalent to, fall 
within, or correspond to the operating Voltage or the oper 
ating Voltage range of the tool 123. 
0342. In an embodiment, the power supply interface 
123-5 is arranged to provide AC power line having a 
nominal voltage in the range of 100 to 120V (e.g., 120VAC 
at 50-60 Hz in the US, or 100 VAC in Japan) from an AC 
power Supply, or a DC power line having a nominal Voltage 
in the range of 100 to 120V (e.g., 108 VDC) from a DC 
power Supply. In other words, the DC nominal Voltage and 
the AC nominal Voltage provided through the power Supply 
interface 123-5 both correspond to (e.g., match, overlap 
with, or fall within) the operating Voltage range of the motor 
123-2 (i.e., high-rated voltage 100V to 120V, or more 
broadly approximately 90V to 132V). It is noted that a 
nominal Voltage of 120 VAC corresponds to an average 
voltage of approximately 108V when measured over the 
positive half cycles of the AC sinusoidal waveform, which 
provides an equivalent speed performance as 108 VDC 
power. 
(0343 2. Constant-Speed Universal Motor Tools with 
Power Supplies Having Disparate Voltage Ratings 
0344 FIG. 6E depicts a power tool 123, according to 
another embodiment of the invention, where supply of 
power provided by the AC power Supply has a nominal 
Voltage that is significantly different from a nominal Voltage 
provided from the DC power supply. For example, the AC 
power line of the power supply interface 123-5 may provide 
a nominal voltage in the range of 100 to 120V, and the DC 
power line may provide a nominal Voltage in the range of 
60V-100V (e.g., 72 VDC or 90 VDC). In another example, 
the AC power line may provide a nominal Voltage in the 
range of 220 to 240V (e.g., 230V in many European coun 
tries or 220V in many African countries), and the DC power 
line may provide a nominal Voltage in the range of 100 
120V (e.g., 108 VDC). 
0345 Operating the power tool motor 123-2 at signifi 
cantly different voltage levels may yield significant differ 
ences in power tool performance, in particular the rotational 
speed of the motor, which may be noticeable and in some 
cases unsatisfactory to the users. Also supplying Voltage 
levels outside the operating Voltage range of the motor 123-2 
may damage the motor and the associated Switching com 
ponents. Thus, in an embodiment of the invention herein 
described, the motor control circuit 123-4 is configured to 
optimize a Supply of power to the motor (and thus motor 
performance) 123-2 depending on the nominal Voltage of the 
AC or DC power lines such that motor 123-2 yields sub 
stantially uniform speed and power performance in a manner 
satisfactory to the end user, regardless of the nominal 
voltage provided on the AC or DC power lines. 
0346. In this embodiment, motor 123-2 may be designed 
and configured to operate at a Voltage range that encom 
passes the nominal Voltage of the DC power line. In an 
exemplary embodiment, power tool 123 may be designed to 
operate at a voltage range of for example 60V to 90V (or 
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more broadly +10% at 54V to 99V) encompassing the 
nominal voltage of the DC power line of the power supply 
interface 123-5 (e.g., 72 VDC or 90 VDC), but lower than 
the nominal voltage of the AC power line (e.g., 220V-240V). 
In another exemplary embodiment, the motor 123-2 may be 
designed to operate at a voltage range of 100V to 120V (or 
more broadly +10% at 90V to 132V), encompassing the 
nominal voltage of the DC power line of the power supply 
interface 123-5 (e.g., 108 VDC), but lower than the nominal 
voltage range of 220-240V of the AC power line. 
0347 In an embodiment, in order for tool 123 to operate 
with the higher nominal voltage of the AC power line, tool 
123 is further provided with a phase-controlled AC switch 
123-16. In an embodiment, AC switch 123-16 may include 
a triac oran SRC switch controlled by the control unit 123-8. 
In an embodiment, the control unit 123-8 may be configured 
to set a fixed conduction band (or firing angle) of the AC 
switch 123-16 corresponding to the operating voltage of the 
tool 123. 
0348 For example, for a tool 123 having a motor 123-2 
with an operating voltage range of 60V to 100V but receiv 
ing AC power having a nominal voltage of 100V-120V, the 
conduction band of the AC switch 123-16 may be set to a 
value in the range of 100 to 140 degrees, e.g., approximately 
120 degrees. In this example, the firing angle of the AC 
switch 123-16 may be set to 60 degrees. By setting the firing 
angle to approximately 60 degrees, the AC Voltage Supplied 
to the motor will be approximately in the range of 70-90V. 
which corresponds to the operating voltage of the tool 123. 
In this manner, the control unit 123-8 optimizing the supply 
of power to the motor 123-2. 
0349. In another example, for a tool 123 having a motor 
123-2 with an operating voltage range of 100 to 120V but 
receiving AC power having a nominal voltage of 220-240V. 
the conduction band of the AC switch 123-16 may be set to 
a value in the range of 70 to 110 degrees, e.g., approximately 
90 degrees. In this example, the firing angle of the AC switch 
123-16 may be set to 90 degrees. By setting the firing angle 
to 90 degrees, the AC voltage supplied to the motor will be 
approximately in the range of 100-120V, which corresponds 
to the operating voltage of the tool 123. 
0350. In this manner, motor control circuit 123-4 opti 
mizes a Supply of power to the motor 123-2 depending on 
the nominal voltage of the AC or DC power lines such that 
motor 123-2 yields substantially uniform speed and power 
performance in a manner satisfactory to the end user, regard 
less of the nominal voltage provided on the AC or DC power 
lines. 
0351 B. Variable-Speed AC/DC Power Tools with Uni 
versal Motors 
0352 Turning now to FIG. 7A-7H, the second subset of 
AC/DC power tools with brushed motors 122 includes 
variable-speed AC/DC power tools 124 with universal 
motors (herein also referred to as variable-speed universal 
motor tools 124). These include corded/cordless (AC/DC) 
power tools that operate at variable speed at no load and 
include brushed universal motors 124-2 configured to oper 
ate at a high rated voltage (e.g., 100V to 120V. more broadly 
90V to 132V) and high power (e.g., 1500 to 2500 Watts). As 
discussed above, a universal motor is series-wound motor 
having stator field coils and a commutator connected to the 
field coils in series. A universal motor in this manner can 
work with a DC power supply as well as an AC power 
Supply. In an embodiment, variable-speed universal-motor 
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tools 124 may include high-power tools having variable 
speed control. Such as concrete drills, hammers, grinders, 
SaWS, etc. 
0353. In an embodiment, variable-speed universal-motor 
tool 124 is provided with a variable-speed actuator (not 
shown), e.g., a trigger Switch, a touch-sense Switch, a 
capacitive Switch, a gyroscope, or other variable-speed input 
mechanism (not shown) engageable by a user. In an embodi 
ment, the variable-speed actuator is coupled to or includes a 
potentiometer or other circuitry for generating a variable 
speed signal (e.g., variable Voltage signal, variable current 
signal, etc.) indicative of the desired speed of the motor 
124-2. In an embodiment, variable-speed universal-motor 
tool 124 may be additionally provided with an ON/OFF 
trigger or actuator (not shown) enabling the user to start the 
motor 124-2. Alternatively, the ON/OFF trigger functionally 
may be incorporated into the variable-speed actuator (i.e., no 
separate ON/OFF actuator) such that an initial actuation of 
the variable-speed trigger by the user acts to start the motor 
124-2. 

0354. In an embodiment, a variable-speed universal 
motor tool 124 includes a motor control circuit 124-4 that 
operates the universal motor 124-2 at a variable speed under 
no load or constant load. The power tool 124 further includes 
power supply interface 124-5 arranged to receive power 
from one or more of the aforementioned DC power supplies 
and/or AC power Supplies. The power Supply interface 
124-5 is electrically coupled to the motor control circuit 
124-4 by DC power lines DC+ and DC- (for delivering 
power from a DC power supply) and by AC power lines 
ACH and ACL (for delivering power from an AC power 
Supply). 
0355. In an embodiment, motor control circuit 124-4 may 
include a power unit 124-6. In an embodiment, power unit 
124-6 may include a DC switch circuit 124-14 arranged 
between the DC power lines DC+/DC- and the motor 124-2, 
and an AC switch 124-16 arranged between the AC power 
lines ACH/ACL and the motor 124-2. In an embodiment, 
DC switch circuit 124-14 may include a combination of one 
or more power semiconductor devices (e.g., diode, FET. 
BJT, IGBT, etc.) arranged to switchably provide power from 
the DC power lines DC+/DC- to the motor 124-2. In an 
embodiment, AC switch 124-16 may include a phase-con 
trolled AC Switch (e.g., triac, SCR, thyristor, etc.) arranged 
to switchably provide power from the AC power lines 
ACHAACL to the motor 124-2. 

0356. In an embodiment, motor control circuit 124-4 may 
further include a control unit 124-8. Control unit 124-8 may 
be arranged to control a Switching operation of the DC 
switch circuit 124-14 and AC Switch 124-16. In an embodi 
ment, control unit 124-8 may include a micro-controller or 
similar programmable module configured to control gates of 
power switches. In an embodiment, the control unit 124-8 is 
configured to control a PWM duty cycle of one or more 
semiconductor switches in the DC Switch circuit 124-14 in 
order to control the speed of the motor 124-2 based on the 
speed signal from the variable-speed actuator when power is 
being Supplied from one or more battery packs through the 
DC power lines DC+/DC-. Similarly, the control unit 124-8 
is configured to control a firing angle (or conduction angle) 
of AC switch 124-16 in order to control the speed of the 
motor 124-2 based on the speed signal from the variable 
speed actuator when power is being Supplied from the AC 
power supply through the AC power lines ACH/ACL. 
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0357. In an embodiment, control unit 124-8 may also be 
coupled to the battery pack(s) via a communication signal 
line COMM provided from power supply interface 124-5. 
The COMM signal line may provide a control or informa 
tional signal relating to the operation or condition of the 
battery pack(s) to the control unit 124-8. In an embodiment, 
control unit 124-8 may be configured to cut off power from 
the DC output line of power supply interface 124-5 using 
DC switch circuit 124-14 if battery fault conditions (e.g., 
battery over-temperature, battery over-current, battery over 
Voltage, battery under-Voltage, etc.) are detected. Control 
unit 124-8 may further be configured to cut off power from 
either the AC or DC output lines of power supply interface 
124-5 using DC switch circuit 124-14 and/or AC switch 
124-16 if tool fault conditions (e.g., tool over-temperature, 
tool over-current, etc.) are detected. 
0358. In an embodiment, power unit 124-6 may be fur 
ther provided with an electro-mechanical ON/OFF switch 
124-12 coupled to the ON/OFF trigger or actuator discussed 
above. The ON/OFF switch simply connects or disconnects 
supply of power from the power supply interface 124-5 to 
the motor 124-2. Alternatively, the control unit 124-8 may 
be configured to deactivate DC switch circuit 124-14 and 
AC Switch 124-16 until it detects a user actuation of the 
ON/OFF trigger or actuator (or initial actuator of the vari 
able-speed actuator if ON/OFF trigger functionally is be 
incorporated into the variable-speed actuator). The control 
unit 124-8 may then begin operating the motor 124-2 via 
either the DC switch circuit 124-14 or AC Switch 124-16. In 
this manner, power unit 124-6 may be operable without an 
electro-mechanical ON/OFF Switch 124-12. 
0359 Referring to FIG. 7A, the variable-speed universal 
motor tool 124 is depicted according to one embodiment, 
where the ACH and DC+ power lines are coupled together 
at common positive node 124-11a, and the ACL and DC 
power lines are coupled together at a common negative node 
124-11b. In this embodiment, ON/OFF switch 124-12 is 
arranged between the positive common node 124-11a and 
the motor 124-2. To ensure that only one of the AC or DC 
power Supplies are utilized at any given time, in an embodi 
ment, the control unit 124-8 may be configured to activate 
only one of the DC switch circuit 124-14 and AC switch 
124-16 at any given time. 
0360. In a further embodiment, as a redundancy measure 
and to minimize electrical leakage, a mechanical lockout 
may be utilized. In an exemplary embodiment, the mechani 
cal lockout may physically block access to the AC or DC 
power Supplies at any given time. 
0361 FIG. 7B depicts the variable-speed universal motor 
tool 124 is depicted according to an alternative embodiment, 
where DC power lines DC+/DC- and AC power lines 
ACH/ACL are isolated via a power supply switching unit 
124-15 to ensure that power cannot be supplied from both 
the AC power supply and the DC power supply at the same 
time (even if the power supply interface 124-5 is coupled to 
both AC and DC power supplies). Switching unit 124-15 
may be configured to include relays, single-pole double 
throw switches, double-pole double-throw switches, or a 
combination thereof, as shown and described with reference 
to FIGS. 6B to 6D. It should be understood that while the 
power supply switching unit 124-15 in FIG. 7B is depicted 
between the power supply interface 124-5 on one side, and 
the DC Switch circuit 124-14 and AC switch 124-16 on the 
other side, the power supply switching unit 124-15 may 
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alternatively be provided between the DC Switch circuit 
124-14 and AC switch 124-16 on one side, and the motor 
124-2 on the other side, depending on the Switching arrange 
ment utilized in the power supply switching unit 124-15. 
0362. As discussed above, DC switch circuit 124-14 may 
include a combination of one or more semiconductor 
devices. FIGS. 7C to 7E depict various arrangements and 
embodiments of the DC switch circuit 124-14. In one 
embodiment shown in FIG. 7C, a combination of a FET and 
a diode is used in what is known as a chopper circuit, and 
the control unit 124-8 drives the gate of the FET (via a gate 
driver that is not shown) to control a PWM duty cycle of the 
motor 124-2. In another embodiment, as shown in FIG. 7D, 
a combination of two FETs is used in series (i.e., a half 
bridge). The control unit 124-8 may in this case drive the 
gates or one or both FETs (i.e., single-switch PWM control 
or PWM control with synchronous rectification). In yet 
another embodiment, as shown in FIG. 7E, a combination of 
four FETs is used as an H-bridge (full-bridge). The control 
unit 124-8 may in this case drive the gates or two or four 
FETs (i.e., without or with synchronous rectification) from 
0% to 100% PWM duty cycle correlating to the desired 
speed of the motor from Zero to full speed. It is noted that 
any type of controllable semiconductor device Such as a 
BJT, IGBT, etc. may be used in place of the FETs shown in 
these figures. For a detailed description of these circuits and 
the associated PWM control mechanisms, reference is made 
to U.S. Pat. No. 8,446,120 titled: “Electronic Switch Module 
for a Power Tool.” which is incorporated herein by reference 
in its entirety. 
0363 Referring again to FIGS. 7A and 7B, AC switch 
124-16 may include a phase-controlled AC power switch 
Such as a triac, a SCR, a thyristor, etc. arranged in series on 
AC power line ACH and/or AC power line ACL. In an 
embodiment, the control unit 124-8 controls the speed of the 
motor by Switching the motor current on and off at periodic 
intervals in relation to the Zero crossing of the AC current or 
voltage waveform. The control unit 124-8 may fire the AC 
switch 124-16 at a conduction angle of between 0 to 180 
degrees within each AC half cycle correlating to the desired 
speed of the motor from Zero to full speed. For example, if 
the desired motor speed is 50% of the full speed, control unit 
124-8 may fire the AC switch 124-16 at 90 degrees, which 
is the medium point of the half cycle. Preferably such 
periodic intervals are caused to occur in Synchronism with 
the original AC waveform. The conduction angle determines 
the point within the AC waveform at which the AC switch 
124-16 is fired, i.e. turned on, thereby delivering electrical 
energy to the motor 124-2. The AC switch 124-16 turns off 
at the conclusion of the selected period, i.e., at the Zero 
crossing of the AC waveform. Thus, the conduction angle is 
measured from the point of firing of AC switch 124-16 to the 
Zero-crossing. For a detailed description of phase control of 
a triac or other phase controlled AC switch in a power tool, 
reference is made to U.S. Pat. No. 8,657,031, titled “Uni 
versal Control Module, U.S. Pat. No. 7,834,566, titled: 
“Generic Motor Control,” and U.S. Pat. No. 5,986,417, 
titled: “Sensorless Universal Motor Speed Controller, each 
of which are incorporated herein by reference in its entirety. 
0364. As discussed, control unit 124-8 controls the 
switching operation of both DC switch circuit 124-14 and 
AC switch 124-16. When tool 124 is coupled to an AC 
power Supply, the control unit 124-8 may sense current 
through the AC power lines ACH/ACL and set its mode of 
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operation to control the AC switch 124-16. In an embodi 
ment, when tool 124 is coupled to a DC power supply, the 
control unit 124-8 may sense lack of Zero crossing on the AC 
power lines ACH/ACL and change its mode of operation to 
control the DC Switch circuit 124-14. It is noted that control 
unit 124-8 may set its mode of operation in a variety of 
ways, e.g., by sensing a signal from the COMM signal line, 
by sensing voltage on the DC power lines DC+/DC-, etc. 
0365 1. Integrated Power Switch/Diode Bridge 
0366 Referring now to FIGS. 7F-7H, variable-speed 
universal-motor tool 124 is depicted according to an alter 
native embodiment, where the AC and DC power lines of the 
power Supply interface 124-5 are coupled to an integrated 
AC/DC power switching circuit 124-18. 
0367. As shown in FIGS. 7G and 7H, integrated AC/DC 
power Switching circuit 124-18 includes a semiconductor 
switch Q1 nested within a diode bridge configured out of 
diodes D1-D4. Semiconductor switch Q1 may be a field 
effect transistor (FET) as shown in FIG. 7H, or an insulated 
gate bipolar transistor (IGBT) as shown in FIG. 7G. The 
semiconductor switch Q1 is arranged between D1 and D3 on 
one end and between D2 and D4 on the other end. Line 
inputs DC+ and ACH are jointly coupled to a node of the 
diode bridge between D1 and D4. The positive motor 
terminal M-- is coupled to a node of the diode bridge 
between D2 and D3. 
0368. When tool 124 is coupled to a DC power supply, in 
an embodiment, the control unit 124-8 sets its mode of 
operation to DC mode, as discussed above. In this mode, 
control unit 124-8 controls the semiconductor switch Q1 via 
a PWM technique to control motor speed, i.e., by turning 
switch Q1 ON and OFF to provide a pulse voltage. The 
PWM duty cycle, or ratio of the ON and OFF periods in the 
PWM signal, is selected according to the desired speed of 
the motor. 
0369. When tool 124 is coupled to an AC power supply, 
in an embodiment, the control unit 124-8 sets its mode of 
operation to AC, as discussed above. In this mode, control 
unit 124-8 controls the semiconductor switch Q1 in a 
manner to resemble a Switching operation of a phase con 
trolled switch such as a triac. Specifically, the switch Q1 is 
turned ON by the control unit 124-8 correspondingly to a 
point of the AC half cycle where a triac would normally be 
fired. The control unit 124-8 continued to keep the switch Q1 
ON until a zero-crossing has been reached, which indicates 
the end of the AC half cycle. At that point, control unit 124-8 
turns switch Q1 OFF correspondingly to the point of current 
Zero crossing. In this manner the control unit 124-8 controls 
the speed of the motor by turning switch Q1 ON within each 
half cycle to control the conduction angle of each AC half 
cycle according to the desired speed of the motor. 
0370. When power is supplied via DC power lines DC+/ 
DC-, current flows through D1-Q1-D2 into the motor 124-2. 
As mentioned above, control unit 124-8 controls the speed 
of the motor by controlling a PWM duty cycle of switch Q1. 
When power is supplied via AC power lines ACH/ACL, 
current flows through D1-Q1-D2 during every positive 
half-cycle, and through D3-Q1-D4 through every negative 
half-cycle. Thus, the diode bridge D1-D4 acts to rectify the 
AC power passing through the Switch Q1, but it does not 
rectify the AC power passing through the motor terminals 
M+/M-. As mentioned above, control unit 124-8 controls 
the speed of the motor by controlling a conduction band of 
each half cycle via switch Q1. 
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0371. It is noted that in an embodiment, control unit 
124-8 may perform PWM control on switch Q1 in both the 
AC and DC modes of operation. Specifically, instead of 
controlling a conduction band of the AC line within each 
half-cycle, control unit 124-8 may select a PWM duty cycle 
and using the PWM technique discussed above to control the 
speed of the motor. 
0372 Depending on the motor 124-2 size and property, 
motor 124-2 may have an inductive current that is slightly 
delayed with respect to the AC line current. In the AC mode 
of operation, this current is allowed to decay down to Zero 
at the end of each AC half cycle, i.e., after every voltage Zero 
crossing. However, in the DC mode of operation, it is 
desirable to provide a current path for the inductive current 
of the motor 124-2. Thus, according to an embodiment, a 
freewheeling switch Q2 and a freewheeling diode D5 are 
further provided parallel to the motor 124-2 to provide a path 
for the inductive current flowing through the motor 124-2 
when Q1 has been turned OFF. In an embodiment, in the AC 
mode of operation, control unit 124-8 is configured to keep 
Q2 OFF at all times. However, in the DC mode of operation, 
control unit 124-8 is configured to keep freewheeling switch 
Q2 ON. 
0373. In a further embodiment, control unit 124-8 is 
configured to turn Q2 ON when switch Q1 is turned OFF, 
and vice versa. In other words, when Q1 is being pulse 
width modulated, the ON and OFF periods of switch Q1 will 
synchronously coincide with the OFF and ON periods of 
switch Q2. This ensures that the freewheeling current path of 
Q2/D5 does not short the motor 124-8 during any Q1 ON 
cycle. 
0374 With such arrangement, the speed of motor 124-2 
can be controlled regardless of whether power tool 124 is 
connected to an AC or a DC power Supply. 
0375 2. Variable-Speed Universal Motor Tools with 
Power Supplies Having Comparable Voltage Ratings 
0376. In FIGS. 7A, 7B, and 7F described above, power 
tools 124 are designed to operate at a high-rated Voltage 
range of, for example, 100V to 120V (which corresponds to 
the AC power voltage range of 100V to 120VAC), or more 
broadly, 90V to 132V (which corresponds to +10% of the 
AC power voltage range of 100 to 120 VAC), and at high 
power (e.g., 1500 to 2500 Watts). The motor 124-2 also has 
an operating Voltage or operating Voltage range that may be 
equivalent to, fall within, or correspond to the operating 
Voltage or the operating Voltage range of the tool 124. 
0377. In an embodiment, the power supply interface 
124-5 is arranged to provide an AC voltage having a nominal 
Voltage that is significantly different from a nominal Voltage 
provided from the DC power supply. For example, the AC 
power line of the power supply interface 124-5 may provide 
a nominal voltage in the range of 100 to 120V, and the DC 
power line may provide a nominal Voltage in the range of 
60V-100V (e.g., 72 VDC or 90 VDC). In another example, 
the AC power line may provide a nominal Voltage in the 
range of 220 to 240V (e.g., 230V in many European coun 
tries or 220V in many African countries), and the DC power 
line may provide a nominal Voltage in the range of 100 
120V (e.g., 108 VDC). 
0378. 3. Variable-Speed Universal Motor Tools with 
Power Supplies Having Disparate Voltage Ratings 
0379 According to an alternative embodiment of the 
invention, Voltage provided by the AC power Supply has a 
nominal Voltage that is significantly different from a nominal 
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voltage provided from the DC power supply. For example, 
the AC power line of the power supply interface 124-5 may 
provide a nominal voltage in the range of 100 to 120V, and 
the DC power line may provide a nominal voltage in the 
range of 60V-100V (e.g., 72 VDC or 90 VDC). In another 
example, the AC power line may provide a nominal Voltage 
in the range of 220 to 240V (e.g., 230V in many European 
countries or 220V in many African countries), and the DC 
power line may provide a nominal Voltage in the range of 
100-120V (e.g., 108 VDC). 
0380 Operating the power tool motor 124-2 at signifi 
cantly different voltage levels may yield significant differ 
ences in power tool performance, in particular the rotational 
speed of the motor, which may be noticeable and in some 
cases unsatisfactory to the users. Also supplying Voltage 
levels outside the operating Voltage range of the motor 124-2 
may damage the motor and the associated Switching com 
ponents. Thus, in an embodiment of the invention herein 
described, the motor control circuit 124-4 is configured to 
optimize a Supply of power to the motor (and thus motor 
performance) 124-2 depending on the nominal Voltage of the 
AC or DC power lines such that motor 124-2 yields sub 
stantially uniform speed and power performance in a manner 
satisfactory to the end user, regardless of the nominal 
voltage provided on the AC or DC power lines. 
0381. In this embodiment, motor 124-2 may be designed 
and configured to operate at a Voltage range that encom 
passes the nominal Voltage of the DC power line. In an 
exemplary embodiment, motor 124-2 may be designed to 
operate at a voltage range of for example 60V to 90V (or 
more broadly +10% at 54V to 99V) encompassing the 
nominal voltage of the DC power line of the power supply 
interface 124-5 (e.g., 72 VDC or 90 VDC), but lower than 
the nominal voltage of the AC power line (e.g., 220V-240V). 
In another exemplary embodiment, motor 124-2 may be 
designed to operate at a voltage range of 100V to 120V (or 
more broadly +10% at 90V to 132V), encompassing the 
nominal voltage of the DC power line of the power supply 
interface 124-5 (e.g., 108 VDC), but lower than the nominal 
voltage range of 220-240V of the AC power line. 
0382. In an embodiment, in order for motor 124-2 to 
operate to operate with the higher nominal voltage of the AC 
power line, control unit 124-8 may be configured to set a 
fixed maximum conduction band for the phase-controlled 
AC Switch 124-16 corresponding to the operating Voltage of 
the tool 124. Specifically, the control unit 124-8 may be 
configured to set a fixed firing angle corresponding to the 
maximum speed of the tool (e.g., at 100% trigger displace 
ment) resulting in a conduction band of less than 180 
degrees within each AC half-cycle at maximum no-load 
speed. This allows the control unit 124-8 to optimize the 
supply of power to the motor by effectively reducing the 
total voltage provided to the motor 124-2 from the AC power 
Supply. 
0383 For example, for a motor 124-2 having an operat 
ing voltage range of 60 to 100V but receiving AC power 
having a nominal voltage of 100-120V, the conduction band 
of the AC switch 124-16 may be set to a maximum of 
approximately 120 degrees. In other words, the firing angle 
of the AC switch 124-16 may be varied from 60 degrees 
(corresponding to 120 degrees conduction angle) at full 
desired speed to 180 degrees (corresponding to 0 degree 
conduction angle) at no-speed. By setting the maximum 
firing angle to approximately 60 degrees, the AC voltage 
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supplied to the motor at full desired speed will be approxi 
mately in the range of 70-90V, which corresponds to the 
operating Voltage of the tool 124. 
0384. In this manner, motor control circuit 124-4 opti 
mizes a Supply of power to the motor 124-2 depending on 
the nominal voltage of the AC or DC power lines such that 
motor 124-2 yields substantially uniform speed and power 
performance in a manner satisfactory to the end user, regard 
less of the nominal voltage provided on the AC or DC power 
lines. 
(0385 C. Constant-Speed AC/DC Power Tools with 
Brushed PMDC Motors 
(0386 Turning now to FIGS. 8A and 8B, the third subset 
of AC/DC power tools with brushed motors 122 includes 
constant-speed AC/DC power tools 125 with permanent 
magnet DC (PMDC) brushed motors (herein referred to as 
constant-speed PMDC tools 125), which tend to be more 
efficient than universal motors. These include corded/cord 
less (AC/DC) power tools that operate at constant speed at 
no load (or constant load) and include PMDC brushed 
motors 125-2 configured to operate at a high rated Voltage 
(e.g., 100V to 120V) and high power (e.g., 1500 to 2500 
Watts). A PMDC brushed motor generally includes a wound 
rotor coupled to a commutator, and a stator having perma 
nent magnets affixed therein. A PMDC motor, as the name 
implies, works with DC power only. This is because the 
permanent magnets on the stator do not change polarity, and 
as the AC power changes from a positive half-cycle to a 
negative half-cycle, the polarity change in the brushes brings 
the motor to a stand-still. For this reason, in an embodiment, 
as shown in FIGS. 8A and 8B, power from the AC power 
supply is passed through a rectifier circuit 125-20 to convert 
or remove the negative half-cycles of the AC power. In an 
embodiment, rectifier circuit 125-20 may be a full-wave 
rectifier arranged to rectify the AC voltage waveform by 
converting the negative half-cycles of the AC power to 
positive half-cycles. Alternatively, in an embodiment, rec 
tifier circuit 125-20 may be a half-wave rectifier circuit to 
eliminate the half-cycles of the AC power. In an embodi 
ment, the rectifier circuit 125-20 may be additionally pro 
vided with a link capacitor or a smoothing capacitor (not 
shown). In an embodiment, constant-speed PMDC motor 
tools 125 may include high powered tools for high power 
applications such as concrete hammers, miter saws, table 
saws, vacuums, blowers, and lawn mowers, etc. 
0387 Many aspects of the constant-speed PMDC motor 
tool 125 are similar to those of the constant-speed universal 
motor tool 123 previously discussed with reference to FIGS. 
6A-6E. In an embodiment, a constant-speed PMDC motor 
tool 125 includes a motor control circuit 125-4 that operates 
the PMDC motor 125-2 at a constant speed under no load. 
The power tool 125 further includes power supply interface 
125-5 arranged to receive power from one or more of the 
aforementioned DC power supplies and/or AC power Sup 
plies. The power supply interface 125-5 is electrically 
coupled to the motor control circuit 125-4 by DC power 
lines DC+ and DC- (for delivering power from a DC power 
supply) and by AC power lines ACH and ACL (for deliv 
ering power from an AC power Supply). 
0388. In an embodiment, motor control circuit 125-4 
includes a power unit 125-6. Power unit 125-6 may include 
an electro-mechanical ON/OFF switch 125-12 provided in 
series with the motor 125-2 and coupled to an ON/OFF 
trigger or actuator (not shown). Additionally and/or alterna 
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tively, power unit 125 may include a power switch 125-13 
coupled to the DC power lines DC+/DC- and to a control 
unit 125-8. In an embodiment, control unit 125-8 may be 
provided to monitor the power tool 125 and/or battery 
conditions. In an embodiment, control unit 125-8 may be 
coupled to tool 125 elements such as a thermistor inside a 
tool. In an embodiment, control unit 125-8 may also be 
coupled to the battery pack(s) via a communication signal 
line COMM provided from power supply interface 125-5. 
The COMM signal line may provide a control or informa 
tional signal relating to the operation or condition of the 
battery pack(s) to the control unit 125-8. In an embodiment, 
control unit 125-8 may be configured to cut off power from 
the DC+ output line of power supply interface 125-5 using 
the power switch 125-13 if tool fault conditions (e.g., tool 
over-temperature, tool over-current, etc.) or battery fault 
conditions (e.g., battery over-temperature, battery over-cur 
rent, battery over-Voltage, battery under-Voltage, etc.) are 
detected. In an embodiment, power switch 125-13 may 
include a FET or other controllable switch that is controlled 
by control unit 125-8. It is noted that power switch 125-13 
in an alternative embodiment may be provided between both 
AC power lines ACH/ACL and DC power lines DC+/DC 
on one side and the motor 125-2 on the other side to allow 
the control unit 125-8 to cut off power from either the AC 
power supply or the DC power supply in the event of a tool 
fault condition. Also in another embodiment, constant-speed 
PMDC motor tool 125 may be provided without an ON/OFF 
switch 125-12, and the control unit 125-8 may be configured 
to begin activating the power switch 125-13 when the 
ON/OFF trigger or actuator is actuated by a user. In other 
words, power switch 125-13 may be used for ON/OFF and 
fault condition control. It is noted that power switch 125-13 
is not used to control a variable-speed control (e.g., PWM 
control) of the motor 125-2 in this embodiment. 
0389 Referring to FIG. 8A, constant-speed PMDC motor 
tool 125 is depicted according to one embodiment, where the 
DC+ power line and V+ output of the rectifier circuit 125-20 
(which carries the rectified ACH power line) are coupled 
together at common positive node 125-11a, and the DC 
power line and Gnd output (corresponding to ACL power 
line) from the rectifier circuit 125-20 are coupled together at 
a common negative node 125-11b. In this embodiment, 
ON/OFF switch 125-12 is arranged between the positive 
common node 125-11a and the motor 125-2. To ensure that 
only one of the AC or DC power supplies are utilized at any 
given time, in an embodiment, a mechanical lockout may be 
utilized. In an exemplary embodiment, the mechanical lock 
out may physically block access to the one of the AC or DC 
power Supplies at any given time. 
0390. In FIG. 8B, constant-speed PMDC motor tool 125 
is depicted according to an alternative embodiment, where 
the DC power lines DC+/DC- and the AC power lines 
ACH/ACL are isolated via a power supply switching unit 
125-15 to ensure that power cannot be supplied from both 
the AC power supply and the DC power supply at the same 
time (even if the power supply interface 125-5 is coupled to 
both AC and DC power supplies). The power supply switch 
ing unit 125-15 may be configured similarly to any of the 
configurations of power supply switching unit 123-15 in 
FIGS. 6B-6D. It is noted that power supply switching unit 
125-15 may be arranged between the AC power lines 
ACH/ACL and the rectifier circuit 125-20 in an alternative 
embodiment. In yet another embodiment, power Supply 
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switching unit 125-15 may be arranged between the power 
Switch 125-13 and the ON/OFF Switch 125-12. 
0391. It should be understood that while tool 125 in 
FIGS. 8A and 8B is provided with a control unit 125-8 and 
power switch 125-13 to cut off supply of power in an event 
of a tool or battery fault condition, tool 125 may be provided 
without a control unit 125-8 and a power switch 125-13. For 
example, the battery pack(s) may be provided with its own 
controller to monitor its fault conditions and manage its 
operations. 
0392) 1. Constant Speed PMDC Tools with Power Sup 
plies Having Comparable Voltage Ratings 
0393. In FIGS. 8A and 8B described above, power tools 
125 are designed to operate at a high-rated Voltage range of 
for example, 100V to 120V (which corresponds to the AC 
power voltage range of 100V to 120 VAC), more broadly 
90V to 132V (which corresponds to +10% of the AC power 
voltage range of 100 to 120VAC), and at high power (e.g., 
1500 to 2500 Watts). The motor 125-2 also has an operating 
Voltage or operating Voltage range that may be equivalent to, 
fall within, or correspond to the operating Voltage or the 
operating Voltage range of the tool 125. 
0394. In an embodiment, the power supply interface 
125-5 is arranged to provide AC power line having a 
nominal voltage in the range of 100 to 120V (e.g., 120VAC 
at 50-60 Hz in the US, or 100 VAC in Japan) from an AC 
power Supply, or a DC power line having a nominal Voltage 
in the range of 100 to 120V (e.g., 108 VDC) from a DC 
power supply. In other words, the DC nominal voltage and 
the AC nominal Voltage provided through the power Supply 
interface 125-5 both correspond to (e.g., match, overlap 
with, or fall within) the operating voltage range of the power 
tool 125 (i.e., high-rated voltage 100V to 120V, or more 
broadly approximately 90V to 132V). It is noted that a 
nominal Voltage of 120 VAC corresponds to an average 
voltage of approximately 108V when measured over the 
positive half cycles of the AC sinusoidal waveform, which 
provides an equivalent speed performance as 108 VDC 
power. 
0395 2. Constant Speed PMDC Tools with Power Sup 
plies Having Disparate Voltage Ratings 
0396 According to another embodiment of the invention, 
Voltage provided by the AC power Supply has a nominal 
Voltage that is significantly different from a nominal Voltage 
provided from the DC power supply. For example, the AC 
power line of the power supply interface 125-5 may provide 
a nominal voltage in the range of 100 to 120V, and the DC 
power line may provide a nominal Voltage in the range of 
60V-100V (e.g., 72 VDC or 90 VDC). In another example, 
the AC power line may provide a nominal Voltage in the 
range of 220 to 240V, and the DC power line may provide 
a nominal voltage in the range of 100-120V (e.g., 108 VDC). 
0397 Operating the power tool motor 125-2 at signifi 
cantly different voltage levels may yield significant differ 
ences in power tool performance, in particular the rotational 
speed of the motor, which may be noticeable and in some 
cases unsatisfactory to the users. Also supplying Voltage 
levels outside the operating voltage range of the motor 125-2 
may damage the motor and the associated Switching com 
ponents. Thus, in an embodiment of the invention herein 
described, the motor control circuit 125-4 is configured to 
optimize a Supply of power to the motor (and thus motor 
performance) 125-2 depending on the nominal Voltage of the 
AC or DC power lines such that motor 125-2 yields sub 
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stantially uniform speed and power performance in a manner 
satisfactory to the end user, regardless of the nominal 
voltage provided on the AC or DC power lines. 
0398. In this embodiment, power tool motor 125-2 may 
be designed and configured to operate at a Voltage range that 
encompasses the nominal Voltage of the DC power line. In 
an exemplary embodiment, motor 125-2 may be designed to 
operate at a voltage range of for example 60V to 90V (or 
more broadly +10% at 54V to 99V) encompassing the 
nominal voltage of the DC power line of the power supply 
interface 125-5 (e.g., 72 VDC or 90 VDC), but lower than 
the nominal voltage of the AC power line (e.g., 220V-240V). 
In another exemplary embodiment, motor 125-2 may be 
designed to operate at a voltage range of 100V to 120V (or 
more broadly +10% at 90V to 132V), encompassing the 
nominal voltage of the DC power line of the power supply 
interface 125-5 (e.g., 108 VDC), but lower than the nominal 
voltage range of 220-240V of the AC power line. 
0399. In an embodiment, in order for motor 125-2 to 
operate with the higher nominal voltage of the AC power 
line, motor control circuit 125-4 may be designed to opti 
mize supply of power to the motor 125-2 according to 
various implementations discussed herein. 
0400. In one implementation, rectifier circuit 125-20 may 
be provided as a half-wave diode bridge rectifier. As persons 
skilled in the art shall recognize, a half-wave rectified 
waveform will have about approximately half the average 
nominal Voltage of the input AC waveform. Thus, in a 
scenario where the nominal voltage of the AC power line is 
in the range of 220-240V and the motor 125-2 is designed 
to operate at a voltage range of 100V to 120V, the rectifier 
circuit 125-20 may be configured as a half-wave rectifier to 
provide an average nominal AC voltage of 110V to 120V to 
the motor 125-2, which is within the operating Voltage range 
of the power tool 125. 
04.01. In another implementation, as shown in FIG. 8C, 
the V+ output of the rectifier circuit 125-20 may be provided 
as an input to power switch 125-13, and control unit 125-8 
may be configured to pulse width modulate (PWM) the V+ 
signal at a fixed duty cycle corresponding to the operating 
voltage of the tool 125. For example, for a tool 125 having 
an operating voltage range of 60 to 100V but receiving AC 
power having a nominal voltage of 100-120V, when control 
unit 125-8 senses AC current on the AC power line of power 
supply interface 125-5, it controls a PWM switching opera 
tion of power switch 125-13 at fixed duty cycle in the range 
of 60% to 80% (e.g., 70%). This results in a voltage level of 
approximately 70-90V being supplied to the motor 125-2 
when operating from an AC power Supply, which corre 
sponds to the operating voltage of the tool 125. 
0402. In yet another implementation, as shown in FIG. 
8D, tool 125 may be further provided with a phase-con 
trolled AC switch 125-16. In an embodiment, AC Switch 
125-16 is arranged in series with the V+ output of the 
rectifier circuit 125-20. In an embodiment, AC Switch 125 
16 may include a triac or an SRC switch controlled by the 
control unit 125-8. In an embodiment, the control unit 125-8 
may be configured to set a fixed conduction band (or firing 
angle) of the AC switch 125-16 corresponding to the oper 
ating voltage of the tool 125. For example, for a motor 125-2 
having an operating voltage range of 60 to 100V but 
receiving AC power having a nominal voltage of 100-120V. 
the conduction band of the AC switch 125-16 may be fixedly 
set to approximately 120 degrees. In other words, the firing 
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angle of the AC switch 125-16 may be set to 60 degrees. By 
setting the firing angle to approximately 60 degrees, the AC 
voltage supplied to the motor 125-2 will be approximately in 
the range of 70-90V, which corresponds to the operating 
voltage of the motor 125-2. In another example, for a motor 
125-2 having an operating voltage range of 100 to 120V but 
receiving AC power having a nominal voltage of 220-240V. 
the conduction band of the AC switch 125-16 may be fixedly 
set to approximately 90 degrees. In other words, the firing 
angle of the AC switch 125-16 may be set to 90 degrees. By 
setting the firing angle to 90 degrees, the AC Voltage 
supplied to the motor 125-2 will be approximately in the 
range of 100-120V, which corresponds to the operating 
voltage of the motor 125-2. In this manner, control unit 
125-8 optimizes the supply of power to the motor 125-2. 
0403. In this manner, motor control circuit 125-4 opti 
mizes a Supply of power to the motor 125-2 depending on 
the nominal voltage of the AC or DC power lines such that 
motor 125-2 yields substantially uniform speed and power 
performance in a manner satisfactory to the end user, regard 
less of the nominal voltage provided on the AC or DC power 
lines. 

(0404 D. Variable-Speed AC/DC Power Tools with 
Brushed DC Motors 

04.05 Turning now to FIG. 9A-9B, the fourth subset of 
AC/DC power tools with brushed motors 122 includes 
variable-speed AC/DC power tools 126 with PMDC motors 
(herein also referred to as variable-speed PMDC motor tools 
126). These include corded/cordless (AC/DC) power tools 
that operate at variable speed at no load and include brushed 
permanent magnet DC (PMDC) motors 126-2 configured to 
operate at a high rated voltage (e.g., 100 to 120V) and high 
power (e.g., 1500 to 2500 Watts). As discussed above, a 
PMDC brushed motor generally includes a wound rotor 
coupled to a commutator, and a stator having permanent 
magnets affixed therein. A PMDC motor, as the name 
implies, works with DC power only. This is because the 
permanent magnets on the stator do not change polarity, and 
as the AC power changes from a positive half-cycle to a 
negative half-cycle, the polarity change in the brushes brings 
the motor to a stand-still. For this reason, in an embodiment, 
as shown in FIGS. 9A and 9B, power from the AC power 
supply is passed through a rectifier circuit 126-20 to convert 
or remove the negative half-cycles of the AC power. In an 
embodiment, rectifier circuit 126-20 may be a full-wave 
rectifier to convert the negative half-cycles of the AC power 
to positive half-cycles. Alternatively, in an embodiment, 
rectifier circuit 126-20 may be a half-wave rectifier circuit to 
eliminate the half-cycles of the AC power. In an embodi 
ment, variable-speed PMDC motor tools 126 may include 
high-power tools having variable speed control. Such as 
concrete drills, hammers, grinders, saws, etc. 
04.06 Many aspects of the variable-speed PMDC motor 
tool 126 are similar to those of variable-speed universal 
motor tool 124 previously discussed with reference to FIGS. 
7A-7E. In an embodiment, variable-speed PMDC motor tool 
126 is provided with a variable-speed actuator (not shown, 
e.g., a trigger Switch, a touch-sense Switch, a capacitive 
Switch, a gyroscope, or other variable-speed input mecha 
nism) engageable by a user. In an embodiment, the variable 
speed actuator is coupled to or includes a potentiometer or 
other circuitry for generating a variable-speed signal (e.g., 
variable Voltage signal, variable current signal, etc.) indica 
tive of the desired speed of the motor 126-2. In an embodi 



US 2017/O 126051 A1 

ment, variable-speed PMDC motor tool 126 may be addi 
tionally provided with an ON/OFF trigger or actuator (not 
shown) enabling the user to start the motor 126-2. Alterna 
tively, the ON/OFF trigger functionally may be incorporated 
into the variable-speed actuator (i.e., no separate ON/OFF 
actuator) Such that an initial actuation of the variable-speed 
trigger by the user acts to start the motor 126-2. 
0407. In an embodiment, a variable-speed PMDC motor 
tool 126 includes a motor control circuit 126-4 that operates 
the PMDC motor 126-2 at variable speed under no load or 
constant load. The power tool 126 further includes power 
supply interface 126-5 arranged to receive power from one 
or more of the aforementioned DC power supplies and/or 
AC power supplies. The power supply interface 126-5 is 
electrically coupled to the motor control circuit 126-4 by DC 
power lines DC+ and DC- (for delivering power from a DC 
power supply) and by AC power lines ACH and ACL (for 
delivering power from an AC power supply). The AC power 
lines ACH and ACL are inputted into the rectifier circuit 
126-20. 

0408. Since the AC line is passed through the rectifier 
circuit 126-20, it no longer includes a negative component 
and thus, in an embodiment, does not work with a phase 
controlled switch for variable-speed control. Thus, in an 
embodiment, instead of separate DC and AC switch circuits 
as shown in FIGS. 7A and 7B, motor control circuit 126-4 
is provided with a PWM switching circuit 126-14. PWM 
Switching circuit may include a combination of one or more 
power semiconductor devices (e.g., diode, FET, BJT, IGBT, 
etc.) arranged as a chopper circuit, a half-bridge, or an 
H-bridge, e.g., as shown in FIGS. 7C-7E. 
04.09. In an embodiment, motor control circuit 126-4 
further includes a control unit 126-8. Control unit 126-8 may 
be arranged to control a switching operation of the PWM 
switching circuit 126-14. In an embodiment, control unit 
126-8 may include a micro-controller or similar program 
mable module configured to control gates of power 
switches. In an embodiment, the control unit 126-8 is 
configured to control a PWM duty cycle of one or more 
semiconductor switches in the PWM switching circuit 126 
14 in order to control the speed of the motor 126-2. In 
addition, control unit 126-8 may be configured to monitor 
and manage the operation of the power tool or battery packs 
coupled to the power supply interface 126-5 and interrupt 
power to the motor 126-2 in the event of a tool or battery 
fault condition (such as, battery over-temperature, tool over 
temperature, battery over-current, tool over-current, battery 
over-Voltage, battery under-Voltage, etc.). In an embodi 
ment, control unit 126-8 may be coupled to the battery 
pack(s) via a communication signal line COMM provided 
from power supply interface 126-5. The COMM signal line 
may provide a control or informational signal relating to the 
operation or condition of the battery pack(s) to the control 
unit 126-6. In an embodiment, control unit 126-6 may be 
configured to cut off power from the DC output line of 
power supply interface 126-5 if the COMM line indicates a 
battery failure or fault condition. 
0410. Similar to variable-speed universal motor tool 124 
previously discussed with reference to FIGS. 7A-7E, vari 
able-speed PMDC motor tool 126 may be further provided 
with an electro-mechanical ON/OFF switch 126-12 coupled 
to the ON/OFF trigger or actuator discussed above. The 
ON/OFF switch 126-12 simply connects or disconnects 
supply of power from the power supply to the motor 126-2. 
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Alternatively, tool 126 may be provided without an ON/OFF 
switch 126-12. In that case, control unit 126-8 may be 
configured to deactivate PWM switching circuit 126-14 until 
it detects a user actuation of the ON/OFF trigger or actuator 
(or initial actuator of the variable-speed actuator if ON/OFF 
trigger functionally is be incorporated into the variable 
speed actuator). The control unit 126-8 may then begin 
operating the motor 126-2 by activating one or more of the 
switches in PWM switching circuit 126-14. 
0411 Referring to FIG. 9A, the tool 126 is depicted 
according to one embodiment, where the ACH and DC+ 
power lines are coupled together at common positive node 
126-11a, and the ACL and DC-power lines are coupled 
together at a common negative node 126-11b. In this 
embodiment, ON/OFF switch 126-12 and PWM switching 
circuit 126-14 are arranged between the positive common 
node 126-11a and the motor 126-2. To ensure that only one 
of the AC or DC power supplies are utilized at any given 
time and to minimize leakage, in an embodiment, a 
mechanical lockout (embodiments of which are discussed in 
more detail below) may be utilized. In an exemplary 
embodiment, the mechanical lockout may physically block 
access to the AC or DC power Supplies at any given time. 
0412. In FIG.9B, variable-speed PMDC motor tool 126 
is depicted according to an alternative embodiment, where 
the DC power lines DC+/DC- and the AC power lines 
ACH/ACL are isolated from each other via a power supply 
switching unit 126-15 to ensure that power cannot be 
Supplied from both the AC power supply and battery pack(s) 
at the same time (even if the power Supply interface is 
coupled to both AC and DC power supplies). The power 
supply switching unit 126-15 may be configured similarly to 
any of the configurations of power Supply Switching unit 
123-15 in FIGS. 6B-6D, i.e., relays, single-pole double 
throw switches, double-pole double-throw switches, or a 
combination thereof. It must be understood that while the 
power supply switching unit 126-15 in FIG.9B is depicted 
between the rectifier circuit 126-20 and the PWM switching 
circuit 126-14, the power supply switching unit 126-15 may 
alternatively be provided directly on the AC and DC line 
outputs of the power supply interface 126-5. 
0413 1. Variable-Speed Brushed DC Tools with Power 
Supplies Having Comparable Voltage Ratings 
0414. In FIGS. 9A and 9B described above, power tools 
126 are designed to operate at a high-rated Voltage range of 
for example, 100V to 120V (which corresponds to the AC 
power voltage range of 100V to 120 VAC), more broadly 
90V to 132V (which corresponds to +10% of the AC power 
voltage range of 100 to 120VAC), and at high power (e.g., 
1500 to 2500 Watts). Specifically, the motor 126-2 and 
power unit 126-6 components of power tools 126 are 
designed and optimized to handle high-rated voltage of 100 
to 120V, preferably 90V to 132V. The motor 126-2 also has 
an operating Voltage or operating Voltage range that may be 
equivalent to, fall within, or correspond to the operating 
Voltage or the operating Voltage range of the tool 126. 
0415. In an embodiment, the power supply interface 
126-5 is arranged to provide AC power line having a 
nominal voltage in the range of 100 to 120V (e.g., 120VAC 
at 50-60 Hz in the US, or 100 VAC in Japan) from an AC 
power Supply, or a DC power line having a nominal Voltage 
in the range of 100 to 120V (e.g., 108 VDC) from a DC 
power Supply. In other words, the DC nominal Voltage and 
the AC nominal Voltage provided through the power Supply 
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interface 126-5 both correspond to (e.g., match, overlap 
with, or fall within) the operating Voltage range of the power 
tool 125 (i.e., high-rated voltage 100V to 120V, or more 
broadly approximately 90V to 132V). It is noted that a 
nominal Voltage of 120 VAC corresponds to an average 
voltage of approximately 108V when measured over the 
positive half cycles of the AC sinusoidal waveform, which 
provides an equivalent speed performance as 108 VDC 
power. 
0416 2. Variable-Speed Brushed DC Tools with Power 
Supplies Having Disparate Voltage Ratings 
0417. According to another embodiment of the invention, 
Voltage provided by the AC power Supply has a nominal 
Voltage that is significantly different from a nominal Voltage 
provided from the DC power supply. For example, the AC 
power line of the power supply interface 126-5 may provide 
a nominal voltage in the range of 100 to 120V, and the DC 
power line may provide a nominal Voltage in the range of 
60V-100V (e.g., 72 VDC or 90 VDC). In another example, 
the AC power line may provide a nominal Voltage in the 
range of 220 to 24OV, and the DC power line may provide 
a nominal voltage in the range of 100-120V (e.g., 108 VDC). 
0418 Operating the power tool motor 126-2 at signifi 
cantly different voltage levels may yield significant differ 
ences in power tool performance, in particular the rotational 
speed of the motor, which may be noticeable and in some 
cases unsatisfactory to the users. Also supplying Voltage 
levels outside the operating Voltage range of the motor 126-2 
may damage the motor and the associated Switching com 
ponents. Thus, in an embodiment of the invention herein 
described, the motor control circuit 126-4 is configured to 
optimize a Supply of power to the motor (and thus motor 
performance) 126-2 depending on the nominal Voltage of the 
AC or DC power lines such that motor 126-2 yields sub 
stantially uniform speed and power performance in a manner 
satisfactory to the end user, regardless of the nominal 
voltage provided on the AC or DC power lines. 
0419. In this embodiment, motor 126-2 may be designed 
and configured to operate at a Voltage range that encom 
passes the nominal Voltage of the DC power line. In an 
exemplary embodiment, motor 126-2 may be designed to 
operate at a voltage range of for example 60V to 90V (or 
more broadly +10% at 54V to 99V) encompassing the 
nominal voltage of the DC power line of the power supply 
interface 126-5 (e.g., 72 VDC or 90 VDC), but lower than 
the nominal voltage of the AC power line (e.g., 220V-240V). 
In another exemplary embodiment, motor 126-2 may be 
designed to operate at a voltage range of 100V to 120V (or 
more broadly +10% at 90V to 132V), encompassing the 
nominal voltage of the DC power line of the power supply 
interface 126-5 (e.g., 108 VDC), but lower than the nominal 
voltage range of 220-240V of the AC power line. 
0420. In order for motor 126-2 to operate with the higher 
nominal voltage of the AC power line, the motor control 
circuit 126-4 may be design to optimize Supply of power to 
the motor 126-2 according to various implementations dis 
cussed herein. 
0421. In one implementation, rectifier circuit 126-20 may 
be provided as a half-wave diode bridge rectifier. As persons 
skilled in the art shall recognize, a half-wave rectified 
waveform will have about approximately half the average 
nominal Voltage of the input AC waveform. Thus, in a 
scenario where the nominal voltage of the AC power line is 
in the range of 220-240V and the motor 126-2 is designed 
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to operate at a voltage range of 100V to 120V, the rectifier 
circuit 126-20 configured as a half-wave rectifier will pro 
vide an average nominal AC voltage of 110-120V to the 
motor 126-2, which is within the operating Voltage range of 
the motor 126-2. 

0422. In another implementation, control unit 126-8 may 
be configured to control the PWM switching circuit 126-14 
differently based on the input voltage being provided. Spe 
cifically, control unit 126-8 may be configured to perform 
PWM on the PWM switching circuit 126-14 switches at a 
normal duty cycle range of 0 to 100% in DC mode (i.e., 
when power is being supplied via DC+/DC- lines), and 
perform PWM on the switches at a duty cycle range from 0 
to a maximum threshold value corresponding to the oper 
ating voltage of the motor 126-2 in AC mode (i.e., when 
power is being supplied via ACH/ACL lines). 
0423 For example, for a motor 126-2 having an operat 
ing voltage range of 60 to 100V but receiving AC power 
having a nominal voltage of 100-120V, when control unit 
126-8 senses AC current on the AC power line of power 
supply interface 126-5, it controls a PWM switching opera 
tion of PWM switching circuit 126-14 at duty cycle in the 
range of from 0 up to a maximum threshold value, e.g., 70%. 
In this embodiment, running at variable speed, the duty 
cycle will be adjusted according to the maximum threshold 
duty cycle. Thus, for example, when running at half-speed, 
the PWM switching circuit 126-14 may be run at 35% duty 
cycle. This results in a Voltage level of approximately 
70-90V being supplied to the motor 126-2 when operating 
from an AC power Supply, which corresponds to the oper 
ating Voltage of the motor 126-2. 
0424. In this manner, motor control circuit 126-4 opti 
mizes a Supply of power to the motor 126-2 depending on 
the nominal voltage of the AC or DC power lines such that 
motor 126-2 yields substantially uniform speed and power 
performance in a manner satisfactory to the end user, regard 
less of the nominal voltage provided on the AC or DC power 
lines. 

0425 E. AC/DC Power Tools with Brushless Motors 
0426 Referring now to FIGS. 10A-10C, the set of 
AC/DC power tools 128 with brushless motors (herein 
referred to as brushless tools 128) is described herein. In an 
embodiment, these include constant speed or variable speed 
AC/DC power tools with brushless DC (BLDC) motors 202 
that are electronically commutated (i.e., are not commutated 
via brushes) and are configured to operate at a high rated 
voltage (e.g., 100-120V, preferably 90V to 132V) and high 
power (e.g., 1500 to 2500 Watts). A brushless motor 
described herein may be a three-phase permanent magnet 
synchronous motor including a rotor having permanent 
magnets and a wound stator that is commutated electroni 
cally as described below. The stator windings are designated 
herein as U, V, and W windings corresponding to the three 
phases of the motor 202. The rotor is rotationally moveable 
with respect to the stator when the phases of the motor 202 
(i.e., the stator windings) are appropriately energized. It 
should be understood, however, that other types of brushless 
motors, such as Switched reluctance motors and induction 
motors, are within the scope of this disclosure. It should also 
be understood that the BLDC motor 202 may include fewer 
than or more than three phases. For details of a BLDC motor 
construction and control, reference is made to U.S. Pat. No. 
6,538,403, U.S. Pat. No. 6,975,050, U.S. Patent Publication 
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No. 2013/0270934, all of which are assigned to Black & 
Decker Inc. and each of which is incorporated herein by 
reference in its entirety. 
0427. In an embodiment, brushless tools 128 may include 
high powered tools for variable speed applications such as 
concrete drills, hammers, grinders, and reciprocating saws, 
etc. Brushless tools 128 may also include high powered tools 
for constant speed applications such as concrete hammers, 
miter saws, table saws, vacuums, blowers, and lawn mow 
ers, etc. 
0428. In an embodiment, a brushless tool 128 can be 
operated at constant speed at no load (or constant load), or 
at variable speed at no load (or constant load) based on an 
input from a variable-speed actuator (not shown, e.g., a 
trigger Switch, a touch-sense Switch, a capacitive Switch, a 
gyroscope, or other variable-speed input mechanism 
engageable by a user) arranged to provide a variable analog 
signal (e.g., variable Voltage signal, variable current signal, 
etc.) indicative of the desired speed of the BLDC motor 202. 
In an embodiment, brushless tool 128 may be additionally 
provided with an ON/OFF trigger or actuator (not shown) 
enabling the user to start the motor 202. Alternatively, the 
ON/OFF trigger functionally may be incorporated into the 
variable-speed actuator (i.e., no separate ON/OFF actuator) 
Such that an initial actuation of the variable-speed trigger by 
the user acts to start the motor 202. 

0429. In an embodiment, brushless tool 128 includes a 
power supply interface 128-5 able to receive power from 
one or more of the aforementioned DC power supplies 
and/or AC power Supplies. The power Supply interface 
128-5 is electrically coupled to the motor control circuit 204 
by DC power lines DC+ and DC- (for delivering power 
from a DC power supply) and by AC power lines ACH and 
ACL (for delivering power from an AC power supply). 
0430. In an embodiment, brushless tool 128 further 
includes a motor control circuit 204 disposed to control 
supply of power from the power supply interface 128-5 to 
BLDC motor 202. In an embodiment, motor control circuit 
204 includes a power unit 206 and a control unit 208, 
discussed below. 

0431. As the name implies, BLDC motors are designed to 
work with DC power. Thus, in an embodiment, as shown in 
FIGS. 10A and 10B, in an embodiment, power unit 206 is 
provided with a rectifier circuit 220. In an embodiment, 
power from the AC power lines ACH and ACL is passed 
through the rectifier circuit 220 to convert or remove the 
negative half-cycles of the AC power. In an embodiment, 
rectifier circuit 220 may include a full-wave bridge diode 
rectifier 222 to convert the negative half-cycles of the AC 
power to positive half-cycles. Alternatively, in an embodi 
ment, rectifier circuit 220 may include a half-wave rectifier 
to eliminate the half-cycles of the AC power. In an embodi 
ment, rectifier circuit 220 may further include a link capaci 
tor 224. As discussed later in this disclosure, in an embodi 
ment, link capacitor 224 has a relatively small value and 
does not smooth the full-wave rectified AC voltage, as 
discussed below. In an embodiment, capacitor 224 is a 
bypass capacitor that removes the high frequency noise from 
the bus Voltage. 
0432 Power unit 206, in an embodiment, may further 
include a power switch circuit 226 coupled between the 
power supply interface 128-5 and motor windings to drive 
BLDC motor 202. In an embodiment, power switch circuit 
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226 may be a three-phase bridge driver circuit including six 
controllable semiconductor power devices (e.g. FETs, BJTs, 
IGBTs, etc.). 
0433 FIG. 10C depicts an exemplary power switch cir 
cuit 226 having a three-phase inverter bridge circuit, accord 
ing to an embodiment. As shown herein, the three-phase 
inverter bridge circuit includes three high-side FETs and 
three low-side FETs. The gates of the high-side FETs driven 
via drive signals UH, VH, and WH, and the gates of the 
low-side FETs are driven via drive signals UL VL, and WL, 
as discussed below. In an embodiment, the drains of the 
high-side FETs are coupled to the sources of the low-side 
FETs to output power signals PU, PV, and PW for driving 
the BLDC motor 202. 

0434 Referring back to FIGS. 10A and 10B, control unit 
208 includes a controller 230, a gate driver 232, a power 
supply regulator 234, and a power switch 236. In an embodi 
ment, controller 230 is a programmable device arranged to 
control a Switching operation of the power devices in power 
switching circuit 226. In an embodiment, controller 230 
receives rotor rotational position signals from a set of 
position sensors 238 provided in close proximity to the 
motor 202 rotor. In an embodiment, position sensors 238 
may be Hall sensors. It should be noted, however, that other 
types of positional sensors may be alternatively utilized. It 
should also be noted that controller 230 may be configured 
to calculate or detect rotational positional information relat 
ing to the motor 202 rotor without any positional sensors (in 
what is known in the art as sensorless brushless motor 
control). Controller 230 also receives a variable-speed signal 
from variable-speed actuator (not shown) discussed above. 
Based on the rotor rotational position signals from the 
position sensors 238 and the variable-speed signal from the 
variable-speed actuator, controller 230 outputs drive signals 
UH, VH, WH, UL, VL, and WL through the gate driver 232, 
which provides a voltage level needed to drive the gates of 
the semiconductor switches within the power switch circuit 
226 in order to control a PWM switching operation of the 
power switch circuit 226. 
0435. In an embodiment, power supply regulator 234 
may include one or more Voltage regulators to step down the 
power supply from power supply interface 128-5 to a 
voltage level compatible for operating the controller 230 
and/or the gate driver 232. In an embodiment, power Supply 
regulator 234 may include a buck converter and/or a linear 
regulator to reduce the power Voltage of power Supply 
interface 128-5 down to, for example, 15V for powering the 
gate driver 232, and down to, for example, 3.2V for pow 
ering the controller 230. 
0436. In an embodiment, power switch 236 may be 
provided between the power supply regulator 234 and the 
gate driver 232. Power switch 236 may be an ON/OFF 
switch coupled to the ON/OFF trigger or the variable-speed 
actuator to allow the user to begin operating the motor 202, 
as discussed above. Power switch 236 in this embodiment 
disables supply of power to the motor 202 by cutting power 
to the gate drivers 232. It is noted, however, that power 
switch 236 may be provided at a different location, for 
example, within the power unit 206 between the rectifier 
circuit 220 and the power switch circuit 226. It is further 
noted that in an embodiment, power tool 128 may be 
provided without an ON/OFF switch 236, and the controller 
230 may be configured to activate the power devices in 
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power switch circuit 226 when the ON/OFF trigger (or 
variable-speed actuator) is actuated by the user. 
0437. In an embodiment of the invention, in order to 
minimize leakage and to isolate the DC power lines DC+/ 
DC- from the AC power lines ACH/ACL, a power supply 
switching unit 215 may be provided between the power 
supply interface 128-5 and the motor control circuit 204. 
The power supply switching unit 215 may be utilized to 
selectively couple the motor 202 to only one of AC or DC 
power supplies. Switching unit 215 may be configured to 
include relays, single-pole double-throw switches, double 
pole double-throw switches, or a combination thereof. 
0438. In the embodiment of FIG. 10A, power supply 
switching unit 215 includes two double-pole single-throw 
switches 212, 214 coupled to the DC power lines DC+/DC 
and the AC power lines ACH/ACL. Switch 212 includes two 
input terminals coupled to DC+ and ACH terminals of the 
DC and AC lines, respectively. Similarly, switch 214 
includes two input terminals coupled to DC- and ACL 
terminals of the DC and AC lines, respectively. Each switch 
212, 214 includes a single output terminal, which is coupled 
to the rectifier 222. 

0439. In an alternative embodiment shown in FIG. 10B, 
power supply switching unit 215 two double-pole double 
throw switches 216, 218 coupled to the DC power lines 
DC+/DC- and the AC power lines ACH/ACL. Switches 
switch 216, 218 include two output terminals instead of one, 
which allow the DC power line DC+/DC- to bypass rectifier 
222 and be coupled directly to the +/- terminals of the power 
switch circuit 226. 
0440 1. Brushless Tools with Power Supplies Having 
Comparable Voltage Ratings 
0441. In an embodiment, power tools 128 described 
above may be designed to operate at a high-rated Voltage 
range of, for example, 100V to 120V (which corresponds to 
the AC power voltage range of 100V to 120 VAC), more 
broadly 90V to 132V (which corresponds to +10% of the AC 
power voltage range of 100 to 120VAC), and at high power 
(e.g., 1500 to 2500 Watts). Specifically, the BLDC motor 
202, as well as power unit 206 and control unit 208 
components, are designed and optimized to handle high 
rated voltage of 100 to 120V, preferably 90V to 132V. The 
motor 202 also has an operating Voltage or operating Voltage 
range that may be equivalent to, fall within, or correspond to 
the operating Voltage or the operating Voltage range of the 
tool 128. 
0442. In an embodiment, the power supply interface 
128-5 is arranged to provide AC power line having a 
nominal voltage in the range of 100V to 120V (e.g., 120 
VAC at 50-60 Hz in the US, or 100 VAC in Japan) from an 
AC power Supply, or a DC power line having a nominal 
voltage in the range of 100 to 120V (e.g., 108 VDC) from 
a DC power supply. In other words, the DC nominal voltage 
and the AC nominal Voltage provided through the power 
supply interface 128-5 both correspond to (e.g., match, 
overlap with, or fall within) each other and the operating 
Voltage range of the power tool 128 (i.e., high-rated Voltage 
100V to 120V, or more broadly approximately 90V to 
132V). It is noted that a nominal voltage of 120 VAC 
corresponds to an average Voltage of approximately 108V 
when measured over the positive half cycles of the AC 
sinusoidal waveform, which provides an equivalent speed 
performance as 108 VDC power. In an embodiment, as 
discussed in detail below, the link capacitor 224 is selected 
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to have an optimal value that provides less than approxi 
mately 110V on the DC bus line from the 1210 VAC power 
Supply. In an embodiment, the link capacitor 224 may be less 
than or equal to 50 LF in one embodiment, less than or equal 
to 20 LF in one embodiment, or less than or equal to 10 LF 
in one embodiment. 
0443 2. Brushless Tools with Power Supplies Having 
Disparate Voltage Ratings 
0444 According to an alternative embodiment of the 
invention, Voltage provided by the AC power Supply has a 
nominal Voltage that is significantly different from a nominal 
voltage provided from the DC power supply. For example, 
the AC power line of the power supply interface 128-5 may 
provide a nominal voltage in the range of 100 to 120V, and 
the DC power line may provide a nominal voltage in the 
range of 60V-100V (e.g., 72 VDC or 90 VDC). In another 
example, the AC power line may provide a nominal Voltage 
in the range of 220 to 240V, and the DC power line may 
provide a nominal voltage in the range of 100-120V (e.g., 
108 VDC). 
0445 Operating the BLDC motor 202 at significantly 
different voltage levels may yield significant differences in 
power tool performance, in particular the rotational speed of 
the motor, which may be noticeable and in some cases 
unsatisfactory to the users. Also supplying Voltage levels 
outside the operating Voltage range of the motor 202 may 
damage the motor and the associated Switching components. 
Thus, in an embodiment of the invention herein described, 
the motor control circuit 204 is configured to optimize a 
Supply of power to the motor (and thus motor performance) 
202 depending on the nominal voltage of the AC or DC 
power lines such that motor 202 yields substantially uniform 
speed and power performance in a manner satisfactory to the 
end user, regardless of the nominal Voltage provided on the 
AC or DC power lines. 
0446. Accordingly, in an embodiment, while the motor 
202 may be designed and configured to operate at one or 
more operating voltage ranges that correspond to both the 
nominal or rated Voltages of the AC power Supply line and 
the DC power supply line, the motor 202 may be designed 
and configured to operate at a more limited operating 
Voltage range that may correspond to (e.g., match, overlap 
and/or encompass) one or neither of the AC and DC power 
Supply rated (or nominal) Voltages. 
0447 For example, in one implementation, motor 202 
may be designed and configured to operate at a Voltage range 
that corresponds to the nominal voltage of the DC power 
line. In an exemplary embodiment, motor 202 may be 
designed to operate at a voltage range of for example, 60V 
to 100V. that corresponds to the nominal voltage of the DC 
power supply (e.g., 72 VDC or 90 VDC), but that is lower 
than the nominal voltage of the AC power supply (100V 
120V). In another exemplary embodiment, motor 202 may 
be designed to operate at a voltage range of for example, 
100V to 120V, or more broadly 90 to 132V, that corresponds 
to the nominal voltage of the DC power supply (e.g., 108 
VDC), but lower than the nominal voltage range of 220 
240V of the AC power supply. In this implementation, 
control unit 208 may be configured to reduce the effective 
motor performance associated with the AC power line of the 
power supply interface 128-5 to correspond to the operating 
voltage range of the motor 202, as described below in detail. 
0448. In another implementation, motor 202 may be 
designed and configured to operate at a voltage range that 
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corresponds to the nominal Voltage of the AC power Supply. 
For example, motor 202 may be designed to operate at a 
voltage range of, for example 120V to 120V that corre 
sponds to the nominal Voltage of the AC power Supply (e.g., 
100 VAC to 120VAC), but higher than the nominal voltage 
of the DC power supply (e.g., 72 VDC or 90 VDC). In this 
implementation, control unit 208 may be configured to boost 
the effective motor performance associated with the DC 
power line to a level that corresponds to the operating 
voltage range of the motor 202, as described below in detail. 
0449 In yet another implementation, motor 202 may be 
designed to operate at a Voltage range of that does not 
correspond to either the AC or the DC nominal voltages. For 
example, motor 202 may be designed to operate at a voltage 
range of 150V to 170V, or more broadly 135V to 187V 
(which is +10% of the voltage range of 150 to 170 VAC), 
which may be higher than the nominal voltage of the DC 
power line of the power supply interface 128-5 (e.g., 108 
VDC), but lower than the nominal Voltage range (e.g., 
220-240V) of the AC power line. In this implementation, 
control unit 208 may be configured to reduce the effective 
motor performance associated with the AC power line and 
boost the effective motor performance associated with the 
DC power line, as described below in detail. 
0450. In yet another implementation, motor 202 may be 
designed to operate at a voltage range that may or may not 
correspond to the DC nominal Voltages depending on the 
type and rating of the battery pack(s) being used. For 
example, motor 202 may be designed to operate at a voltage 
range of, for example 90V to 132V. This voltage range may 
correspond to the combined nominal Voltage of some com 
bination of battery packs previously discussed (e.g. two 
medium-rated Voltage packs for a combined nominal Voltage 
of 108 VDC), but higher than the nominal voltage of other 
battery pack(s) (e.g., a medium-rated Voltage pack and a 
low-rated Voltage pack used together for a combined nomi 
nal voltage of 72 VDC). In this implementation, control unit 
208 may be configured to sense the voltage received from 
the one or more battery pack(s) and optimize the Supply of 
power to the motor 202 accordingly. Alternatively, control 
unit 208 may receive a signal from the coupled battery 
pack(s) or the battery supply interface 128-5, indicating the 
type or rated Voltage of battery pack(s) being used. In this 
implementation, control unit 208 may be configured to 
reduce or boost the effective motor performance associated 
with the DC power line, as described below in detail, 
depending on the nominal Voltage or the Voltage rating of the 
battery pack(s) being used. Specifically, in an embodiment, 
control unit 208 may be configured to reduce the effective 
motor performance associated with the DC power line when 
the DC power Supply has a higher nominal Voltage than the 
operating Voltage range of the motor 202, and boost the 
effective motor performance associated with the DC power 
line when the DC power supply has a lower nominal voltage 
than the operating Voltage range of the motor 202, as 
described below in detail. 

0451. Hereinafter, in the detailed discussion of tech 
niques used to optimize (i.e., boost or lower) the effective 
performance of the motor 202 relative to the nominal 
voltage levels of the AC and/or DC power supplies and 
corresponding to the operating Voltage range of the motor 
202, references are made to “lower rated voltage power 
Supply’ and “higher rated Voltage power Supply,” in an 
embodiment. 
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0452. It is initially noted that while the embodiments 
below are described with reference to an AC/DC power tool 
operable to receive power Supplies having disparate nominal 
(or rated) Voltage levels, the principles discloses here may 
apply to a cordless-only power tool and/or an corded-only 
power tool as well. For example, in order for high rated 
voltage DC power tool 10A3 previously discussed (which 
may be optimized to work at a high power and a high Voltage 
rating) to work acceptably with DC power Supplies having 
a total Voltage rating that is less than the Voltage rating of the 
motor), the motor control circuit 14A may be configured to 
optimize the motor performance (i.e., speed and/or power 
output performance of the motor) based on the rated Voltage 
of the low rated voltage DC battery packs 20A1. As dis 
cussed briefly above and in detail later in this disclosure, this 
may be done by optimizing (i.e., booting or reducing) an 
effective motor performance from the power supply to a 
level that corresponds to the operating Voltage range (or 
Voltage rating) of the high rated Voltage DC power tool 
10A3. 

0453. 3. Optimization of Physical Motor Characteristics 
Based on Power Supply 
0454. In the above-described embodiments, reference 
was made to a motor 202 being designed to operate at a 
given operating Voltage range in accordance to a desired 
operating Voltage range of the tool. According to an embodi 
ment, the physical design of the motor 202 may be opti 
mized for the desired operating Voltage range. In an embodi 
ment, optimizing the motor typically involves increasing or 
decreasing the stack length, the thickness of the stator 
windings (i.e., field windings), and length of the stator 
windings. More speed may be provided as the number of 
turns of the stator windings is proportionally decreased, 
though motor torque Suffers as a result. To make up for the 
torque, motor stack length may be proportionally increased. 
Also, as the number of turns of the stator windings is 
decreased more space is left in stator slots to proportionally 
provide thicker stator wires. In other words, thickness of 
stator windings may be increased as the number of turns of 
the field winding is decreased, and vice versa. As the 
thickness of the stator windings is increased, motor resis 
tance also decreases. Motor power (i.e., maximum cold 
power output) is a function of the resistance and the motor 
voltage (i.e., back EMF of the motor). Thus, as thickness of 
the stack length and winding thickness is increased and the 
number of turns is decreased, motor power is increased for 
a given input voltage. 
0455. In an embodiment, these changes in motor charac 
teristics may be utilized to improve the performance of the 
power tool 128 with a lower rated power supply to match a 
desired tool performance. In other words, the Voltage rang 
ing range of the motor 202 is increased in this manner to 
correspond to an operating Voltage range of the power tool 
128. In an exemplary embodiment, where the DC power 
Supply has a lower nominal voltage than the AC power 
Supply, modifying these design characteristics of the motor 
may be used to double the maximum cold power output of 
the power tool operating with a 60V DC power supply, for 
example, from 850 W to approximately 1700 W. In an 
embodiment, motor control unit 208 may then be configured 
to reduce the optimal performance of the power tool 128 
with AC power to match the desired tool performance. This 
may be done via any of the techniques described in the next 
section below. 
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0456 4. PWM Control Technique for Optimizing Motor 
Performance Based on Power Supply 
0457 FIG. 11A depicts an exemplary waveform diagram 
for a drive signal (i.e., any of UH, VH, or WH drive signals 
associated with the high-side switches) outputted by the 
controller 230 within a single conduction band of a corre 
sponding phase (i.e., U, V, or H) of the motor. In the 
illustrated example, the drive signal is being modulated at 
100% duty cycle, 80% duty cycle, 50% duty cycle, 20% 
duty cycle, and 0% duty cycle, for illustration. In this 
manner, controller 230 controls a speed of the motor 202 
based on the variable-speed signal it receives from the 
variable-speed actuator (as previously discussed) to enable 
variable-speed operation of the motor 202 at constant load. 
0458 In order to optimize (i.e., lower) the effective 
performance of the motor 202 when powered by a higher 
rated Voltage power Supply, in an embodiment of the inven 
tion, the effective nominal Voltage (and thus Supply of power 
to the motor) of the higher rated Voltage power Supply may 
be reduced via a PWM control technique. In an embodiment, 
the control unit 208 may be configured to control a switching 
operation of power switch circuit 226 at a lower PWM duty 
cycle when receiving power from a high rated Voltage power 
supply, as previously discussed with reference to FIGS. 7A, 
7B, 9A and 9B. 
0459 For example, in an embodiment where motor 202 

is designed to operate at a voltage range of 60V to 90V but 
receives AC power from a power Supply having a nominal 
voltage in the range of 100-120V, the control unit 208 may 
be configured to set a maximum PWM duty cycle of the 
PWM switch circuit 226 components at a value in the range 
of 60% to 80% (e.g., 70%) when operating from motor 202 
from the AC power line. In another example where motor 
202 is designed to operate at a voltage range of 100V to 
120V, or more broadly 90V to 130V, but receive AC power 
from a power Supply having a nominal Voltage in the range 
of 220V to 240V, the control unit 208 may be configured to 
set a maximum PWM duty cycle of the PWM switch circuit 
226 components at a value in the range of 40% to 60% (e.g., 
50%) when operating the motor 202 from the AC power line. 
The control unit 208 accordingly performs PWM control on 
the modulated AC supply (hereinafter referred to as the DC 
bus Voltage, which is the Voltage measured across the 
capacitor 224) proportionally from 0% up to the maximum 
PWM duty cycle. 
0460. In an exemplary embodiment, if the maximum duty 
cycle is set to 50%, the control unit 208 turns the drive signal 
UH, VH, or WH on the DC bus line ON at 0% duty cycle 
at no speed, to 25% duty cycle at half speed, and up to 50% 
duty cycle at full speed. 
0461 It is noted that any of the other method previously 
discussed with reference to power tools 123-126 (e.g., use of 
a half-wave diode rectifier bridge) may be additionally or 
alternatively utilized to lower the effective nominal voltage 
provided by the AC power supply to the power switch circuit 
226. 

0462. It is further noted that the PWM control technique 
for motor performance optimization discussed above may be 
used in combination with the other techniques discussed 
later in this disclosure in order to obtain somewhat compa 
rable speed and power performance from the motor 202 
irrespective of the power Supply Voltage rating. 
0463. It is further noted that in some power tool appli 
cations, the PWM control scheme discussed herein may be 
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applicable to both power supplies. Specifically, for power 
tool applications such as Small angle grinders with a maxi 
mum power output of 1500 W, it may be desirable to 
optimize (i.e., lower) the effective performance of the motor 
202 when power by either a 120V AC power supply 
(wherein the maximum PWM duty cycle may be set to, e.g., 
50%), or a 72V DC power supply (wherein the maximum 
PWM duty cycle may be set to, e.g., 75%). 
0464) 5. Current Limit for Optimization of Motor Per 
formance Based on Power Supply 
0465 According to an embodiment of the invention, in 
order to optimize (i.e., lower) the effective performance of 
the motor 202 when powered by a higher voltage power 
supply, the motor control unit 208 may be configured to use 
a current limiting technique discussed herein. 
0466. In an embodiment, control unit 208 may impose a 
cycle-by-cycle current limit to limit the maximum watts out 
of the motor 202 when operating a higher rated Voltage 
power supply to match or fall within the performance of 
associated with the operating Voltage range of the motor 
202. When the instantaneous bus current in a given cycle 
exceeds a prescribed current limit, the drive signals to the 
Switches in the PWM Switch circuit 226 are turned off from 
the remainder of the cycle. At the beginning of the next 
cycle, the drive signals are restored. For each cycle, the 
instantaneous current continues to be evaluated in a similar 
manner. This principle is illustrated in FIG. 11B, where the 
Solid line indicates the instantaneous current without a limit 
and the dash line indicates the instantaneous current with a 
20 amp limit. Cycle-by-cycle current limit enables the 
power tool to achieve similar performance across different 
types of power Supplies and under varying operating con 
ditions as will be further described below. 
0467 Cycle-by-cycle current limiting can be imple 
mented via a current sensor (not shown) disposed on the DC 
bus line and coupled to the controller 230. Specifically, a 
current sensor is configured to sense the current through the 
DC bus and provide a signal indicative of the sensed current 
to the controller 230. In an exemplary embodiment, the 
current sensor is implemented using a shunt resistor dis 
posed in series between the rectifier 222 and the PWM 
switch circuit 226. Although not limited thereto, the shunt 
resistor may be positioned on the low voltage side of the DC 
bus. In this way, the controller 230 is able to detect the 
instantaneous current passing through the DC bus. 
0468. The controller 230 is configured to receive a mea 
Sure of instantaneous current passing from the rectifier to the 
Switching arrangement operates over periodic time intervals 
(i.e., cycle-by-cycle) to enforce a current limit. With refer 
ence to FIG. 11C, the controller 230 enforces the current 
limit by measuring current periodically (e.g., every 5 micro 
seconds) at 290 and comparing instantaneous current mea 
sures to the current limit at 291. If the instantaneous current 
measure exceeds the current limit, the controller 230 deac 
tivates power switch circuit 226 switches at 292 for remain 
der of present time interval and thereby interrupts current 
flowing to the electric motor. If the instantaneous current 
measure is less than or equal to the current limit, the 
controller 230 continues to compare the instantaneous cur 
rent measures to the current limit periodically for the 
remainder of the present time interval as indicated at 293. In 
an embodiment, such comparisons occur numerous times 
during each time interval (i.e. cycle). When the end of the 
present time interval is reached, the controller 230 reacti 
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vates power switch circuit 226 switches at 294 and thereby 
resumes current flow to the motor for the next cycle. In one 
embodiment, the duration of each time interval is fixed as a 
function of the given frequency at which the electric motor 
is controlled by the controller 230. For example, the duration 
of each time interval is set at approximately ten times an 
inverse of the frequency at which the electric motor is 
controlled by the controller. In the case the motor is con 
trolled at a frequency of 10 kilohertz, the time interval is set 
at 100 microseconds. In other embodiments, the duration of 
each time interval may have a fixed value and no correlation 
with the frequency at which the electric motor is controlled 
by the controller. 
0469. In the example embodiment, the each time interval 
equals period of the PWM signals. In a constant speed tool 
under a no load (or constant load) condition, the duty cycle 
of the PWM drive signals is set, for example at 60%. In an 
embodiment, under load, the controller 230 operates to 
maintain a constant speed by increasing the duty cycle. If the 
current through the DC bus line increases above the current 
limit, the controller 230 interrupts current flow as described 
above which in effect reduces the duty cycle of the PWM 
signals. For a variable speed tool under a no load condition, 
the duty cycle of the PWM drive signals ranges for example 
from 15% to 60%, in accordance with user controlled input, 
such as a speed dial or a trigger switch. The controller 230 
can increase or decrease the duty cycle of the PWM signals 
during a load condition or an over current limit condition in 
the same manner as described above. In one embodiment, 
speed control and current limiting may be implemented 
independently from each other by using three upper high 
side power switches for speed control and the three low-side 
power switches for current limiting. It is envisioned that the 
two functions may be swapped between the upper and lower 
Switches or combined together into one set of Switches. 
0470. In the examples set forth above, the time interval 
remained fixed. When this period (time interval) remains 
fixed, then the electronic noise generated by this Switching 
will have a well-defined fundamental frequency as well as 
harmonics thereof. For certain frequencies, the peak value of 
noise may be undesirable. By modulating the period over 
time, the noise is distributed more evenly across the fre 
quency spectrum, thereby diminishing the noise amplitude 
at any one frequency. In some embodiment, it is envisioned 
that the direction of the time interval may be modulated (i.e., 
varied) over time to help distribute any noise over a broader 
frequency range. 
0471. In another embodiment, controller 230 enforces the 
cycle-by-cycle current limit by setting or adjusting the duty 
cycle of the PWM drive signals output from the gate driver 
circuit 232 to the power switch circuit 226. In an embodi 
ment, the duty cycle of the PWM drive signals may be 
adjusted in this manner following the instant current cycle 
(i.e., at the beginning of the next cycle). In a fixed speed tool, 
the controller 230 will initially set the duty cycle of the drive 
signals to a fixed value (e.g., duty cycle of 75%). The duty 
cycle of the drive signals will remain fixed so long as the 
current through the DC bus remains below the cycle-by 
cycle current limit. The controller 230 will independently 
monitor the current through the DC bus and adjust the duty 
cycle of the motor drive signals if the current through the DC 
bus exceeds the cycle-by-cycle current limit. For example, 
the controller 230 may lower the duty cycle to 27% to 
enforce the 20 amp current limit. In one embodiment, the 
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duty cycle value may be correlated to a particular current 
limit by way of a look-up table although other methods for 
deriving the duty cycle value are contemplated by this 
disclosure. For variable speed tool, the controller 230 con 
trols the duty cycle of the motor drive signals in a conven 
tional manner in accordance with the variable-speed signal 
from the variable-speed actuator. The cycle-by-cycle current 
limit is enforced independently by the controller 230. That 
is, the controller will independently monitor the current 
through the DC bus and adjust the duty cycle of the drive 
signals only if the current through the DC bus exceeds the 
cycle-by-cycle current limit as described above. 
0472. In one embodiment, the cycle-by-cycle current 
limit is dependent upon the type and/or nominal voltage of 
the power Supply. In an embodiment, depending on the 
nominal voltage of the AC or DC power supply, the con 
troller 230 selects a current limit to enforce during operation 
of the power tool. In one embodiment, the current limit is 
retrieved by the controller 230 from a look-up table. An 
example look-up table is as follows: 

Source type Nominal voltage Current limit 

AC 120 V 40 A 
AC 230 V 2O A 
DC 120 V 35 A 
DC 108 V 40 A 
DC 60 V 70 A 
DC 54 V 80 A 

0473. That is, in this exemplary embodiment, in a motor 
202 having an operating voltage range of 100V to 120V, the 
controller 230 will enforce a 40 amp current limit when the 
tool is coupled to a 120VAC power supply but will enforce 
a 20 amp current limit when the tool is coupled to a 230V 
AC power supply. As a result, the effective output power of 
the tool is substantially the same. In an alternative embodi 
ment where the power tool has an operating Voltage range of 
150V to 170V, controller 230 may enforce a 30 A current 
limit in order to reduce the effective performance of the 
motor 202 when powered by the 230V AC power supply. 
0474 Further, controller 230 is configured to enforce a 40 
am current limit when the tool is coupled to a 108V DC 
power supply, but will enforce a slightly lower current limit 
(e.g., 35 amps) when the tool is coupled to a 120V DC power 
Supply (e.g., when the tool is being Supplied DC power from 
a generator or a welder). Similarly, controller 230 is con 
figured to enforce a 80 am current limit when the tool is 
coupled to a 54V DC power supply, but will enforce a 
slightly lower current limit (e.g., 70 amps) when the tool is 
coupled to a 60V DC power supply. These current limits 
result in output power levels from the AC or DC power 
supplies to all be compatible with a motor 202 having an 
operating voltage range of 100V to 120V. 
0475. Further details for cycle-by-cycle current limiting 
and its applications are discussed in U.S. Provisional Appli 
cation No. 62/000,307, filed May 19, 2014, titled “Cycle 
By-Cycle Current Limit For Power Tools Having A Brush 
less Motor,” and related U.S. Utility patent application 
having the same title filed concurrently herewith under Atty. 
Docket No. 0275-001677, each of which is incorporated 
herein by reference in its entirety. 
0476. It is noted that the cycle-by-cycle current limiting 
technique for optimization of motor performance discussed 
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above may be used in combination any other motor perfor 
mance optimization technique discussed in this disclosure in 
order to obtain somewhat comparable speed and power 
performance from the motor 202 irrespective of the power 
Supply Voltage rating. 
0477 6. Conduction Band and/or Advance Angle Control 
for Adjusting Motor Performance Based on Power Supply 
0478. According to an embodiment of the invention, in 
order to optimize (i.e., boost or enhance) the effective 
performance of the motor 202 when powered by a higher 
rated voltage power supply, the control unit 208 may be 
configured to use a technique involving the conduction band 
and/or the advance angle (herein referred to as “CB/AA 
technique') described herein. 
0479 FIG. 12A depicts an exemplary waveform diagram 
of a pulse-width modulation (PWM) drive sequence of the 
three-phase inventor bridge circuit FIG. 10C within a full 
360 degree conduction cycle. As shown in this figure, within 
a full 360° cycle, each of the drive signals associated with 
the high-side and low-side power Switches is activated 
during a 120° conduction band (“CB). In this manner, each 
associated phase of the BLDC 202 motor is energized within 
a 120° CB by a pulse-width modulated voltage waveform 
that is controlled by the control unit 208 as a function of the 
desired motor 202 rotational speed. For each phase, UH is 
pulse-width modulated by the control unit 208 within a 120° 
CB. During the CB of the high-side switch, the correspond 
ing UL is kept low. The UL signal is then activated for a full 
120° CB within a half cycle (180°) after the CB associated 
with the UL signal. The control unit 208 controls the amount 
of voltage provided to the motor, and thus the speed of the 
motor, via PWM control of the high-side switches. 
0480. It is noted that while the waveform diagram of FIG. 
12A depicts one exemplary PWM technique at 120° CB, 
other PWM methods may also be utilized. One such 
example is PWM control with synchronous rectification, in 
which the high-side and low-side Switch drive signals (e.g., 
UH and UL) of each phase are PWM-controlled with 
synchronous rectification within the same 120° CB. 
0481 FIG. 12B depicts an exemplary waveform diagram 
of the drive sequence of the three-phase inventor bridge 
discussed above operating at full-speed (i.e., maximum 
speed under constant-load condition). In this figure, the three 
high-side switches conduct at 100% PWM duty cycle during 
their respective 120°CBs, providing maximum power to the 
motor to operate at full-speed. 
0482 In a BLDC motor, due to imperfections in the 
commutation of the power Switches and the inductance of 
the motor itself, current will slightly lag behind the back 
EMF of the motor. This causes inefficiencies in the motor 
torque output. Therefore, in practice, the phase of the motor 
is shifted by an advance angle (AA') of several degrees so 
the current Supplied to the motor no longer lags the back 
EMF of the motor. AA refers to a shifted angle Y of the 
applied phase voltage leading ahead a rotational EMF of the 
corresponding phase. 
0483. In addition, in an embodiment, the motor 202 may 
be an interior-permanent magnet (IPM) motor or other 
salient magnet motor. Salient magnet motors can be more 
efficient than Surface-mount permanent magnet motors. Spe 
cifically, in addition to the magnet torque, a salient magnet 
motor includes a reluctance torque that varies as a function 
of the motor current (specifically, as a function of the square 
of the motor current), and therefore lags behind the magnet 
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torque. In order to take advantage of this reluctance torque, 
in an embodiment, the AA shifted angle Y is increased to 
encompass the lag of the reluctance torque. The added 
reluctance torque enables the salient magnet motor to pro 
duce 15 percent or more torque per amp than it would 
without the further shift in angle Y. 
0484. In an embodiment, AA may be implemented in 
hardware, where positional sensors are physically shifted at 
an angle with respect to the phase of the motor. Alternatively 
or additional, AA may be implanted in software, where the 
controller 230 is configured to advance the conduction band 
of each phase of the motor by the angle Y, as discussed 
herein. 
0485 FIG. 12C depicts the waveform diagram of the 
drive sequence of FIG. 12B, shown with an AA of Y-30°. 
according to an embodiment. In an embodiment, AA of 30 
degrees is sufficient (and is commonly used by those skilled 
in the art) in BLDC applications to account for the current 
lag with respect to the back-EMP of the motor and take 
advantage of the reluctance torque of salient magnet motors. 
0486 According to an embodiment, increasing the AA to 
a value greater than Y=30° can result in increased motor 
speed performance. FIG. 12D depicts a speed/torque wave 
form diagram of an exemplary power tool 128, where 
increasing the AA at a fixed CB of 120° results in an upward 
shift in the speed/torque profile, i.e., from 252 (Y=30°), to 
253 (Y=40°), to 254 (Y=50°). This shift is particularly 
significant at a low torque range (e.g., 0 to 1 N.m.), where 
motor speed can increase by approximately 20% from 252 
to 253, and even more from 253 to 254 (particularly at very 
low torque range of, e.g., 0.2N.m. where the speed can more 
than double). At a medium torque range (e.g., 1 to 2 N.m.), 
the increase in motor speed is noticeable, but not significant. 
At a high torque range (e.g., 2 N.m. and above), the increase 
in motor speed is minimal. 
0487. Similarly, increasing the AA to a value greater than 
Y=30° can result in increased power output. FIG. 12E 
depicts a power-out/torque waveform diagram of exemplary 
tool 128, where increasing the AA at fixed CB of 120° 
results in an upward shift in the power-out/torque profile, 
i.e., from 255 (AA=30°), to 256 (AA=40°), to 257 
(AA=50). This shift is somewhat significant at the low and 
medium torque range of, for example, up to 20% at approxi 
mately 1 N.m., but does not have a considerable effect on 
power output at the high torque range. 
0488 While not depicted in these figures, it should be 
understood that within the scope of this disclosure and 
consistent with the figures discussed above, power output 
and speed performance may similarly be reduced if AA is set 
to a value lower than Y=30° (e.g., Y=10° or 20°). 
0489. According to an embodiment of the invention, in 
order to optimize the effective performance of the motor 202 
when tool 128 is powered by a power supply that has a 
nominal (or rated) voltage that is higher or lower than the 
operating voltage of the motor 202, the AA for the phases of 
the motor 202 may be set according to the Voltage rating or 
nominal Voltage of the power Supply. Specifically, AA may 
be set to a higher value in order to boost the performance of 
the motor 202 when powered by a lower rated voltage power 
Supply, and set to a lower value in order to reduce the 
performance of the motor 202 when powered by a higher 
rated Voltage power Supply, so that somewhat equivalent or 
comparable speed and power performance is obtained from 
the motor 202 irrespective of the power supply voltage 
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rating. For example, in an embodiment, control unit 208 may 
be configured to set AA of Y=30° when power supply has a 
nominal Voltage that falls within or matches the operating 
voltage range of the motor 202 (e.g., 70-90V), but set AA to 
a higher value (e.g., Y=50) when power tool 128 is coupled 
to a lower rated Voltage power Supply (e.g., 54 VDC), and/or 
set AA to a lower value (e.g., Y=20) when power tool 128 
is coupled to a higher rated Voltage power Supply (e.g., 120 
VAC). In an embodiment, control unit 208 may be provided 
with a look-up table or an equation defining a functional 
relationship between AA and the power Supply Voltage 
rating. 

0490 While increasing AA to a value greater than Y=30° 
may be used to boost motor speed and power performance, 
increasing the AA alone at a fixed CB can result in dimin 
ished efficiency. As will be understood by those skilled in the 
art, efficiency is measured as a function of (power-out/ 
power-in). FIG. 12F depicts an exemplary efficiency/torque 
waveform diagram of tool 128, where increasing the AA at 
fixed CB of 120° results in a downward shift in the effi 
ciency/torque profile, i.e., from 258 (Y=30°), to 259 
(Y=40°), to 265 (Y=50°). This shift is particularly signifi 
cant at low torque range, where efficiency can decrease by, 
for example, approximately 20% at around 0.5 N.m., and 
even more at lower torque. In other words, while increasing 
the AA alone (at fixed CB) to a value greater than Y-30 can 
increase speed and power output at low and medium torque 
ranges, it does so by significantly sacrificing tool efficiency. 

0491. It was found by the inventors of this application 
that increasing the CB for each phase of a BLDC motor 
increases total power output and speed of the motor 208, 
particularly when performed in tandem with AA, as dis 
cussed herein. 

0492 Turning to FIG. 13A, a waveform diagram of the 
drive sequence of the three-phase inventor bridge of the 
power switch circuit 226 previously discussed is depicted, 
with a CB value greater than 120°, according to an embodi 
ment of the invention. In an embodiment, the CB of each 
phase of the brushless motor may be increased from 120°, 
which is the CB value conventionally used by those skilled 
in the art, to, for example, 150° as shown in this illustrative 
example. As compared to a CB of 120° shown in FIG. 12A, 
the CB may be expanded by 15° on each end to obtain a CB 
of 150°. Increasing the CB to a value greater than 120° 
allows three of the switches in the three-phase inventor 
bridge to be ON simultaneously (e.g., between 45° to 75° 
and 105° to 135° in the illustrative example) and for voltage 
to be supplied to each phase of the motor during a larger 
conduction period. This, in effect, increases the total Voltage 
amount being supplied to the motor 202 from the DC bus 
line, which consequently increases the motor speed and 
power output performance, as discussed below. 

0493 FIG. 13B depicts an embodiment of the invention 
where the AA of each phase of the brushless motor is also 
varied in tandem with and corresponding to the CB. In the 
illustrative example, where the CB is at 150°, the AA is set 
to an angle of Y-45°. In an embodiment, various CB and AA 
correlations may be implemented in controller 230 as a 
look-up table or an equation defining a functional relation 
ship between CB and the associated AA. 
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0494. An exemplary table showing various CB and asso 
ciated AA values is as follows: 

CB AA (Y) 

120° 30° 
130° 35o 
140° 40° 
1500 45° 
160° 500 
1700 55o 

0495. It is noted that while these exemplary embodiments 
are made with reference to CB/AA levels of 120°/30°, 
140°/40°, 160°/50°, these values are merely exemplary and 
any CB/AA value (e.g., 162/50.6°, etc.) may be alterna 
tively used. Also, the correlation between AA and CB 
provides in this table and throughout this disclosure is 
merely exemplary and not in any way limiting. Specifically, 
while the relationship between CB and AA in the table above 
is linear, the relationship may alternatively be non-linear. 
Also, the AA values given here for each CB are by no means 
fixed and can be selected from a range. For example, in an 
embodiment, CB of 150 may be combined with any AA in 
the range of 35° to 55°, preferably in the range of 40° to 50°, 
preferably in the range of 43° to 47, and CB of 160° may 
be combined with any AA in the range of 40° to 60°. 
preferably in the range of 45° to 55°, preferably in the range 
of 48° to 52, etc. Moreover, optimal combinations of CB 
and AA may vary widely from the exemplary values pro 
vided in the table above in some power tool applications. 
0496 Referring now to FIGS. 13C and 13D, increasing 
the CB and AA in tandem (hereinafter referred to as “CB/ 
AA') as described above to a level greater than the CB/AA 
of 120/30 can result in better speed and power output 
performance over a wider torque range as compared to the 
waveform diagrams of FIGS. 12D and 12E, according to an 
embodiment. 
0497 As shown in the exemplary speed/torque waveform 
diagram of FIG. 13C for tool 128, increasing CB/AA results 
in a significant upward shift in the speed/torque profile, i.e., 
from 262 (CB/AA=120°/30°), to 263 (CB/AA=140°/40), to 
264 (CB/AA=160°/50), according to an embodiment. This 
increase is the greatest at the low torque range (where speed 
performance can improve by at least approximately 60%), 
but still significant at the medium torque range (where speed 
performance can improve by approximately 20% to 60%). It 
is noted that in an embodiment, the speed/torque profiles 
262, 263. 264 begin to converge at a very low speed/very 
high torque range (e.g., between 7,000 rpm to 10,000 rpm), 
after which point increasing CB/AA no longer results in 
better speed performance. 
0498 Similarly, as shown in the exemplary power-out/ 
torque waveform diagram of FIG.13D for tool 128, increas 
ing CB/AA results in a significant upward shift in the 
power-out/torque profile, i.e., from 265 (CB/AA=120°/30°), 
to 266 (CB/AA=140°/40°), to 267 (CB/AA=160°/50°), 
according to an embodiment. In an embodiment, this 
increase is the greatest from 266 (CB/AA=140°/40°) to 267 
(CB/AA=160°/50) at the low torque range and from 265 
(CB/AA=120°/30) to 266 (CB/AA=140°/40) at medium 
and high torque ranges. It is noted that in this figure the 
increase in CB/AA from 120°/30° to 160°/50° may yield an 
increase of up to 50% for some torque conditions, though the 
motor maximum power output (measured at very high load 
at max speed) may be increased by 10-30%. 
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0499 While not depicted in these figures, it should be 
understood that within the scope of this disclosure and 
consistent with the figures discussed above, power output 
and speed performance may similarly be reduced if CB/AA 
is set to a lower level (e.g., 80°/10° or 100°/20° than 
1200/300. 

0500 According to an embodiment of the invention, in 
order to optimize the effective performance of the motor 202 
when tool 128 is powered by a power supply that has a 
nominal (or rate) Voltage that is higher or lower than the 
operating voltage of the power tool 128, the CB/AA for the 
phases of the motor 202 may be set according to the Voltage 
rating or nominal Voltage of the power Supply. Specifically, 
CB/AA may be set to a higher value in order to boost the 
performance of the motor 202 when powered by a lower 
rated Voltage power Supply, and set to a lower value in order 
to reduce the performance of the motor 202 when powered 
by a higher rated Voltage power Supply, so that somewhat 
comparable speed and power performance is obtained from 
the motor 202 irrespective of the power supply voltage 
rating. 
0501. In an embodiment, control unit 208 may be con 
figured to set CB/AA to 120°/30 when power supply has a 
nominal voltage that corresponds to the operating Voltage 
range of the motor 202, but set CB/AA to a higher level 
when coupled to a lower rated Voltage power Supply. Simi 
larly, control unit 208 sets CB/AA to a lower level when 
coupled to a higher rated Voltage power Supply. For 
example, for a motor 202 having an operating Voltage range 
of 70V-90V. control unit 208 may be configured to set 
CB/AA to 120°/30° for a 72 VDC or 90 VDC power supply, 
but to, e.g., 140°/40° for a 54 VDC power supply and to 
100°/20° for a 120VAC power supply. In another example, 
for a motor 202 having an operating voltage range of 90V to 
132V, control unit 208 may be configured to set CB/AA to 
120°/30° for a 120VAC power supply, but to proportionally 
higher values, e.g., 160°/50° and 140/40 respectively for a 
54 VDC power supply and a 72 VDC power supply. In yet 
another example, for a motor 202 having an operating 
voltage range of 135V to 187V, control unit 208 may be 
configured to set CB/AA to, e.g., 140°/40° for a 108 VDC 
power supply or a 120VAC power supply, and to 100°/20° 
for a 220VAC power supply. In an embodiment, control unit 
208 may be provided with a look-up table or an equation 
defining a functional relationship between CB/AA and the 
power Supply Voltage rating. 
0502. In an embodiment, the CB/AA control technique 
described herein may be used in combination with any of the 
other motor optimization techniques disclosed in this dis 
closure. For example, the CB/AA control technique may be 
used to boost the performance of the motor 202 when 
powered by a lower rated Voltage power Supply, and the 
PWM control technique discussed above, or the cycle-by 
cycle current limiting technique discussed above, or a com 
bination of both, may be used to lower the performance of 
the motor 202 when powered by a higher rated voltage 
power Supply, so that somewhat comparable speed and 
power performance is obtained from the motor 202 irrespec 
tive of the power Supply Voltage rating. However, in an 
embodiment, it may be advantageous to utilize the CB/AA 
technique described above over the PWM control technique 
to lower performance of the motor for a higher rated voltage 
power Supply, particularly for constant-speed power tool 
applications. This is because PWM switching of the power 
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Switches generates heat and increases the Voltage harmonic 
factor. Use of the CB/AA technique described mitigates 
those effects on heat and Voltage harmonics. 
0503. It is noted that while the description above is 
directed to adjusting CB in tandem with AA based on power 
Supply rated Voltage, adjusting CB alone (i.e., at a fixed AA 
level) according to the power Supply rated Voltage is also 
within the scope of this disclosure. Specifically, just as 
varying the AA level at constant CB has an effect on power 
and speed performance at certain torque ranges (as described 
above with reference to FIGS. 12D-12F), varying the CB 
level above and below 120 degrees at constant AA can also 
increase or decrease total Voltage Supplied to the motor, and 
therefore enhance or decrease motor speed and power out 
put, tool efficiency may be sacrificed in certain torque 
ranges. Accordingly, in an embodiment of the invention, 
where tool 128 is powered by a power supply that has a 
nominal (or rated) voltage that is higher or lower than the 
operating voltage of the motor 202, the effective motor 
performance may be optimized by adjusting the CB (at 
constant AA) for the phases of the motor 202 according to 
the Voltage rating or nominal Voltage of the power Supply. 
Specifically, CB may be set to a higher value than 120 
degrees in order to boost the performance of the motor 202 
when powered by a lower rated Voltage power Supply, and 
set to a lower value in order to reduce the performance of the 
motor 202 when powered by a higher rated voltage power 
Supply, so that somewhat equivalent speed and power per 
formance is obtained. 

0504. It is also once again reiterated that CB/AA levels of 
120°/30°, 140°/40°, 160°/50° mentioned in any of these 
embodiments (as well as the embodiments discussed below) 
are merely by way of example and any other CB/AA level 
or combination that result in increased power and/or speed 
performance in accordance with the teachings of this dis 
closure are within the scope of this disclosure. 
0505. It is also noted that all the speed, torque, and power 
parameters and ranges shown in any of these figures and 
discussed above (as we as the figures and embodiments 
discussed below) are exemplary by nature and are not 
limiting on the scope of this disclosure. While some power 
tools may exhibit similar performance characteristics shown 
in these figures, other tools may have substantially different 
operational ranges. 
0506 
(0507 Referring now to FIG. 13E, an exemplary effi 
ciency/torque diagram of tool 128 is depicted with various 
CB/AA values at 268 (CB/AA=120°/30), 269 (CB/ 
AA=140°/40°) and 270 (CB/AA=160°/50°), according to an 
embodiment. As can be seen in this figure, CB/AA of 
120°/30° yields the best efficiency at approximately a low to 
medium range (e.g., 0 to approximately 1.5 N.m. in the 
illustrative example), CB/AA of 140°/40° yields the best 
efficiency at approximately a medium to high torque range 
(approximately 1.5 N.m. to approximately 2.5 N.m. in the 
illustrative example), and CB/AA of 160°/50° yields the best 
efficiency at approximately a high torque range (approxi 
mately above 2.5 N.m. in the illustrative example). Accord 
ingly, while increasing CB/AA beyond 120°/30° level 
greatly improves speed and power performance at all torque 
ranges, it may do so to the detriment of efficiency in some 
operating conditions, particularly at relative low torque 
ranges. 

7. Improved Torque-Speed Profile 
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0508. In addition, power tools applications generally 
have a top rated speed, which refers to the maximum speed 
of the power tool motor at no load. In variable-speed tools, 
the maximum speed typically corresponds to a desired speed 
that the motor is designed to produce at full trigger pull. 
Also, the rated Voltage or operating Voltage (or Voltage 
range) of the motor previously discussed corresponds to the 
power tools desired top rated speed. The motor's physical 
characteristics previously discussed (e.g., size, number of 
windings, windings configuration, etc.) are also generally 
designed to be compatible with the power tools torque and 
maximum speed requirements. In fact, it is often necessary 
to protect the motor and the power tool transmission from 
exceeding the top rated speed. In a tool where the motor has 
the capability to output more speed than the tools top rated 
speed, the speed of the motor is typically capped at its top 
rated speed. Thus, while increasing speed performance via 
the above-described CB/AA technique is certainly desirable 
within Some torque/speed ranges, it is impractical in certain 
operating conditions if the increased CB/AA causes the 
motor speed to exceed the top rated speed of the tool. This 
is particularly true in the low torque range, where, as 
previously shown in FIG. 13C, increasing CB/AA creates a 
very large shift in the speed profile. 
0509. In an exemplary embodiment, where tool 128 of 
FIG. 13C has a top rated speed of 25,000 rpm, operating the 
motor 202 at CB/AA of 120°/30° allows the tool to operate 
within its top rated speed, but operating the tool at a higher 
CB/AA exceeds the top rated speed at the low torque range 
(e.g., speed exceeds 25,000 rpm with CB/AA of 160°/50° at 
under 1 N.m. torque, or with CB/AA of 140°/40° at under 
0.6 N.m. torque). 
0510. Accordingly, in an embodiment of the invention, as 
shown in FIG. 13F, an improved speed-torque profile is 
provided, wherein at the top rated speed of the tool, the 
motor speed is held at a constant rate (i.e., includes a 
substantially flat profile 280) within a first torque range, e.g., 
0 to approximately 1.2 N.m., and at a variable rate within a 
second torque range, e.g., above 1.2 N.m. In an embodiment, 
during the first torque range, CB/AA is gradually increased 
as a function of the torque from its base value (e.g., 120/30) 
to a threshold value (e.g., 160/50). Once that CB/AA 
threshold is reached, the speed-torque profile follows a 
curved profile 282 of the normal speed-torque profile oper 
ating at a CB/AA corresponding to the threshold value (e.g., 
profile 264 operating at 160/50). In other words, the speed 
torque curve at CB/AA of 160/50° is “clipped' below the 
tools maximum speed, which in this example is 25,000 
RPM. 

0511. The tools performance according to this improved 
speed-torque profile is improved in several regards. First, it 
avoids operating the motor at high CB/AA levels of for 
example, 160/50 at the low torque range, in particular at 
very low torque of under 0.5 N.m. in the exemplary embodi 
ment where efficiency Suffers the most from operating at a 
high CB/AA (see FIG. 13E above). This dramatically 
increases motor efficiency at the low torque range. Also, it 
gives the users the ability to operate the tool at maximum 
speed for a wide range of the operating torque (0 to 1.2 N.m. 
in the exemplary embodiment), which is beneficial to the 
users. Moreover, the tool operates according to a speed 
torque curve at medium and high torque ranges, which the 
users generally expect, but at a higher power output and 
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higher efficiency as described with reference to FIGS. 13D 
and 13E above. This arrangement thus increases overall tool 
efficiency and power output. 
0512. In order to maintain constant speed at flat portion 
280 of the speed/torque profile, control unit 208 may be 
configured to operate the motor at variable CB/AA calcu 
lated or determined as a function of the torque from a base 
CB/AA value (e.g., 120/30°, which corresponds to a torque 
of slightly above to zero) to a threshold CB/AA value (e.g., 
160/50), as described above. In an embodiment, control 
unit 208 may utilize a look-up table or an algorithm to 
calculate and gradually increase the CB/AA as required to 
achieve the desired constant speed as a function of torque, 
according to an embodiment. Thereafter, control unit 208 is 
configured to operate the motor at constant CB/AA corre 
sponding to the CB/AA threshold value (e.g., 160/50), 
according to an embodiment. 
0513. According to an alternative embodiment, the con 
trol unit 208 may be configured to operate the motor at 
variable CB/AA calculated as a function of the torque from 
a low torque threshold (e.g., Zero or slightly above Zero, 
which corresponds to, e.g., CB/AA of 120/30) to a high 
torque threshold (e.g., 1.2 N.m., which corresponds to, e.g., 
CB/AA of 160/50). Again, the control unit 208 may utilize 
a look-up table or an algorithm to calculate and gradually 
increase the CB/AA that is required to achieve the desired 
constant speed as a function of the torque, according to an 
embodiment. Thereafter, control unit 208 is configured to 
operate the motor at constant CB/AA corresponding to the 
high torque threshold (e.g., 160/50°) corresponding to 1.2 
N.m.), according to an embodiment. 
0514. As discussed with reference to FIG. 13C above, the 
speed/torque profiles 262, 263, 264 begin to converge at a 
very low speed/very high torque range (e.g., between 7,000 
rpm to 10,000 rpm and around 3 N.m.), after which point 
increasing CB/AA no longer results in better speed perfor 
mance. After that point, speed/torque profiles 262 (120/30° 
yields higher speed performance than higher CB/AA levels. 
Thus, according to an embodiment, above a high threshold 
torque value (e.g., 3 N.m. in this example) or below a low 
threshold speed (e.g., approximately 8,500 rpm in this 
example), the speed/torque profile may revert back from 
profile 282 corresponding to a CB/AA of 160/50° to another 
profile 284 corresponding to a CB/AA of 120/30°, in order 
to obtain higher performance at high torque and low speed 
levels. The control unit 208 in this embodiment may be 
configured to reduce the CB/AA from the high threshold of 
160/50° back down to 120/30° once the high threshold 
torque (or low threshold speed) is reached. This reversion 
may be done instantaneously or gradually to obtain a Smooth 
transition. 
0515 FIG. 13G depicts a further improvement to the 
speed-torque profile of FIG. 13F, where instead of holding 
motor speed constant at low torque, motor speed is con 
trolled at a variable rate according to a first profile 286 
within a first torque range, in this case e.g., 0 to approxi 
mately 1.5 N.m., and according to a second profile 288 
within a second torque range, e.g., above 1.5 N.m. In an 
embodiment, similar to the embodiment of FIG. 13F, 
CB/AA is gradually increased as a function of the torque 
from its base value (e.g., 120/30) to a threshold value (e.g., 
160/50) during the first torque range. Once that CB/AA 
threshold is reached, the speed-torque profile follows a 
curved profile 288 of the normal speed-torque profile oper 
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ating at a CB/AA corresponding to the threshold value (e.g., 
profile 264 operating at 160/50). In contrast to the embodi 
ment of FIG. 13F, however, the increase in CB/AA is 
designed to gradually reduce speed from the top rated speed 
down to a second speed value, e.g., 12,000 rpm, within the 
first torque range. This configuration allows the transition to 
higher CB/AA levels to occur at a slower rate, which results 
in further increases in efficiency within the first torque range. 
0516. It is noted that while the first profile 286 in this 
embodiment is linear, any other non-linear profile, or any 
combination of flat, linear, and non-linear profile, may be 
alternatively employed within the first torque range in order 
to increase efficiency. For example, in an embodiment, first 
profile 286 may include a steep portion along profile 262 
(wherein CB/AA is maintained at or around the 120/30° 
level) for an entire duration of a very Small torque range 
(e.g., 0 to 0.5 N.m.), followed by a flat or semi-flat portion 
that connects the steep portion to the second profile 282. 
0517. According to an embodiment of the invention, the 
improved speed-torque profile described herein may be 
utilized to optimize the effective performance of the motor 
202 with high efficiency when tool 128 is powered by a 
power Supply that has a nominal (or rate) Voltage that is 
higher or lower than the operating voltage of the motor 202. 
Specifically, in an embodiment, instead of operating the 
motor at a constant CB/AA level set according to the Voltage 
rating or nominal voltage of the power Supply, CB/AA may 
be varied at described above to maximize the motor effi 
ciency. Specifically, in an embodiment, in order to boost the 
performance of the motor 202 when powered by a lower 
rated Voltage power Supply, instead of fixedly setting 
CB/AA to a higher level (e.g., 160/50) to obtain a torque 
speed profile as shown in FIG. 13C, variable CB/AA may be 
partially adapted (e.g., for a low torque range) to obtain a 
torque-speed profile according to FIG. 13C or FIG. 13D. 
0518. In an embodiment, control unit 208 may be con 
figured to set CB/AA to 120°/30 when power supply has a 
nominal voltage that corresponds to the operating Voltage 
range of the motor 202, but set variable CB/AA as described 
above for a low torque when coupled to a lower rated 
voltage power supply. For example, in a power tool 128 with 
a motor 202 having an operating voltage range of 70V-90V. 
control unit 208 may be configured to set CB/AA to 120°/ 
30° for a 72 VDC or 90 VDC power supply, but to variable 
CB/AA, e.g., 120°/30° up to 140°/40° for a 54 VDC power 
Supply. In another example, in a power tool 128 having a 
motor 202 with an operating voltage range of 90V to 132V. 
control unit 208 may be configured to set CB/AA to 120°/ 
30° for a 120 VAC power supply, but to variable CB/AA, 
e.g. from 120°/30° up to 160°/50° (or 140°/40° up to 
160°/50) for a 54 VDC power supply. 
0519 8. Optimization of Conduction Band and Advance 
Angle for Increased Efficiency 
0520 FIG. 14A depicts an exemplary maximum power 
output contour map for power tool 128 based on various CB 
and AA values measured at a constant medium speed of, e.g., 
approximately 15,000 rpm, according to an embodiment. It 
is noted that this medium speed value corresponds to a 
medium to high torque values depending on the CB/AA 
level (e.g., approximately 1.5 N.m. at CB/AA=120°/30°. 
approximately 1.85 N.m. at CB/AA=140/40°, and approxi 
mately 2.2 N.m. at CB/AA=160°/50° per FIG. 13C). In this 
figure, maximum power output gradually decreases from 
Zone 'a' (representing max power output of approximately 
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3,500 W or more) to Zone h’ (representing maximum power 
output of approximately of 200 W or less). It can be seen 
based on this exemplary figure that the highest max power 
output amount for power tool 128 at medium tool speed (and 
medium torque) can be obtained at a CB in the optimal range 
of approximately 150°-180° and AA in the optimal range of 
approximately 50°-70°. 
0521 FIG. 14B depicts an exemplary output efficiency 
contour map for power tool 128 based on various CB and 
AA values measured at the same speed, according to an 
embodiment. In this figure, calculated efficiency gradually 
decreases from Zone a (representing 90% efficiency) to 
Zone h’ (representing 10% efficiency). It can be seen based 
on this exemplary figure that the highest efficiency for power 
tool 128 at medium tool speed (and medium torque) can be 
obtained at a CB in the optimal range of approximately 
120°-170° and AA in the optimal range of approximately 
100-500. 
0522 FIG. 14C an exemplary combined efficiency and 
max power output contour map for power tool 128 based on 
various CB and AA values measured at the same speed, 
according to an embodiment. This contour is obtained based 
on an exemplary function of ((Efficiency3)*Power, where 
the goal is maximize power output while keeping efficiency 
at a high level. The calculated combined contour in this 
figure gradually decreases from Zone a to Zone I. It can 
be seen based on this exemplary contour map that the 
highest combination of efficiency and power output for 
power tool 128 at medium tool speed (and medium torque) 
can be obtained at a CB in the range of approximately 
158-172 combined with AA in the range of approximately 
40°-58° within Zone a. 
0523 This figure illustrates that while increasing the CB 
and AA in tandem as previously described provides a simple 
way to increase speed and power performance levels, such 
increase need not be in tandem. For example, the CB/AA 
level of 160°/50° provides substantially equivalent com 
bined efficiency and max power output performance as other 
CB/AA combinations that fall within Zone a contour, e.g., 
1700/400. 

0524. As mentioned above, the optimal CB/AA contour 
(Zone 'a) obtained in this figure correspond to a constant 
medium speed, e.g., approximately 15,000 rpm, and a con 
stant toque, e.g., approximately 2.2 N.m. per FIG. 13C. This 
constant medium speed is proportional to the rated or 
nominal Voltage of the input power Supply. In this particular 
example, the combined efficiency and maximum power 
output contour map was constructed at an input voltage of 
120V. Modifying the input voltage to above and below 120V 
results in different optimal CB and AA contours. 
0525 FIG. 14D depicts an exemplary diagram showing 
the optimal CB/AA contours based on the various input 
Voltage levels. As shown in this figure, an optimal CB and 
AA is approximately in the range of 115° to 135° and 5° to 
30° respectively at an input voltage level of approximately 
200V; approximately in the range of 140° to 155° and 25° 
to 40° respectively at an input voltage level of approxi 
mately 160V: approximately in the range of 165° to 175° and 
60° to 70° respectively at an input voltage level of approxi 
mately 90V; and approximately in the range of 170° to 178° 
and 70° to 76° respectively at an input voltage level of 
approximately 72V. In other words, the optimal CB/AA 
contours get Smaller (thus providing a narrower combination 
range) as the input voltage decreases from 200V down to 
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72V. Also, the optimal CB ranges and AA ranges both 
increase as the input voltages decreases. It is noted that the 
contours herein are optimized to output Substantially equiva 
lent levels of maximum power output at optimal efficiency. 
0526. Accordingly, in an embodiment of the invention, 
the combined efficiency and power contours described 
herein may be utilized to optimize the effective performance 
of the motor 202 with high maximum power output at 
optimal efficiency based on the nominal (or rated) voltage 
level of the power supply. Specifically, in an embodiment, 
the CB/AA values may be selected from a first range (e.g., 
CB in the range of 158-172° and AA in the range of 
40°-58) when powered by a 120V power supply, but from 
a second range (e.g., CB in the range of 170°-178° and AA 
in the range of 70°-76°) when powered by a 90V power 
Supply to yield optimal efficiency and power performance at 
each Voltage input level in a manner satisfactory to the end 
user, regardless of the nominal Voltage provided on the AC 
or DC power lines. 
0527. In an embodiment, control unit 208 may be con 
figured to set CB/AA to 120°/30 when power supply has a 
nominal voltage that corresponds to the operating Voltage 
range of the motor 202, but set variable CB/AA as described 
above for a low torque when coupled to a lower rated 
voltage power supply. For example, in a power tool 128 with 
a motor 202 having an operating voltage range of 70V-90V. 
control unit 208 may be configured to set CB/AA to 120°/ 
30° for a 72 VDC or 90 VDC power supply, but to variable 
CB/AA, e.g., 120°/30° up to 140°/40° for a 54 VDC power 
Supply. In another example, in a power tool 128 having a 
motor 202 with an operating voltage range of 90V to 132V. 
control unit 208 may be configured to set CB/AA to 120°/ 
30° for a 120 VAC power supply, but to variable CB/AA, 
e.g. from 120°/30° up to 160°/50° (or 140°/40° up to 
160°/50) for a 54 VDC power supply. 
0528 9. Optimization of Motor Performance Using the 
Link Capacitor 
0529 FIG. 15A depicts an exemplary waveform diagram 
of the rectified AC waveform supplied to the motor control 
circuit 206 under a loaded condition, according to an 
embodiment. References 240 and 242 designate the full 
wave rectified AC waveform as measured across the capaci 
tor 224 (hereinafter referred to as the “DC bus voltage'). It 
is noted that in this diagram, it is assumed that the tool is 
operating under a maximum heavy load that the tool is rated 
to handle. 
0530 Reference 240 designates the DC bus voltage 
waveform under a loaded condition where capacitor 224 has 
a small value of, for example 0 to 50 microF. In this 
embodiment, the effect of the capacitor 224 on the DC bus 
is negligible. In this embodiment, the average Voltage Sup 
plied from the DC bus line to the motor control circuit 206 
under a loaded condition is: 

= 108 WDC 
120: 2: V2 

V(avg) = — 

0531 Reference 204 designates DC bus voltage wave 
form under a loaded condition where capacitor 224 has a 
relatively large value of, for example, 1000 microF or 
higher. In this embodiment, the average Voltage Supplied 
from the DC bus line to the motor control circuit 206 is 
approaching a straight line, which is: 
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0532. It can be seen that by selecting the size of the 
capacitor 224 appropriately, an average DC bus Voltage can 
be optimized to a desired level. Thus, for a brushless AC/DC 
power tool system designed to receive a nominal DC voltage 
of approximately 108 VDC, a small capacitor 224 for the 
rectifier circuit 220 to produce an average voltage of 108V 
under a loaded condition from an AC power Supply having 
a nominal voltage of 120 VAC. 
0533 FIGS. 15B-15D highlight yet another advantage of 
using a small capacitor. FIG. 15B, in an embodiment, 
depicts the Voltage waveform using a large capacitor (e.g., 
approximately 4,000 microF) and the associated current 
waveform under heavy load. FIG. 15C depicts the voltage 
waveform using a medium sized capacitor (e.g., approxi 
mately 1000 microF) and the associated current waveform 
under heavy load. FIG. 15D depicts the voltage waveform 
using a small capacitor (e.g., approximately 200 microF) 
and the associated current waveform under heavy load. 
0534. When using a large capacitor as shown in the 
exemplary waveform diagram of FIG. 15B, the current 
Supplied to the motor is drawn from the capacitor for a large 
portion of each cycle. This in effect shrinks the portion of 
each cycle during which current is drawn from the AC power 
Supply, which results in large current spikes to occur within 
each cycle. For example, to obtain a constant RMS current 
of 10A from the AC power supply, the current level within 
the small time window increases substantially. This increase 
often results in large current spikes. Such current spikes are 
undesirable for two reasons. First, the power factor of the 
tool becomes low, and the harmonic content of the AC 
current becomes high. Second, for a given amount of energy 
transferred from the AC source to the tool, the RMS value 
of the current will be high. The practical result of this 
arrangement is that an unnecessarily large AC circuit 
breaker is required to handle the current spikes for a given 
amount of work. 

0535. By comparison, when using a medium-sized 
capacitor as shown in FIG. 15C, the current is drawn from 
AC power supply within each cycle within a broader time 
window, which provides a lower harmonic content and 
higher power factor. Similarly, when using a small capacitor 
as shown in FIG. 15D, current drawn from the capacitor is 
very Small (almost negligible) within each cycle, providing 
a larger window for current to be drawn from the AC power 
Supply. This provides an even lower harmonic content and a 
much higher power factor in comparison to FIGS. 15C and 
15D. As will be discussed later (see FIG. 12 below), through 
the Small capacitors provide a lower average Voltage to the 
motor control circuit 204, it is indeed possible to obtain a 
higher power output from a small capacitor 224 due to the 
lower harmonic context and higher power factor. 
0536 Another advantage of using a small capacitor is 
size. Capacitors available in the market have a typical size 
to capacitance ratio of 1 cm to 1 uF. Thus, while it is 
practical to fit a small capacitor (e.g., 10-200 uF) into a 
power tool housing depending on the power tool size and 
application, using a larger capacitor may create challenges 
from an ergonomics standpoint. For example, a 1000 uF 
capacitor is approximately 1000 cm in size. Conventional 
power tool applications that require large capacitors typi 
cally use external adaptors to house the capacitor. In 
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embodiments of the invention, capacitor 224 is Small 
enough to be disposed within the tool housing, e.g., inside 
the tool handle. 

0537 According to an embodiment of the invention, the 
power tool 128 of the invention may be powered by a DC 
power Supply, e.g., a DC generator Such as a welder having 
a DC output power line, having a DC output voltage of 
120V. Using a small capacitor 224 value of approximately 
0-50 microF, power tool 128 may provide a higher max 
power out from a DC power Supply having an average 
voltage of 120V, than it would from a 120VAC mains power 
Supply, which has an average Voltage of 108V. As discussed 
above, using a small capacitor of 0-50 microF, the DC bus 
Voltage resulting from a 120V AC mains power Supply 
remains at an average of approximately 108V. An exemplary 
power tool may provide a maximum cold power output of 
approximately 1600 W from the 108V DC bus. By com 
parison, the same power tool provides a maximum cold 
power output of more than 2200 W from the DC bus when 
power is being supplied by the 120V DC power supply. This 
improvement represents a ratio of 2200/1600–1.37 (which 
corresponds to the voltage ratio 3, i.e., (120/108).3). 
0538 According to an embodiment of the invention, it is 
possible to provide comparable power outputs from the AC 
and DC power supplies by adjusting the value of the 
capacitor 224. FIG. 15E depicts an exemplary combined 
diagram showing power output/capacitance, and average 
DC bus voltage/capacitance waveforms. The X axis in this 
diagram depicts varying capacitor value from 0 to 1000 uP. 
The Y axes respectively represent the maximum power 
watts-out (W) of the power tool ranging from 0-2500W, and 
the average DC bus voltage (V) ranging from 100-18OV 
represented by dotted lines. The three RMS current values 
represent the rated RMS current of the AC power supply. For 
example, in the US, the wall socket may be protected by a 
15 A RMS current circuit breaker. In this example, it is 
assumed that the power tool is operating under heavy load 
close to its maximum current rating. 
0539. As shown in this diagram, for a power tool con 
figured to be powered by a 10 ARMS current power supply 
(i.e., the tool having a current rating of approximately 10 A 
RMS current, or a power Supply having a current rating of 
10 ARMS current), the average DC bus voltage under heavy 
load is in the range of approximately 108-118V for the 
capacitor range of 0-200 uP; approximately 118-133V for 
capacitor range of 200 to 400 uF; approximately 133-144V 
for capacitor range of 400-600 uF, etc. 
0540 Similarly, for a power tool configured to be pow 
ered by a 15 A RMS current power supply (i.e., the tool 
having a current rating of approximately 15 ARMS current, 
or a power supply having a current rating of 15 A RMS 
current), the average DC bus Voltage under heavy load is in 
the range of approximately 108-112V for the capacitor range 
of 0-200 uP; approximately 112-123V for capacitor range of 
200 to 400 uF: approximately 123-133V for capacitor range 
of 400-600 uF, etc. 
0541. Similarly, for a power tool configured to be pow 
ered by a 20 A RMS current power supply (i.e., the tool 
having a current rating of approximately 20 ARMS current, 
or a power supply having a current rating of 20 A RMS 
current), the average DC bus Voltage under heavy load is in 
the range of approximately 108-110V for the capacitor range 
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of 0-200 uP; approximately 110-117V for capacitor range of 
200 to 400 uF; approximately 117-124V for capacitor range 
of 400-600 uF, etc. 
0542. In an embodiment, in order to provide an average 
DC bus Voltage from the AC mains power Supply (e.g., a 
108V nominal RSM voltage) that is comparable to the 
nominal voltage received from the DC power supply (120 
VDC), the capacitor value may be adjusted based on the 
current rating of the power tool and the target DC bus 
Voltage. For example, a capacitor value of approximately 
230 uF may be used for a tool powered by a 10 A RMS 
current power Supply (i.e., the tool having a current rating of 
approximately 10 A RMS current, or configured to be 
powered by a power Supply having a current rating of 10 A 
RMS current) to provide an average DC bus voltage of 
approximately 120V from the AC mains. This allows for the 
power tool to provide a substantially similar output levels 
for 120V AC power supply as it would from a 120V DC 
power Supply. 
0543. Similarly, a capacitor value of approximately 350 
uF may be used for a tool powered by a 15 ARMS current 
power Supply (i.e., the tool having a current rating of 
approximately 15 A RMS current, or configured to be 
powered by a power Supply having a current rating of 15 A 
RMS current) to provide an average DC bus voltage of 
approximately 120V from the AC mains. More generally, 
capacitor may have a value in the range of 290-410 uP for 
a tool powered by a 15 A RMS current power supply to 
provide an average Voltage substantially close to 120V on 
the DC bus from the AC mains. This allows for the power 
tool to provide a substantially similar output levels for 120V 
AC power supply as it would from a 120V DC power supply. 
0544 Finally, a capacitor value of approximately 500 uF 
may be used for a tool powered by a 20 A RMS current 
power Supply (i.e., the tool having a current rating of 
approximately 20 A RMS current, or configured to be 
powered by a power Supply having a current rating of 20 A 
RMS current) to provide an average DC bus voltage of 
approximately 120V from the AC mains. More generally, 
the capacitor may have a value in the range of 430-570 uF 
for a tool powered by a 20 A RMS current power supply to 
provide an average Voltage Substantially close to 120V on 
the DC bus from the AC mains. This allows for the power 
tool to provide a substantially similar output levels for 120V 
AC power supply as it would from a 120V DC power supply. 
(0545 III. Example Power Tool System 
0546 FIG. 1B illustrates one particular implementation 
of the power tool system 5001, in accordance with the above 
disclosure, that includes a set of low rated voltage DC power 
tools 5002, a set of medium rated voltage DC power tools 
5003, a set of high rated voltage DC power tools 5004, a set 
of high or AC rated voltage AC/DC power tools 5005, a set 
of low rated voltage battery packs 5006, a set of low/ 
medium rated convertible battery packs 5007, a high rated 
voltage AC power supply 5008, and a low rated voltage 
battery pack charger 5009. 
(0547. The low rated voltage battery packs 5006 have a 
rated voltage range of 17V-20V, with an advertised voltage 
of 20V, an operating voltage range of 17V-19V, a nominal 
voltage of 18V, and a maximum voltage of 20V. Each of the 
low rated Voltage battery packs includes a power tool 
interface or terminal block that enables the battery pack 
5006 to be coupled to the low rated voltage power tools 5002 
and to the low rated voltage battery chargers 5009. In one 
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implementation, at least some of the low rated Voltage 
battery packs 5006 were on sale prior to May 18, 2014. For 
example, the low rated voltage battery packs 5006 may 
include certain ones of DEWALT 20V MAX battery packs, 
sold by DEWALT Industrial Tool Co. of Towson, Md. 
0548. The low/medium rated voltage convertible battery 
packs 5007 are convertible between a first configuration 
having a low rated Voltage and a higher capacity and a 
second configuration having a medium rated Voltage and a 
lower capacity. In the first configuration, the low rated 
voltage is approximately 17V-20V, with an advertised volt 
age of 20V, an operating voltage range of 17V-19V, a 
nominal voltage of 18V, and a maximum voltage of 20V. The 
low rated voltage of the convertible battery packs 5007 
corresponds to the low rated voltage of the low rated voltage 
battery packs 5006. In the second configuration, the medium 
rated voltage may be approximately 51V-60V, with an 
advertised Voltage of 60V, an operating Voltage range of 
51V-57V, a nominal voltage of 54V, and a maximum voltage 
of 60V. For example, the convertible battery packs 5007 may 
be labeled as 20V/60V MAX battery packs to indicate the 
multiple Voltage ratings of these convertible battery packs 
5007. 

(0549. The convertible battery packs 5007 would not have 
been available to the public or on sale prior to May 18, 2014. 
Each of the low/medium rated voltage battery packs 5007 
includes a power tool interface or terminal block that 
enables the battery pack 5007 to be coupled to the low rated 
voltage power tools 5002 and to the low rated voltage 
battery chargers 5009 when in the low rated voltage con 
figuration, and to the medium rated Voltage DC power tools 
5003, the high rated voltage DC power tools 5004, and the 
AC/DC power tools 5005 when in the medium rated voltage 
configuration. 
0550. The AC power supply 5008 has a high rated 
Voltage that corresponds to the AC mains rated Voltage in 
North America and Japan (e.g., 100V-120V) or to the AC 
mains rated Voltage in Europe, South America, Asia, and 
Africa (e.g., 220V-240V). 
0551. The low rated voltage DC power tools 5002 are 
cordless only tools. The low rated voltage DC tools 5002 
have a rated voltage range of approximately 17V-20V, with 
an advertised Voltage of 20V and an operating Voltage range 
of 17V-20V. The low rated voltage DC power tools include 
tools that have permanent magnet DC brushed motors, 
universal motors, and permanent magnet brushless DC 
motors, and may include constant speed and variable speed 
tools. The low rated voltage DC power tools may include 
cordless power tools having relatively low power output 
requirements, such as drills, circular saws, screwdrivers, 
reciprocating saws, oscillating tools, impact drivers, and 
flashlights, among others. The low rated voltage DC rated 
voltage power tools 5002 may include power tools that were 
on sale prior to May 18, 2014. Examples of the low rated 
voltage power tools 5002 may include one or more of the 
DeWALTR 20V MAX set of cordless power tools sold by 
DeWALT Industrial Tool Co. of Towson, Md. 
0552. Each of the low rated voltage power tools 5002 
includes a single battery pack interface or receptacle with a 
terminal block for coupling to the power tool interface of 
one of the low rated voltage battery packs 5006, or to the 
power tool interface of one of the convertible low/medium 
rated voltage battery packs 5007. The battery pack interface 
or receptacle is configured to place or retain the convertible 

48 
May 4, 2017 

battery pack 5007 into its low rated voltage configuration. 
Thus, the low rated voltage power tools 5002 may operate 
using either the low rated voltage battery packs 5006 or the 
convertible low/medium rated voltage battery packs 5007 in 
their low rated Voltage configuration. This is because the 
17V-20V rated voltage of the battery packs 5006, 5007 
corresponds to the 17V-20V rated voltage of low rated 
voltage the power tools 5002. 
0553. The medium rated voltage DC power tools 5003 
are cordless only tools. The medium rated voltage DC power 
tools 5003 have a rated voltage range of approximately 
51V-60V, with an advertised voltage of 60V and an operat 
ing voltage range of 51V-60V. The medium rated voltage 
DC power tools include tools that have permanent magnet 
DC brushed motors, universal motors, and permanent mag 
net brushless DC motors, and may include constant speed 
and variable speed tools. The medium rated voltage DC 
power tools may include similar types of tools as the low 
rated voltage DC tools 5002 that have relatively higher 
power requirements, such as drills, circular saws, screwdriv 
ers, reciprocating saws, oscillating tools, impact drivers and 
flashlights. The medium rated voltage tools 5003 may also 
or alternatively have other types of tools that require higher 
power or capacity than the low rated voltage DC tools 5002, 
Such as chainsaws (as shown in the figure), string trimmers, 
hedge trimmers, lawn mowers, nailers and/or rotary ham 
mers. The medium rated voltage DC rated voltage power 
tools 3 do not include power tools that were on sale prior to 
May 18, 2014. 
0554 Each of the medium rated voltage DC power tools 
5003 includes a single battery pack interface or receptacle 
with a terminal block for coupling to the power tool interface 
of the convertible low/medium rated voltage battery packs 
5007. The battery pack interface or receptacle is configured 
to place or retain the convertible battery pack 5007 in a 
medium rated Voltage configuration. Thus, the medium rated 
voltage power tools 5003 may operate using the convertible 
low/medium rated voltage battery packs 5007 in the medium 
rated voltage configuration. This is because the 51V-60V 
rated voltage of the battery packs 5007 corresponds to the 
51V-60V rated voltage of medium rated voltage power tools 
SOO3. 

0555. The high rated voltage DC power tools 4 are 
cordless only tools. The high rated voltage DC tools 5004 
have a rated voltage range of approximately 100V-120V. 
with an advertised Voltage of 120V and an operating Voltage 
range of 100V-120V. The high rated voltage DC power tools 
include tools that have permanent magnet DC brushed 
motors, universal motors, and permanent magnet brushless 
DC motors, and may include constant speed and variable 
speed tools. The medium rated voltage DC power tools may 
include tools such as drills, circular saws, Screwdrivers, 
reciprocating saws, oscillating tools, impact drivers, flash 
lights, string trimmers, hedge trimmers, lawn mowers, nail 
ers and/or rotary hammers. The high rated DC power tools 
may also or alternatively include other types of tools that 
require higher power or capacity Such as rotary hammers (as 
shown in the figure), miter saws, chain saws, hammer drills, 
grinders, and compressors. The high rated Voltage DC rated 
voltage power tools 4 do not include power tools that were 
on sale prior to May 18, 2014. 
0556 Each of the high rated voltage DC power tools 
5004 includes a battery pack interface having a pair of 
receptacles each with a terminal block for coupling to the 
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power tool interface of convertible low/medium rated volt 
age battery packs 5007. The battery pack receptacles are 
configured to place or retain the convertible battery packs 
5007 into their medium rated voltage configurations. The 
power tools 5004 also include a switching circuit (not 
shown) to connect the two battery packs 5007 to one another 
and to the tool in series, so that the voltages of the battery 
packs 5007 are additive. The high rated voltage power tools 
5004 may be powered by and operate with the convertible 
low/medium rated voltage battery packs 5007 in their 
medium rated Voltage configuration. This is because the two 
battery packs 5007, being connected in series, together have 
a rated voltage of 102V-120V (double that of a single battery 
pack 7), which corresponds to the 100V-120V rated voltage 
of high rated voltage power tools 5004. 
0557. The high rated voltage AC/DC power tools 5005 
are corded/cordless tools, meaning that they can be powered 
by either the AC power supply 5008 or the convertible 
low/medium rated voltage battery packs 5007. The high 
rated voltage AC/DC tools 5005 have a rated voltage range 
of approximately 100V-120V (and perhaps as large as 90V 
132V), with an advertised voltage of 120V and an operating 
voltage range of 100V-120V (and perhaps as large as 90V 
132V). The high rated voltage AC/DC power tools 5005 
include tools that have universal motors or brushless motors 
(e.g., permanent magnet brushless DC motors), and may 
include constant speed and variable speed tools. The high 
rated voltage AC/DC power tools 5005 may include tools 
such as drills, circular saws, screwdrivers, reciprocating 
saws, oscillating tools, impact drivers, flashlights, string 
trimmers, hedge trimmers, lawn mowers, nailers and/or 
rotary hammers. The high rated DC power tools may also or 
alternatively include other types of tools that require higher 
power or capacity Such as miter saws (as shown in the 
figure), chain saws, hammer drills, grinders, and compres 
sors. The high rated voltage AC/DC rated voltage power 
tools 5004 do not include power tools that were on sale prior 
to May 18, 2014. 
0558 Each of the high rated voltage AC/DC power tools 
5005 includes a power supply interface having a pair of 
battery pack receptacles and an AC cord or receptacle. The 
battery pack receptacles each have a terminal block for 
coupling to the power tool interface of one of the convertible 
low/medium rated voltage battery packs. The battery pack 
receptacles are configured to place or retain the convertible 
battery packs 5007 in their medium rated voltage configu 
rations. The AC cord or receptacle is configured to receive 
power from the AC power supply 5008. The power tools 
5005 include a switching circuit (not shown) configured to 
select between being powered by the AC power supply 5008 
or the convertible battery packs 5007, and to connect the two 
convertible battery packs 5007 to one another and to the tool 
in series, so that the voltages of the battery packs 5007 are 
additive. The high rated voltage AC/DC power tools 5005 
may be powered by and operate with two convertible 
low/medium rated voltage battery packs 5007 in their 
medium rated Voltage configuration, or with the AC power 
supply 5008. This is because the two battery packs 5007, 
being connected in series, together have a rated voltage of 
102V-120V (double that of a single battery pack 5007) and 
the AC power supply may have a rated voltage of 100V 
120V (depending on the country), which corresponds to the 
100V-120V rated voltage of high rated voltage AC/DC 
power tools 5005. In countries having AC power supplies 
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with a rating of 220V-240V, the AC/DC power tools may be 
configured to reduce the Voltage from the AC mains power 
Supply Voltage to correspond to the rated Voltage of the 
AC/DC power tools (e.g., by using a transformer to convert 
220 VAC-240 VAC to 100 VAC-120 VA). 
0559. In certain embodiments, the motor control circuits 
of the power tools 5002, 5003, 5004, and 5005 may be 
configured to optimize the motor performance based on the 
rated Voltage of the lower rated Voltage power Supply using 
the motor control techniques (e.g., conduction band, 
advance angle, cycle-by-cycle current limiting, etc.) 
described above. 
0560. The battery pack chargers 5009 have a rated volt 
age range of 17V-20V, with an advertised voltage of 20V, an 
operating Voltage range of 17V-20V, a nominal Voltage of 
18V, and a maximum voltage of 20V. Each of the low rated 
Voltage battery pack chargers includes a battery pack inter 
face or receptacle that enables the battery pack charger 5009 
to be coupled to the power tool interface of one of the low 
rated voltage battery packs 5006, or to the power tool 
interface of one of the convertible low/medium rated voltage 
battery packs 5007. The battery pack interface or receptacle 
is configured to place or retain the convertible battery pack 
5007 into a low rated voltage configuration. Thus, the 
battery pack charge 5009 may charge both the low rated 
voltage battery packs 5006 and the low/medium rated volt 
age battery packs 5007 (in their low rated voltage configu 
ration). This is because the 17V-20V rated voltages of the 
battery packs 5006, 5007 correspond to the 17V-20V rated 
voltage of low rated voltage chargers 5009. In one imple 
mentation, at least some of the low rated Voltage battery 
pack chargers 5009 were on sale prior to May 18, 2014. For 
example, the low rated voltage battery pack chargers 5009 
may include certain ones of DEWALT 20V MAX battery 
pack chargers, sold by DEWALT Industrial Tool Co. of 
Towson, Md. 
0561. It is notable that the low/medium rated voltage 
(e.g., 17V-20V/51V-60V) convertible battery packs 5007 are 
backwards compatible with preexisting low rated Voltage 
(e.g., 17V-20V) DC power tools 5002 and low rated voltage 
(e.g., 17V-20V) battery pack chargers 5009, and can also be 
used to power the medium rated voltage (e.g., 51V-60V) DC 
power tools 5003, the high rated voltage (e.g., 100V-120V) 
DC power tools 5004, and the high rated voltage (e.g., 
100V-120V) AC/DC power tools 5005. It is also notable that 
a pair of the low/medium rated voltage (e.g., 17V-20V/51V 
60V) convertible battery packs 5007 may be connected in 
series to produce a high rated voltage (e.g., 100V-120V) that 
generally corresponds to an AC rated Voltage (e.g., 100V 
120V) in North America and Japan. Thus, the convertible 
battery packs 5007 are able to power a wide range of rated 
Voltage power tools ranging from preexisting low rated 
voltage power tools to the high rated AC/DC voltage power 
tools. 

0562 IV. Miscellaneous 
0563 Some of the techniques described herein may be 
implemented by one or more computer programs executed 
by one or more processors residing, for example on a power 
tool. The computer programs include processor-executable 
instructions that are stored on a non-transitory tangible 
computer readable medium. The computer programs may 
also include stored data. Non-limiting examples of the 
non-transitory tangible computer readable medium are non 
Volatile memory, magnetic storage, and optical storage. 
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0564) Some portions of the above description present the 
techniques described herein in terms of algorithms and 
symbolic representations of operations on information. 
These algorithmic descriptions and representations are the 
means used by those skilled in the data processing arts to 
most effectively convey the substance of their work to others 
skilled in the art. These operations, while described func 
tionally or logically, are understood to be implemented by 
computer programs. Furthermore, it has also proven conve 
nient at times to refer to these arrangements of operations as 
modules or by functional names, without loss of generality. 
0565. Unless specifically stated otherwise as apparent 
from the above discussion, it is appreciated that throughout 
the description, discussions utilizing terms such as “process 
ing or “computing or "calculating or “determining” or 
“displaying or the like, refer to the action and processes of 
a computer system, or similar electronic computing device, 
that manipulates and transforms data represented as physical 
(electronic) quantities within the computer system memories 
or registers or other Such information storage, transmission 
or display devices. 
0566. In this disclosure, a “control unit” refers to a 
processing circuit. The processing circuit may be a program 
mable controller, such as a microcontroller, a microproces 
Sor, a computer processor, a signal processor, etc., or an 
integrated circuit configured and customized for a particular 
use, such as an Application Specific Integrated Circuit 
(ASIC), a field-programmable gate array (FPGA), etc., 
packaged into a chip and operable to manipulate and process 
data as described above. A “control unit may further 
include a computer readable medium as described above for 
storing processor-executable instructions and data executed, 
used, and stored by the processing circuit. 
0567 Certain aspects of the described techniques include 
process steps and instructions described herein in the form 
of an algorithm. It should be noted that the described process 
steps and instructions could be embodied in software, firm 
ware or hardware, and when embodied in software, could be 
downloaded to reside on and be operated from different 
platforms used by real time network operating systems. 
0568. The foregoing description of the embodiments has 
been provided for purposes of illustration and description. It 
is not intended to be exhaustive or to limit the disclosure. 
Individual elements or features of a particular embodiment 
are generally not limited to that particular embodiment, but, 
where applicable, are interchangeable and can be used in a 
selected embodiment, even if not specifically shown or 
described. The same may also be varied in many ways. Such 
variations are not to be regarded as a departure from the 
disclosure, and all such modifications are intended to be 
included within the scope of the disclosure. 
0569. Example embodiments are provided so that this 
disclosure will be thorough, and will fully convey the scope 
to those who are skilled in the art. Numerous specific details 
are set forth Such as examples of specific components, 
devices, and methods, to provide a thorough understanding 
of embodiments of the present disclosure. It will be apparent 
to those skilled in the art that specific details need not be 
employed, that example embodiments may be embodied in 
many different forms and that neither should be construed to 
limit the scope of the disclosure. In some example embodi 
ments, well-known processes, well-known device struc 
tures, and well-known technologies are not described in 
detail. 
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0570. The terminology used herein is for the purpose of 
describing particular example embodiments only and is not 
intended to be limiting. As used herein, the singular forms 
“a,” “an, and “the may be intended to include the plural 
forms as well, unless the context clearly indicates otherwise. 
The terms “comprises,” “comprising,” “including,” and 
“having,” are inclusive and therefore specify the presence of 
stated features, integers, steps, operations, elements, and/or 
components, but do not preclude the presence or addition of 
one or more other features, integers, steps, operations, 
elements, components, and/or groups thereof. The method 
steps, processes, and operations described herein are not to 
be construed as necessarily requiring their performance in 
the particular order discussed or illustrated, unless specifi 
cally identified as an order of performance. It is also to be 
understood that additional or alternative steps may be 
employed. Numerous modifications may be made to the 
exemplary implementations that have been described above. 
These and other implementations are within the scope of the 
following claims. 
What is claimed is: 
1. A power tool comprising: 
a housing: 
a brushless direct current (BLDC) motor including a rotor 

and a stator having at least three stator windings 
corresponding to at least three phases of the motor, the 
rotor being moveable by the stator when the stator 
windings are appropriately energized within the corre 
sponding phases, each phase being characterized by a 
corresponding Voltage waveform energizing the corre 
sponding stator winding, the motor being configured to 
operate within an operating Voltage range; 

a power Supply interface arranged to receive at least one 
of AC power from an AC power Supply having a first 
nominal voltage or DC power from a DC power supply 
having a second nominal Voltage, the DC power Supply 
comprising at least one removable battery pack coupled 
to the power Supply interface, the power Supply inter 
face configured to output the AC power via an AC 
power line and the DC power via a DC power line; and 

a motor control circuit configured to receive the AC 
power line and the DC power line and supply electric 
power to the motor at a Voltage level corresponding to 
the operating Voltage range of the motor from at least 
one of the AC power supply and/or the DC power 
Supply, the motor control circuit including: a rectifier 
circuit configured to convert an alternating signal on 
the AC power line to a rectified voltage signal on a DC 
bus line, and a power Switch circuit configured to 
regulate a Supply of electric power from at least one of 
the DC bus line and/or the DC power line to the motor. 

2. The power tool of claim 1, wherein the rectifier circuit 
comprises a diode bridge. 

3. The power tool of claim 2, wherein the rectifier circuit 
further comprises a link capacitor arranged in parallel to the 
diode bridge on the DC bus line. 

4. The power tool of claim 1, wherein the DC power line 
is connected directly to a node on the DC bus line bypassing 
the rectifier circuit. 

5. The power tool of claim 1, wherein the DC power line 
and the AC power line are jointly coupled to an input node 
of the rectifier circuit. 




