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to an output terminal, and block the input voltage from a reverse-polarity-connected battery to the output terminal. The control circuit
is coupled to the input terminal, the output terminal, and a common terminal and is configured to detect, during transmission of the
input voltage from the normal-polarity-connected battery to the output terminal, that the input voltage is less than an output voltage,
indicating onset of an abnormal operating mode, and turn off the FET to prevent the output voltage from being affected by the input

voltage during the abnormal operating mode.
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REVERESE CURRENT PREVENTION FOR FET USED AS
REVERSE POLARITY PROTECTION DEVICE

BACKGROUND

[0001] Reverse polarity protection is to protect a direct current (DC) powered
device or equipment from potential damage when a battery has been installed

backwards, or when the leads (wires) from a DC power source have been reversed.

SUMMARY

[0002] In general, in one aspect, the invention relates to a battery reverse polarity
protection circuit. The battery reverse polarity protection circuit includes (i) an
input terminal configured to receive an input voltage, (ii) an output terminal
configured to provide an output voltage to a load device, (iil)) a common terminal
for referencing the input voltage and the output voltage, (iv) a field effect
transistor (FET) having an FET drain terminal coupled to the input terminal, an
FET source terminal coupled to the output terminal, and an FET gate terminal
coupled to a control circuit, where the FET is configured to transmit the input
voltage from a normal-polarity-connected battery to the output terminal, and block
the input voltage from a reverse-polarity-connected battery to the output terminal,
and (v) the control circuit coupled to the input terminal, the output terminal, and
the common terminal and configured to detect, during transmission of the input
voltage from the normal-polarity-connected battery to the output terminal, that the
input voltage is less than the output voltage, indicating onset of an abnormal
operating mode, and turn off the FET to prevent the output voltage from being

affected by the input voltage during the abnormal operating mode.

[0003] In general, in one aspect, the invention relates to a battery reverse polarity

protection circuit. The battery reverse polarity protection circuit includes (i) an
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input terminal configured to receive an input voltage, (ii) an output terminal
configured to provide an output voltage to a load device, (iil) a common terminal
for referencing the input voltage and the output voltage, (iv) a metal-oxide-
semiconductor field effect transistor (FET) having a FET drain terminal coupled to
the input terminal, a FET source terminal coupled to the output terminal, and a
FET gate terminal coupled to a control circuit, where the FET is configured to
transmit the input voltage from a normal-polarity-connected battery to the output
terminal, and block the input voltage from a reverse-polarity-connected battery to
the output terminal, and (v) the control circuit coupled to the input terminal, the
output terminal, and the common terminal and configured to detect, during
transmission of the input voltage from the normal-polarity-connected battery to the
output terminal, that a decreasing rate of the input voltage exceeds a pre-
determined threshold, indicating onset of an abnormal operating mode, and turn
off the FET to prevent the output voltage being affected by the input voltage

during the abnormal operating mode.

[0004] In general, in one aspect, the invention relates to a method for battery
reverse polarity protection. The method includes (i) receiving, at an input terminal
of a battery reverse polarity protection circuit, an input voltage from a normal-
polarity-connected battery, (ii) transmitting, using a field effect transistor (FET),
the input voltage from the normal-polarity-connected battery to an output terminal
of the battery reverse polarity protection circuit, where the FET has an FET drain
terminal coupled to the input terminal, an FET source terminal coupled to the
output terminal, and an FET gate terminal coupled to a control circuit, (iii)
detecting, using a control circuit while the FET transmits the input voltage from
the normal-polarity-connected battery to the output terminal, that the input voltage
drops below the output voltage, indicating onset of an abnormal operating mode,
and (iv) turning off the FET to prevent the output voltage from being affected by

the input voltage during the abnormal operating mode.
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[0005]

[0006]

[0007]

[0008]

[0009]

[0010]

[0011]

Other aspects of the invention will be apparent from the following

description and the appended claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 show a system diagram in accordance with one or more

embodiments of the invention.

FIGs. 2,3, 4,5, 6,7, 8, and 9 show circuit diagrams in accordance with one

or more embodiments of the invention.

FIG. 10 shows a method flowchart in accordance with one or more

embodiments of the invention.

DETAILED DESCRIPTION

Specific embodiments of the invention will now be described in detail with
reference to the accompanying figures. Like elements in the various figures are

denoted by like reference numerals for consistency.

In the following detailed description of embodiments of the invention,
numerous specific details are set forth in order to provide a more thorough
understanding of the invention. However, it will be apparent to one of ordinary
skill in the art that the invention may be practiced without these specific details.
In other instances, well-known features have not been described in detail to avoid

unnecessarily complicating the description.

In the following description, any component described with regard to a
figure, in various embodiments of the invention, may be equivalent to one or
more like-named components described with regard to any other figure. For
brevity, at least a portion of these components are implicitly identified based on
various legends. Further, descriptions of these components will not be repeated

with regard to each figure. Thus, each and every embodiment of the components
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[0012]

[0013]

of each figure is incorporated by reference and assumed to be optionally present
within every other figure having one or more like-named components.
Additionally, in accordance with various embodiments of the invention, any
description of the components of a figure is to be interpreted as an optional
embodiment which may be implemented in addition to, in conjunction with, or in
place of the embodiments described with regard to a corresponding like-named

component in any other figure.

Throughout the application, ordinal numbers (e.g., first, second, third, etc.)
may be used as an adjective for an element (i.e., any noun in the application).
The use of ordinal numbers is not to imply or create any particular ordering of
the elements nor to limit any element to being only a single element unless
expressly disclosed, such as by the use of the terms "before", "after", "single",
and other such terminology. Rather, the use of ordinal numbers is to distinguish
between the elements. By way of an example, a first element is distinct from a
second element, and the first element may encompass more than one element and

succeed (or precede) the second element in an ordering of elements.

In general, embodiments of the invention provide a battery reverse polarity
protection circuit that supplies battery voltage to a load device when the battery
is connected with correct polarity. The battery reverse polarity protection circuit
1s configured to detect an abnormal condition (e.g., a short circuit condition or a
pull-down due to loads on the input) of the battery voltage and, in response,
isolate the load device from the battery to prevent potential reset or other damage
to the load device. In one or more embodiments of the invention, the battery
reverse polarity protection circuit includes an input terminal to receive an input
voltage, an output terminal to provide an output voltage to the load device, a
common terminal for referencing the input voltage and output voltage, a field
effect transistor (FET), and a control circuit coupled to the input terminal, the

output terminal, and the common terminal. The FET transmits the input voltage
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[0014]

[0015]

to the output terminal when the battery is connected with normal polarity, and
blocks the input voltage to the output terminal when the battery is connected with
reverse polarity. During transmission of the input voltage from the normal-
polarity-connected battery to the output terminal, the control circuit may detect
that the input voltage is less than the output voltage, indicating onset of an
abnormal operating mode. In response, the control circuit turns off the FET to
prevent the output voltage from being affected by the input voltage during the
abnormal operating mode. In one or more embodiments of the invention, the FET
is a p-channel metal-oxide-semiconductor (p-channel MOS or PMOS) device. In

other words, the FET is a p-channel MOSFET.

FIG. 1 shows a system (100) in accordance with one or more embodiments
of the invention. In particular, the system (100) is depicted according to the
legend (1000), which is also applicable to FIGs. 2, 3,4, 5, 6, 7, 8, and 9 below. In
one or more embodiments of the invention, one or more of the elements shown in
FIG. 1 may be omitted, repeated, and/or substituted. Accordingly, embodiments
of the invention should not be considered limited to the specific arrangements of

modules shown in FIG. 1.

As shown in FIG. 1, the system (100) includes a battery reverse polarity
protection circuit (105) coupled to a battery and a load device. In particular, he
solid arrows connecting the elements of the system (100) represent electrical
connections, including both direct connections and indirect connections via
mtervening circuit components. In one or more embodiments, the load device is
an electrical circuit or device that operates using an DC output voltage supplied
from the battery via the battery reverse polarity protection circuit (105).
Abnormal conditions of the DC output voltage received by the load device may
disrupt the operation of the load device and/or damage the load device.

Abnormal conditions may include excessive low voltage level, high rate of
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[0016]

[0017]

voltage swing, incorrect voltage polarity, etc. As a result, reset condition, data

corruption, component damage, etc. of the load device may occur.

In one or more embodiments, the battery reverse polarity protection circuit
(105) includes an input port (113), an output port (114), an FET (e.g., PMOS)
denoted as Q1, and a control circuit (105). The input port (113) includes an input
terminal and a common terminal depicted based on the legend (1000). The input
voltage is the voltage received by the battery reverse polarity protection circuit
(105) from the battery at the input terminal as referenced to the common
terminal. The output port (114) includes an output terminal and the common
terminal depicted based on the legend (1000). The output voltage is the voltage
provided by the battery reverse polarity protection circuit (105) to the load device
at the output terminal as referenced to the common terminal. For example, the
input port (113) may correspond to a battery receptacle, a battery socket, battery
harness, battery connector, or other means for battery connection. Further, the
output port (114) may correspond to an output receptacle, output socket, output
harness, output connector, or other means for load device connection. In one or
more embodiments, the load device is designed to operate using a positive DC
output voltage. In such embodiments, the input terminal corresponds to a positive
terminal of the battery receptacle, battery socket, battery harness, battery
connector, etc. The output terminal corresponds to a positive terminal of the
output receptacle, output socket, output harness, output connector, etc. Further,
the common terminal connects the negative terminal of the battery receptacle,
battery socket, battery harness, battery connector, etc. and the negative terminal

of the output receptacle, output socket, output harness, output connector, etc.

In one or more embodiments, the battery is removably coupled to the input
port (113). In particular, the dashed arrow (101) represents user-removable
electrical connections that may be connected and/or disconnected by a user. For

example, the battery may be inserted into or otherwise connected with the battery
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[0018]

receptacle, battery socket, battery harness, battery connector, etc. by the user. In
one or more embodiments, the battery includes a positive terminal (111) and a
negative terminal (112), where the positive terminal (111) has a more positive
voltage than the negative terminal (112). In those embodiments where the load
device is designed to operate using a positive DC output voltage, the positive
terminal (111) is designed to be connected, e.g., by the user, to the input terminal
of the battery reverse polarity protection circuit (105). In addition, the negative
terminal (112) is designed to be connected, e.g., by the user, to the common
terminal of the battery reverse polarity protection circuit (105). A normal-
polarity-connected battery is the battery that is inserted into or connected with
the input port (113) correctly, i.e., according to the designed polarity. In other
words, the normal-polarity-connected battery has the positive terminal (111)
connected with the input terminal and the negative terminal (112) connected with
the common terminal. Accordingly, the input voltage received at the input
terminal is from the positive terminal (111). In contrast, a reverse-polarity-
connected battery is the battery that is inserted into or connected with the input
port (113) incorrectly, i.e., opposite to the designed polarity. In other words, the
reverse-polarity-connected battery has the positive terminal (111) incorrectly
connected with the common terminal and the negative terminal (112) incorrectly
connected with the input terminal. Accordingly, the input voltage incorrectly

received at the input terminal is from the negative terminal (112).

In one or more embodiments, the control circuit (105) is configured to open
the FET (e.g., PMOS) Q1 when the input voltage, Vin, becomes lower than the
output voltage, Vout due to a fault condition (110a). In particular, the control
circuit (105) opening the PMOS Q1 prevents discharging the load device
capacitance C1 when the fault condition (100a) occurs. As an example, the
element (113b) may correspond to a short circuit causing the fault condition

(100a) where the input voltage, Vin, is connected to the common terminal
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[0019]

[0020]

directly. In another example, the element (113a) may correspond to a bad or
intermittent contact causing the fault condition (100a) where the input voltage,
Vin, is pulled down to the common terminal by an external load represented by
the element (113b) on the input voltage, Vin. In general, the energy stored in
capacitor C1 is dedicated to supply load current, I1, of the load device during
power shut down (including short power interruption) through a time period

depending on the values of 11 and C1.

In one or more embodiments, the FET (e.g., PMOS) Q1 includes an FET
drain terminal coupled to the input terminal, an FET source terminal coupled to
the output terminal, and an FET gate terminal coupled to the control circuit
(105). In one or more embodiments, the FET (e.g., PMOS) Q1 is configured to
transmit the input voltage from a normal-polarity-connected battery to the output
terminal, and block the input voltage from a reverse-polarity-connected battery to
the output terminal. In one or more embodiments, the FET Q1 is or otherwise

includes a P-channel FET .

In one or more embodiments, the control circuit (105) is coupled to the
input terminal, the output terminal, and the common terminal. In one or more
embodiments, the control circuit (105) is configured to detect, during
transmission of the input voltage from the normal-polarity-connected battery to
the output terminal, onset of an abnormal operating mode. In response, the
control circuit (105) is configured to turn off the FET (e.g., PMOS) to prevent
the output voltage from being affected by the input voltage during the abnormal
operating mode. In one or more embodiments, the control circuit (105) detects
the onset of the abnormal operating mode as indicated by the input voltage being
less than the output voltage. Examples of such embodiments are described in
reference to FIGs. 2, 3, 4, 5, 6, 7, and 8 below. In one or more embodiments, the
control circuit (105) detects the onset of the abnormal operating mode as

indicated by a decreasing rate of the input voltage exceeding a pre-determined
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[0021]

[0022]

threshold. An example of such embodiments is described in reference to FIG. 9

below.

FIGs. 2, 3, 4, 5, 6, 7, and 8 show various examples of the system (100),
depicted in FIG. 1 above, in accordance with one or more embodiments of the
invention. In particular, the various examples are depicted according to the
legend (1000) and correspond to the embodiments where the control circuit
detects the onset of the abnormal operating mode as indicated by the input
voltage being less than the output voltage. In one or more embodiments of the
invention, one or more of the elements shown in FIGs. 2, 3, 4, 5, 6, 7, and 8 may
be omitted, repeated, and/or substituted. Accordingly, embodiments of the
invention should not be considered limited to the specific arrangements of

modules shown in FIGs. 2, 3, 4, 5, 6, 7, and 8.

As shown in FIG. 2, the control circuit A (205) is an example of the control
circuit (105) depicted in FIG. 1 above. In particular, the control circuit A (205)
includes a bipolar transistor Q2 having a collector terminal coupled to the FET
gate terminal, an emitter terminal coupled to the FET source terminal via a
resistor R2, and a base terminal connected to a trigger circuit. In particular, the
trigger circuit is the circuit controlling the voltage at the base terminal of the
bipolar transistor in the control circuit. Specifically, the trigger circuit controls
the voltage that causes the bipolar transistor to turn on. In the control circuit A
(205), the trigger circuit includes a diode D2 and a resistor R3 connected in
series. The anode and cathode of the diode D2 are coupled to the input terminal
and the base terminal, respectively. Accordingly, the diode D2 and the emitter-
base junction of the bipolar transistor Q2 form a voltage comparator circuit that
compares the input voltage and the output voltage. More particularly, the diode
D2 and the emitter-base junction of the bipolar transistor Q2 act as two mirrored
mput paths of the voltage comparator circuit. The trigger circuit in this

configuration turns on the bipolar transistor Q2 in response to the input voltage

9
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[0023]

[0024]

becoming less than the output voltage. Before the bipolar transistor Q2 is turned
on, the FET gate terminal of QI is approximately O volt while the FET source
terminal of Q1 is near V. Such gate-to-source voltage magnitude causes the
FET (e.g., PMOS) Q1 to conduct with low resistance. As a result of turning on
the bipolar transistor Q2, the gate-to-source voltage magnitude of the FET (e.g.,
PMOS) Q1 is reduced to turn off the FET (e.g., PMOS) Q1.

FIG. 3 shows an equivalent circuit (305) to illustrate further how the
bipolar transistor Q2 is activated (i.e., turned on to conduct electrical current). In
the description below, each component is referred to using the component symbol.
In the equivalent circuit (305), D_Q2 represents the base-emitter junction of Q2,
R_Q2 represents the emitter-collector resistance of Q2, and R_Q1 represents the
drain-source resistance of Q1. In the initial DC condition of normal operation, Vi,
is a positive voltage, such as 12V. R_Q1 is small since Q1 is fully "on", therefore
the drain-to-source voltage drop Von is small (e.g., less than 20mV depending on
the load device). Accordingly, V. is nearly equal to (e.g., 20mV lower than) Vj,.
The voltage at N1 will be higher than N2 due to the presence of R2. if R_Q2
decreases enough to activate QI1, then there would be a voltage divider of R1 and

R2, causing N2 to drop.

As Vj, drops in an abnormal operating mode (e.g., a short circuit condition
at the input terminal), the voltage at N1 drops faster than N2 because the voltage at
N2 cannot respond instantly due to C1, R_QI, and R2. This allows current to flow
through D_Q2, thus activating Q2 to conduct. As Q2 conducts (i.e., R_Q2
decreases) the voltage at N3 rises to cause Q1 to conduct less (i.e., R_QI1
increases). As R_Q1 increases, N2 decreases less, which increases the current
through D_Q?2 and causes Q2 to conduct more. This cycle is self-reinforcing and
turns off Q1 completely, blocking the reverse current path from the output
terminal to the input terminal. In other words, turning off Q1 prevents the output

voltage being affected by the input voltage during the abnormal operating mode.
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[0025] FIG. 4 shows a diagram (400) illustrating isolating the output voltage from
the input voltage by turning off the FET (e.g., PMOS) Q1. As shown in FIG. 4, the
horizontal axis corresponds to time and the vertical axis corresponds to the output
voltage. From time T1 through T2, the FET (e.g., PMOS) QI transmits the input
voltage from the battery to output terminal. Accordingly, the output voltage stays
constant over time. Specifically, V. equals V;, minus the drain-to-source voltage
drop Von. At time T2, the control circuit detects the onset of an abnormal
operating mode to turn off the FET (e.g., PMOS) QI. Accordingly, the output
voltage is isolated from the input voltage and starts to decrease (e.g., toward V=
0) due to discharge through the load device from T2 through T3 and beyond. For
example, the abnormal operating mode may be triggered by a short circuit
condition causing the input voltage to rapidly decrease to 0. By isolating the
output voltage from the input voltage, the output voltage decreases at a much
slower rate than the input voltage so as to avoid the reset condition or data

corruption of the load device.

[0026] As shown in FIG. 5, the control circuit B (505) is a variation of the control
circuit A (205) depicted in FIG. 2 above. In particular, the diode D2 depicted in
the control circuit A (205) is substituted in the control circuit B (505) by an
emitter-base junction of a bipolar transistor Q3 having a floating collector
terminal. The substitution matches the emitter-base junction of Q3 to D_Q2
resulting a balanced circuit. In this example Q2 and Q3 are the SMBT3906DW1,
which contains two PNP transistors in a single package. This helps to eliminate
process variations and differences in junction temperature between Q2 and Q3. In
addition, C3 is added to suppress a voltage spike that may appear at R3 when V;,
rises sharply. Further, C2 compensates for worst case gain variations in Q2 by
providing a higher current path for D_Q2 during a sharp voltage decrease in Vy,.
For example, consider a worst-case situation where the Q2 gain drops from 100 to

10. If Vy, decreases from 12V to OV (or less) rapidly (e.g., less than 1 micro-

11
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second) in a short circuit condition, V., may decrease with V;, without C2 in the

control circuit B (505).

[0027] As shown in FIG. 6, the control circuit C (605) is another variation of the
control circuit A (205) depicted in FIG. 2 above. In particular, the trigger circuit of
serially connected diode D2 and resistor R3 is substituted by a resistor R3
coupling the FET drain terminal and the base terminal of the bipolar transistor Q2.
This control circuit C (605) works well when V;, decreases slowly, but may have a
slightly slower response than the control circuit A (205) when V,, decreases

quickly.

[0028] As shown in FIG. 7, the control circuit D (705) is a variation of the control
circuit C (605) depicted in FIG. 6 above. In particular, an inductor L1 in inserted
between the resistor R3 and the FET drain terminal. In other words, the input
terminal and the resistor R3 are collectively coupled to the FET drain terminal via
the mductor L1.The addition of L1 increases the response speed by amplifying the

difference between Vj, and V, during the transient condition.

[0029] As shown in FIG. 8, the control circuit E (805) is yet another variation of
the control circuit A (205) depicted in FIG. 2 above. In particular, the voltage
comparator circuit formed by the diode D2 and the emitter-base junction of the
bipolar transistor Q2 is substituted by a voltage comparator integrated circuit X1.
The voltage comparator integrated circuit X1 compares V;, and V,, via two
resistor divider networks and deactivates Q1 when V;, decreases below V. The
voltage comparator integrated circuit X1 may improves the response time of the
control circuit E (805), but may have higher component cost than the control

circuit A (205).

[0030] FIG. 9 shows an example of the system (100), depicted in FIG. 1 above, in
accordance with one or more embodiments of the invention. In particular, the

example is depicted according to the legend (1000) and corresponds to the
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[0031]

[0032]

embodiments where the control circuit detects the onset of the abnormal
operating mode as indicated by a decreasing rate of the input voltage exceeding a
pre-determined threshold. In one or more embodiments of the invention, one or
more of the elements shown in FIG. 9 may be omitted, repeated, and/or
substituted. Accordingly, embodiments of the invention should not be considered

limited to the specific arrangements of modules shown in FIG. 9.

As shown in FIG. 9, the trigger circuit controlling the voltage at the base
terminal of Q2 includes the resistor R3 and the diode D2. The resistance of R3 and
transistor properties of Q2 are selected such that Q2 is turned off when V;, quickly
drops below a voltage threshold. This is distinct from the examples shown in
FIGs. 2, 3,4, 5, 6, 7, and 8 in that the trigger condition is not related to V, but
depends on the choice of R3 and Q2. Before the bipolar transistor Q2 is turned off,
the FET gate terminal of Q1 is near O volt while the FET source terminal of Q1 is
near V. Such gate-to-source voltage magnitude causes the FET (e.g., PMOS) Q1
to conduct with low resistance. As a result of turning off the bipolar transistor Q2,
the gate-to-source voltage magnitude of the FET (e.g., PMOS) Q1 is reduced to
turn off the FET (e.g., PMOS) QI to prevent Vo, from being driven by V;, to
decrease rapidly. However, if V;, decreases slowly, the circuit may not trigger fast

enough to fully isolate V,,, from Vj,.

FIG. 10 shows a method flowchart in accordance with one or more
embodiments. In one or more embodiments, the method may be based on one or
more control circuits described in FIGs. 1-9 above. One or more steps shown in
FIG. 10 may be omitted, repeated, and/or performed in a different order among
different embodiments of the invention. Accordingly, embodiments of the
invention should not be considered limited to the specific number and

arrangement of steps shown in FIG. 10.
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[0033]

[0034]

[0035]

[0036]

[0037]

Initially, in Step 1001, an incorrect input voltage is received at an input
terminal of a reverse polarity protection circuit from a reverse-polarity-connected
battery. The reverse-polarity-connected battery is incorrectly connected via the
reverse polarity protection circuit to a load device. In one or more embodiments,
the load device is designed to operate using a positive DC output voltage from an
output terminal of the reverse polarity protection circuit. In other words, the load
device is to indirectly receive power from the positive terminal of the battery.
However, the negative terminal of the battery is incorrectly connected to the

input terminal of the reverse polarity protection circuit.

In Step 1002, the output terminal of the reverse polarity protection circuit is
blocked, using a field effect transistor (FET, e.g., PMOS) of the reverse polarity
protection circuit, from receiving the incorrect input voltage from the reverse-

polarity-connected battery.

In Step 1003, a correct input voltage is received at the input terminal from a
normal-polarity-connected battery. The normal-polarity-connected battery is
correctly connected via the reverse polarity protection circuit to the load device.
In the embodiments where the load device is designed to operate using a positive
DC output voltage from the output terminal of the reverse polarity protection
circuit, the positive terminal of the battery is correctly connected to the input

terminal of the reverse polarity protection circuit.

In Step 1004, the correct input voltage is transmitted, using the FET (e.g.,
PMOS), from the normal-polarity-connected battery to the output terminal of the

battery reverse polarity protection circuit to power the load device.

In Step 1005, using a control circuit while the FET (e.g., PMOS) transmits
the correct input voltage from the normal-polarity-connected battery to the output

terminal, an onset of an abnormal operating mode is detected. In one or more
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[0038]

[0039]

[0040]

[0041]

embodiments, detecting the onset of an abnormal operating mode is performed

by detecting that the input voltage drops below the output voltage.

In Step 1006, in response to detecting the onset of the abnormal operating
mode, a bipolar transistor in the control circuit is turned on using a trigger circuit
coupled to the input terminal and a based terminal of the bipolar transistor. In
one or more embodiments, the trigger circuit includes a diode (e.g., a discrete
diode component or an emitter-based junction of a discrete bipolar transistor
component) that lowers the voltage at the base terminal when the input voltage

drops below the output voltage in a short circuit condition.

In Step 1007, in response to turning on the bipolar transistor, a gate-to-
source voltage magnitude of the FET (e.g., PMOS) is reduced to turn off the FET
(e.g., PMOS). In one or more embodiments, the collector terminal of the bipolar
transistor is connected to the FET gate terminal and the emitter terminal of the
bipolar transistor is connected to the output terminal. Accordingly, turning on the
bipolar transistor reduces the voltage difference between the collector terminal
and emitter terminal so as to reduce the gate-to-source voltage magnitude of the

FET (e.g., PMOS).

In Step 1008, the FET (e.g., PMOS) is turned off to prevent the output
voltage from being affected by the input voltage during the abnormal operating
mode. In other words, the output voltage is isolated from the input voltage so as

to prevent being affected by the short circuit condition of the input voltage.

Embodiments of the invention may be advantageously applied to
automotive electronic devices that employ a P-channel MOSFET in reverse
battery protection. P-channel MOSFET based reverse battery protection circuit
achieves low component count and lower power dissipation than a diode-based
protection circuit, while avoiding the charge pump circuit used in a N-channel

MOSFET based protection circuit. Embodiments of the invention advantageously
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[0042]

prevent reverse current in the P-channel MOSFET based reverse battery protection
circuit that causes the bulk capacitors to rapidly discharge back into the vehicle.
Accordingly, embodiments advantageously prevent reset of a battery powered
device due to an intermittent supply dropout, and provide sufficient time for the

device software to detect rapid dropouts and perform shutdown routines.

While the invention has been described with respect to a limited number of
embodiments, those skilled in the art, having benefit of this disclosure, will
appreciate that other embodiments can be devised which do not depart from the
scope of the invention as disclosed herein. Accordingly, the scope of the

invention should be limited only by the attached claims.
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CLAIMS

What is claimed is:

1. A battery reverse polarity protection circuit, comprising:
an input terminal configured to receive an input voltage;
an output terminal configured to provide an output voltage to a load device;
a common terminal for referencing the input voltage and the output voltage;
a field effect transistor (FET) comprising:
an FET drain terminal coupled to the input terminal;
an FET source terminal coupled to the output terminal; and
an FET gate terminal coupled to a control circuit,
wherein the FET is configured to:
transmit the input voltage from a normal-polarity-connected battery
to the output terminal; and
block the input voltage from a reverse-polarity-connected battery to
the output terminal; and
the control circuit coupled to the input terminal, the output terminal, and the
common terminal and configured to:
detect, during transmission of the input voltage from the normal-polarity-
connected battery to the output terminal, that the input voltage is less
than the output voltage, indicating onset of an abnormal operating
mode; and
turn off the FET to prevent the output voltage from being affected by the

put voltage during the abnormal operating mode.

2. The battery reverse polarity protection circuit of claim 1,
wherein the normal-polarity-connected battery corresponds to a first battery
having a first positive voltage terminal connected to the input terminal and

a first negative voltage terminal connected to the common terminal,
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wherein the reverse-polarity-connected battery corresponds to a second battery
having a second negative voltage terminal connected to the input terminal
and a second positive voltage terminal connected to the common terminal,
and

wherein the FET comprises a P-channel FET.

3. The battery reverse polarity protection circuit of claim 1, wherein the control circuit
comprises:

a first bipolar transistor having a collector terminal coupled to the FET gate
terminal, an emitter terminal coupled to the FET source terminal, and a
base terminal connected to a trigger circuit,

wherein the trigger circuit is coupled to the input terminal and configured to turn
on the first bipolar transistor in response to the input voltage becoming less
than the output voltage, and

wherein turning on the first bipolar transistor reduces a gate-to-source voltage

magnitude of the FET to turn off the FET.

4. The battery reverse polarity protection circuit of claim 3,
wherein the trigger circuit comprises a diode coupled to the input terminal and the

base terminal of the first bipolar transistor, and
wherein the diode and a first emitter-base junction of the first bipolar transistor

form two mirrored input paths of a voltage comparator circuit.

5. The battery reverse polarity protection circuit of claim 4,
wherein the diode comprises a second emitter-base junction of a second bipolar

transistor having a floating collector terminal.

6. The battery reverse polarity protection circuit of claim 3,
wherein the trigger circuit comprises a resistor coupling the FET drain terminal

and the base terminal of the first bipolar transistor.
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7. The battery reverse polarity protection circuit of claim 6,
wherein the input terminal and the resistor are collectively coupled to the FET

drain terminal via an inductor.

8. The battery reverse polarity protection circuit of claim 1,

wherein the control circuit comprises a voltage comparator integrated circuit.

9. The battery reverse polarity protection circuit of claim 1,
wherein the abnormal operating mode is caused by a short circuit condition

between the input terminal and the common terminal.

10. A battery reverse polarity protection circuit, comprising:
an input terminal configured to receive an input voltage;
an output terminal configured to provide an output voltage to a load device;
a common terminal for referencing the input voltage and the output voltage;
a metal-oxide-semiconductor field effect transistor (FET) comprising:
a FET drain terminal coupled to the input terminal;
a FET source terminal coupled to the output terminal; and
a FET gate terminal coupled to a control circuit,
wherein the FET is configured to:
transmit the input voltage from a normal-polarity-connected battery
to the output terminal; and
block the input voltage from a reverse-polarity-connected battery to
the output terminal; and
the control circuit coupled to the input terminal, the output terminal, and the
common terminal and configured to:
detect, during transmission of the input voltage from the normal-polarity-

connected battery to the output terminal, that a decreasing rate of the
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mput voltage exceeds a pre-determined threshold, indicating onset of
an abnormal operating mode; and
turn off the FET to prevent the output voltage being affected by the input

voltage during the abnormal operating mode.

11. The battery reverse polarity protection circuit of claim 10,

wherein the normal-polarity-connected battery corresponds to a first battery
having a first positive voltage terminal connected to the input terminal and
a first negative voltage terminal connected to the common terminal,

wherein the reverse-polarity-connected battery corresponds to a second battery
having a second negative voltage terminal connected to the input terminal
and a second positive voltage terminal connected to the common terminal,
and

wherein the FET comprises a P-channel FET.

12. The battery reverse polarity protection circuit of claim 10, wherein the control circuit
comprises:

a bipolar transistor having a collector terminal coupled to the FET gate terminal,
an emitter terminal coupled to the common terminal, and a base terminal
connected to a trigger circuit,

wherein the trigger circuit is coupled to the input terminal and configured to turn
off the first bipolar transistor in response to the decreasing rate of the input
voltage exceeding the pre-determined threshold, and

wherein turning off the first bipolar transistor reduces a gate-to-source voltage

magnitude of the FET to turn off the FET.

13. The battery reverse polarity protection circuit of claim 3,
wherein the trigger circuit comprises a resistor coupling the FET drain terminal

and the base terminal of the first bipolar transistor.
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14. The battery reverse polarity protection circuit of claim 10,
wherein the abnormal operating mode is caused by a short circuit condition

between the input terminal and the common terminal.

15. A method for battery reverse polarity protection, comprising:

receiving, at an input terminal of a battery reverse polarity protection circuit, an
input voltage from a normal-polarity-connected battery;

transmitting, using a field effect transistor (FET), the input voltage from the
normal-polarity-connected battery to an output terminal of the battery
reverse polarity protection circuit, wherein the FET comprises:
an FET drain terminal coupled to the input terminal;
an FET source terminal coupled to the output terminal; and
an FET gate terminal coupled to a control circuit,

detecting, using a control circuit while the FET transmits the input voltage from
the normal-polarity-connected battery to the output terminal, that the input
voltage drops below the output voltage, indicating onset of an abnormal
operating mode; and

turning off the FET to prevent the output voltage from being affected by the input

voltage during the abnormal operating mode.

16. The method of claim 135, further comprising;
receiving, at the input terminal, the input voltage from a reverse-polarity-
connected battery; and
blocking, using the FET, the output terminal from receiving the input voltage from

the reverse-polarity-connected battery.

17. The method of claim 15,
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wherein the normal-polarity-connected battery corresponds to a first battery
having a first positive voltage terminal connected to the input terminal and
a first negative voltage terminal connected to a common terminal,

wherein the reverse-polarity-connected battery corresponds to a second battery
having a second negative voltage terminal connected to the input terminal
and a second positive voltage terminal connected to the common terminal,
and

wherein the FET comprises a P-channel FET.

18. The method of claim 15, further comprising:

turning on, using a trigger circuit coupled to the input terminal and in response to
the input voltage becoming less than the output voltage, a first bipolar
transistor comprised in the control circuit; and

reducing, in response to turning on the first bipolar transistor, a gate-to-source
voltage magnitude of the FET to turn off the FET,

wherein the first bipolar transistor comprises a collector terminal coupled to the
FET gate terminal, an emitter terminal coupled to the FET source terminal,

and a base terminal connected to a trigger circuit.

19. The method of claim 18,
wherein the trigger circuit comprises a diode coupled to the input terminal and the
base terminal of the first bipolar transistor, and
wherein the diode and a first emitter-base junction of the first bipolar transistor

form two mirrored input paths of a voltage comparator circuit.

20. The battery reverse polarity protection circuit of claim 19,
wherein the diode comprises a second emitter-base junction of a second bipolar

transistor having a floating collector terminal.
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( START )

A 4

Step 1001

Receive, at an input terminal, an input voltage from a reverse-polarity-
connected battery

l Step 1002

Block, using a field effect transistor (FET), an output terminal from receiving the
input voltage from the reverse-polarity-connected battery

l Step 1003

Receive, at the input terminal, the input voltage from a normal-polarity-
connected battery

l Step 1004

Transmit, using the FET, the input voltage from the normal-polarity-connected
battery to the output terminal

l Step 1005

Detect, using a control circuit while the FET transmits the input voltage from the
normal-polarity-connected battery to the output terminal, onset of an abnormal
operating mode

l Step 1006

Turn on, using a bias circuit coupled to the input terminal and in response to
the detecting, a bipolar transistor in the control circuit

l Step 1007

Reduce, in response to turning on the bipolar transistor, a gate-to-source
voltage of the FET to turn off the FET

l Step 1008

Turn off the FET to prevent the output voltage from being affected by the input
voltage during the abnormal operating mode

END FIG. 10
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