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WO 2014/039191 PCT/US2013/053369

METHOD AND APPARATUS FOR CONTINUOUS SHORT-CIRCUIT PROTECTION

BACKGROUND OF THE INVENTION

1. Field of the Invention
[0001] The present invention relates to power sources. More specifically, the present
invention relates protecting a DC power source when an output of the DC power source is

short-circuited.

2. Description of the Related Art

[0002] Known DC-DC converters include switch-mode DC-DC converters that use a
transformer to convert voltage from one level to another. An input DC voltage of the DC-DC
converter is converted to a second voltage signal by an oscillator that includes the transformer,
and the second voltage signal is rectified and filtered to provide an output DC voltage. In DC-DC
converters, such as DC-DC converters that include Royer oscillators, it is known to separate the
primary and secondary windings of the transformer so that the oscillator enters a high-
frequency running mode when the output of the DC-DC converter is short-circuited.

[0003] The high-frequency running mode of a DC-DC converter occurs when the switching of
the oscillator no longer depends on saturating the transformer core, and the oscillator instead
switches before the saturation point of the transformer core is reached. In normal operation,

the switching frequency of a Royer oscillator is governed by the following equation:

Yo

4 XxXB x N, X A,

f=

where V, is the voltage at the primary winding, B is the peak flux density of the transformer
core, Ny is the number of primary turns on the transformer, and A. is the effective cross-
sectional area of the transformer core. However, during the high-frequency running mode of
the DC-DC converter, the above equation is not followed, and the switching frequency
increases to many times more than what the switching frequency is during normal operation.
[0004] In order for the oscillator to enter the high-frequency running mode, the primary and
secondary windings are preferably separated in the transformer. Separating the primary and
secondary windings in the transformer increases the leakage inductance of each of the primary

and secondary windings and also reduces the capacitive coupling between the windings. The
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leakage inductances are caused by each of the primary and secondary windings having a self-
inductance that is in series with a respective ohmic resistance. The capacitive coupling arises
from the close spacing of the first and second primary windings. Current phase lag, which
arises due to the leakage inductance, has been recognized as a possible cause of premature
oscillator switching when there is an overload on the secondary winding. Accordingly, driving
transistors included in DC-DC converters are often operated close to their maximum collector
current (I¢) rating so that the driving transistors fall out of saturation during a short-circuit at
the secondary winding, since the driving transistors are not able to meet the current demand
during the short-circuit at the secondary winding.

[0005] A particular concern for known power sources is damage caused to components by
overheating. Overheating of a component in a power source can be caused by excessive
current flowing through the component due to a short-circuit at the output of a power source.
Accordingly, various techniques have been used to protect against short-circuits at the outputs
of known power sources.

[0006] Inline positive temperature coefficient (PTC) circuit elements have been used to limit
currents in known power sources. The PTC circuit element, typically a thermistor, can be
placed in series with the output of a power source. A PTC thermistor increases in resistance as
temperature increases, which includes increasing heat within the thermistor. Accordingly,
when the output of the power source is short-circuited, the power dissipation in the PTC circuit
element increases due to increasing resistance in the PTC circuit element. Increasing the
resistance of the PTC circuit element reduces the load of the short-circuit on the power source,
helping to protect the power source from damage.

[0007] Current sensing has been used to detect short-circuits of power sources. Typically,
current sensing is implemented by inserting a low-value current-sense resistor in series with the
output of a power source. The voltage across the current-sense resistor is monitored because
the voltage across the current-sense resistor is proportional to the current flowing through the
current-sense resistor. If the voltage across the current-sense resistor rises above a
predetermined level, a shutdown mechanism for the power source is activated to reduce the

output of the power source, thereby helping to protect the power source from damage.
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[0008] Thermaltripping has also been used to respond to short-circuits of power sources. In

a similar manner to the current sensing above, a thermistor is thermally coupled to a critical
semiconductor device or other component in a power source (e.g., a driving transistor). The
temperature of the thermistor is then monitored and, if the temperature of the thermistor rises
above a predetermined level, a shutdown mechanism can be activated to prevent any further
heating and damage to the power source.

[0009] Many types of known short-circuit protection methods “latch”, which causes the short-
circuit protection mechanism or power source to stop operating and remain in a non-operative
state even after the short-circuit is removed. For the short-circuit protection mechanism or
power source to resume normal operation, input power must be disconnected and then

reconnected for the short-circuit protection mechanism to “reset” or “unlatch”.

SUMMARY OF THE INVENTION
[0010] To overcome the problems described above, preferred embodiments of the present
invention provide continuous short-circuit protection for lower-power DC power sources.
[0011] A power-source protection circuit according to a preferred embodiment of the present
invention includes a power source including a first voltage rail and a second voltage rail, a pass
switch connected across the first voltage rail and a third voltage rail, a control switch connected
to the second voltage rail and a control terminal of the pass switch, such that the pass switch
turns on in response to the control switch turning on and the pass switch turns off in response
to the control switch turning off, and output terminals connected to the third voltage rail and
the second voltage rail. The control switch is arranged to switch on when the power source is
started and the control switch is arranged to switch off when the output terminals are short-
circuited and to switch on when the short-circuit is removed.
[0012] Preferably, the power-source protection circuit further includes a first resistor
connected to the first voltage rail and the third voltage rail and in parallel with the pass switch,
a second resistor connected to the first voltage rail and the control terminal of the pass switch,
and a third resistor connected to the third voltage rail and a control terminal of the control
switch. Preferably, the power-source protection circuit also includes a fourth resistor

connected between the control switch and the control terminal of the pass switch. The first
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resistor is preferably a thermistor with a positive temperature coefficient. The pass switch is
preferably delayed from switching on by a time constant related to a resistance of the first
resistor and a capacitance of a load applied to the output terminals.

[0013] Preferably, the power-source protection circuit further includes a Zener diode in
parallel with the second resistor. The pass switch is preferably a metal oxide semiconductor
field effect transistor or a bipolar junction transistor, and the control switch preferably is a
bipolar junction transistor.

[0014] Preferably, the power-source protection circuit further includes a first resistor
connected to the first voltage rail and the third voltage rail and in parallel with the pass switch,
and the first resistor preferably has a resistance such that a voltage drop across the first resistor
is less than or equal to a voltage output by the power source minus a base-to-emitter voltage
drop of the control switch.

[0015] Preferably, the power-source protection circuit causes a current output from the
power source at the first and second voltage rails to drop when the output terminals are short-
circuited.

[0016] The power source is preferably a DC voltage source or a DC-DC converter. Preferably,
the power source is a DC-DC converter that includes a Royer oscillator.

[0017] Preferably, the second voltage rail has a higher voltage than the first voltage rail. The
first voltage rail is preferably a zero-voltage rail. Alternatively, the first voltage rail preferably
has a higher voltage than the second voltage rail. Accordingly, the second voltage rail is
preferably a zero-voltage rail.

[0018] A method of protecting a short-circuit of a power source according to a preferred
embodiment of the present invention includes actively controlling current at a protected
output by controlling a control switch to turn off in response to the protected output being
short-circuited. Preferably, the method further includes controlling a pass switch to turn off in
response to the control switch turning off.

[0019] The above and other features, elements, steps, configurations, characteristics, and

advantages of the present invention will become more apparent from the following detailed
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description of preferred embodiments of the present invention with reference to the attached

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0020] Fig. 1 shows a circuit diagram of a power-source protection circuit according to a first
preferred embodiment of the present invention.
[0021] Fig. 2 shows a circuit diagram of a power-source protection circuit according to a
second preferred embodiment of the present invention.
[0022] Fig. 3 shows a circuit diagram of the power power-source protection circuit of Fig. 1
being used to protect a DC power supply.
[0023] Fig. 4 shows a circuit diagram of the power power-source protection circuit of Fig. 1
being used to protect a Royer-based DC-DC converter.
[0024] Fig. 5 shows a circuit diagram of the power source protection circuit of Fig. 1 modified

to include a Zener diode.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0025] First and second preferred embodiments of the present invention will now be
described with reference to Figs. 1 to 5. In the preferred embodiments of the present
invention, a protected output is provided by turning off a switch that connects a voltage rail of
a power source to a protected voltage rail.

[0026] Asshown in Fig. 1, according to a first preferred embodiment of the present invention,
a DC-DC converter 10 receives an input voltage V,y and has an output that includes a positive-
voltage rail +Voyr and a zero-voltage rail 0V. A power-source protection circuit 20 receives the
output of the DC-DC converter 10 and provides a protected output that includes the output
voltage +Vout and a protected zero-voltage rail OVpror. Although the DC-DC converter 10 is
preferably a low-power, Royer-based DC-DC converter, other types of DC-DC converters or DC
power supplies can be used.

[0027] Asshown in Fig. 1, the power-source protection circuit 20 protects the zero-voltage
rail OV of the DC-DC converter 10 against short-circuiting. Accordingly, the protected output is

provided by the power-source protection circuit 20 at the positive-voltage rail +Voyr and the



WO 2014/039191 PCT/US2013/053369

protected zero-voltage rail OVpror. The zero-voltage rail 0V and the protected zero-voltage rail
OVprot Can be replaced by, for example, a negative voltage rail =Voyr and a protected negative
voltage rail =Vour(prom), and the positive-voltage rail +Vour can be replaced by a zero-voltage rail.
[0028] The power-source protection circuit 20 preferably includes a control transistor TR1, a
pass transistor TR2, a start-up resistor R1, a gate-bias/discharge resistor R2, a base-current
limiting resistor R3, and a gate-bias resistor R4.

[0029] Asshown in Fig. 1, the control transistor TR1 is preferably a PNP bipolar junction
transistor (BJT) and the pass transistor TR2 is preferably an N-channel Metal Oxide
Semiconductor Field Effect Transistor (MOSFET). However, the preferred embodiments of the
present invention are not limited thereto and, for example, the pass transistor TR2 can be an
NPN BJT. As shown in Fig. 1, the emitter of the control transistor TR1 is connected to the
positive-voltage rail +Vour, the base of the control transistor TR1 is connected to the protected
zero-voltage rail OVpror (preferably, through the base-current limiting resistor R3), and the
collector of the control transistor TR1 is connected to the gate of the pass transistor TR2
(preferably, through the gate-bias resistor R4). As shown in Fig. 1, the source of the pass
transistor TR2 is connected to the zero-voltage rail 0V, the gate of the pass transistor TR2 is
connected to the collector of the control transistor TR1 (preferably, through the resistor R4),
and the drain of the pass transistor TR2 is connected to the protected zero-voltage rail OVpror.
[0030] Preferably, the start-up resistor R1 is connected to the source and the drain of the pass
transistor TR2, that is, in parallel to the pass transistor TR2. Further, the gate-bias/discharge
resistor R2 is preferably connected across the source and gate of the pass transistor TR2.
[0031] Preferably, the pass transistor TR2 has a low drain-to-source on-resistance Rps(on) t0
reduce power dissipation during normal operation of the DC-DC converter 10 and the power-
source protection circuit 20. The pass transistor TR2 is preferably selected so that the drain-to-
source on-resistance Rps(on) is as low as possible at the expected output current and in
accordance with the characteristics of the DC-DC converter 10, in order to increase efficiency
and improve load regulation. The low drain-to-source on-resistance Rpg(on) also helps limit the
effect of the pass transistor TR2 on load regulation. The resistance values of resistors R2, R3,

and R4 are preferably set as high as possible to reduce power loss during normal operation of
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the DC-DC converter 10 and the power-source protection circuit 20. The resistance value of the
start-up resistor R1 is preferably chosen based upon the minimum load impedance that is to be
driven by the DC-DC converter 10. That is, the resistance value of the start-up resistor R1 is
preferably set as high as possible to reduce power dissipated by the start-up resistor R1 if a
short-circuit occurs, but not so high that the power-source protection circuit 20 is unable to
start-up or recover following a short-circuit.

[0032] During start-up of the DC-DC converter 10 and the power-source protection circuit 20,
the control transistor TR1 is switched on (i.e., so that current flows between the emitter and
the collector of the control transistor TR1) by current flowing from the base of the control
transistor TR1 to the zero-voltage rail 0V, via the base-current limiting resistor R3 and the start-
up resistor R1. Current flows from the base of the control transistor TR1 because the control
transistor TR1 is a PNP transistor. Current through the emitter and the collector of the control
transistor TR1 flows to the gate of the pass transistor TR2 via gate-bias resistor R4, so as to
switch on the pass transistor TR2 (i.e., so that current flows between the drain and the source
of the pass transistor TR2). Accordingly, current from the protected zero-voltage rail 0Vpgror
flows through the drain and the source of the pass transistor TR2, such that a load (shown by a
resistive load R, and a capacitive load C, in Fig. 1) is supplied by the output of the power-source
protection circuit 20 (i.e., when the load is connected across the positive-voltage rail +Voyr and
the protected zero-voltage rail 0Vpror). The resistive load R, and the capacitive load C, shown
in Fig. 1 represent the combined resistive and capacitive components of the load supplied by
the output of the power-source protection circuit 20.

[0033] If the output of the power-source protection circuit 20 is short-circuited (i.e., if the
positive-voltage rail +Voyr and the protected zero-voltage rail 0Vpgrot are short-circuited), the
protected zero-voltage rail OVpror is forced to a high voltage level by the short-circuit. If the
protected zero-voltage rail OVpgror reaches a voltage level close to that of the positive-voltage
rail +Vour, the control transistor TR1 switches off, which causes the pass transistor TR2 to also
switch off. When the short-circuit is removed, the control transistor TR1 is switched on by
current flowing from the base of the control transistor TR1 to the zero-voltage rail OV, via the

base-current limiting resistor R3 and the start-up resistor R1.



WO 2014/039191 PCT/US2013/053369

[0034] During start-up of the DC-DC converter 10 and the power-source protection circuit 20,
or during recovery of the power-source protection circuit 20 after a short-circuit is removed,
the following condition is preferably satisfied:

Vr1 = Vour = Vie
where Vi is the voltage across the start-up resistor R1.
[0035] The base-to-emitter voltage V. of the control transistor TR1 is preferably about 0.7 V,
for example, and preferably does not vary regardless of the voltages applied to the base, the
collector, and the emitter of the control transistor TR1. However, the value of the base-to-
emitter voltage V. of the control transistor TR1 can vary depending upon the component used
for the control transistor TR1.
[0036] If the resistive load R is connected at the output of the power-source protection
circuit 20 to the positive-voltage rail +Voyr and the protected zero-voltage rail 0Vpgor, then the
resistive load R, forms a voltage divider with the start-up resistor R1. Accordingly, the
resistance value of the start-up resistor R1 is preferably chosen so that the above condition for
V1 is met when the resistive load Ry is at a minimum possible resistance value (i.e. when the
load current is at a maximum value).
[0037] If the capacitive load C, is connected at the output of the power-source protection
circuit 20 to the positive-voltage rail +Voyr and the protected zero-voltage rail 0Vpgot, then the
capacitive load C, preferably charges to V. (approximately 0.7 V) through the start-up resistor
R1 before the power-source protection circuit 20 can start. The charging of the capacitive load
C, causes a time delay because of a time constant related to the start-up resistor R1 and the

capacitive load C,, which can be calculated as follows:

Vbe

tdelay = —11’1 [1 - ] ' R1CL .

VOUT

[0038] The gate-bias/discharge resistor R2 serves two purposes for the power-source
protection circuit 20. First, the gate-bias/discharge resistor R2 functions as a pull-down resistor
to discharge the gate of the pass transistor TR2 (to the zero-voltage rail 0V), so as to switch off
the pass transistor TR2 when the control transistor TR1 is off. Second, the gate-bias/discharge
resistor R2 forms a voltage divider with the gate-bias resistor R4, so as to limit the voltage

applied to the gate of the pass transistor TR2 when the control transistor TR1 is on. Preferably,
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the resistances of the resistors R2 and R4 are selected so that the maximum rated gate voltage
of the pass transistor TR2 is not exceeded when the control transistor TR1 is on.

[0039] According to the second preferred embodiment of the present invention, the
protected output can be provided by including a pass transistor TR2' between the positive-
voltage rail +Vour and a protected positive-voltage rail +Vouyteror). Fig. 2 shows a power-source
protection circuit 20" according to the second preferred embodiment of the present invention,
which provides a protected output across the protected positive-voltage rail +Voyrpror) and the
zero-voltage rail 0V. As shown in Fig. 2, the power-source protection circuit 20" includes
components similar to the power-source protection circuit 20 shown in Fig. 1. However, the
control transistor TR1' of the power-source protection circuit 20" is preferably a NPN BIT, and
the pass transistor TR2' of the power-source protection circuit 20" is preferably a P-channel
MOSFET.

[0040] According to the preferred embodiments of the present invention, a single protected
output is provided by the voltage difference between two voltage rails. Accordingly, it is only
necessary to include a switch in one of the two voltage rails in order to break the circuit and
protect the power supply that supplies the two voltage rails.

[0041] According to the preferred embodiments of the present invention, a protected output
for a power source is achieved by using a low number of components in a power-source
protection circuit. Particularly, the protected output is obtained by using only two transistors
and four resistors in the power-source protection circuit. Accordingly, the power-source
protection circuit according to the preferred embodiments of the present invention can be
implemented in a relatively small amount of space, e.g., in applications where a limited
footprint is available on a circuit board. The low number of components used in the power-
source protection circuit according to the preferred embodiments of the present invention also
allows for a protected output to be obtained at low cost.

[0042] According to the preferred embodiments of the present invention, the power-source
protection circuit can be used with existing power sources, including Royer-based DC-DC
converters. Although the DC-DC converter 10 is preferably a low-power, Royer-based DC-DC

converter, other types of DC-DC converters or DC power supplies can be used. As shown in Fig.
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3, the power-source protection circuit 20 can be used with a DC power supply 11. A voltage
regulator V.REG is included to smooth the output voltage of the DC power supply 11. As shown
in Fig. 4, the power-source protection circuit 20 can be used with a Royer-based DC-DC
converter 12. It is noted that the power-source protection circuit 20' can also be used with the
DC power supply 11 and the Royer-based DC-DC converter 12 in a circuit arrangement similar to
Fig. 2.

[0043] The power-source protection circuit according to the preferred embodiments of the
present invention provides continuous short-circuit protection with current fold-back, such that
the current output from the power-source protection circuit is limited when the protected
output is short-circuited. Current fold-back occurs when an input current drops (i.e., folds-
back) during a short-circuit condition to a current level that is below the current level during
normal operation. Current fold-back helps to ensure that the power source is not overloaded
and that power is not unnecessarily dissipated, which could otherwise result in the heating of
components and possible damage and failure.

[0044] The power-source protection circuit according to the preferred embodiments of the
present invention also provides automatic recovery when the short-circuit is removed from the
protected output. Accordingly, it is not necessary for power to be cycled following a short-
circuit to resume normal operation (e.g., disconnecting the power source from the power-
source protection circuit or restarting the power source). That is, the power-source protection
circuit according to the preferred embodiments of the present invention does not “latch” when
a short-circuit occurs.

[0045] If the power-source protection circuit according to the preferred embodiments of the
present invention is used to protect an unregulated (for example, a Royer-based) DC-DC
converter, the components of the power-source protection circuit prevent the output voltage
from rising to excessive levels under zero-load conditions. Particularly, the resistors R2, R3, and
R4 apply a small load to the DC-DC converter to stop the protected output voltage from rising
too high.

[0046] The preferred embodiments of the present invention also provide a soft-start

condition to aid in reliable start-up of DC-DC converters. Since the transistors included in the
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power-source protection circuit have turn-on times, there is a delay before the pass transistor
switches on. Accordingly, a DC-DC converter is not subjected to full load at the output of the
power-source protection circuit until after the switch-on delay. Further, if there is a capacitive
load C, at the output of the power-source protection circuit, this capacitor preferably provides a
further time delay according to the time constant related to the start-up resistor R1 and the
capacitive load C,.

[0047] The preferred embodiments of the present invention also provide a low quiescent
power for the operation of the power-source protection circuit. Particularly, the resistance
values of the resistors R2, R3, and R4 are preferably chosen to be high as possible so that the
power dissipated by the resistors R2, R3, and R4 is minimized during normal operation.

[0048] According to the preferred embodiments of the present invention, a thermistor with a
positive temperature coefficient can be used for the start-up resistor R1 to help reduce the
power dissipated by the start-up resistor R1 when the protected output is short-circuited.
[0049] According to the preferred embodiments of the present invention, the gate-bias
resistor R4 can be omitted from the power-source protection circuit if the output voltage across
the rails of the power source is less than the maximum gate-to-source voltage Vs rating of the
control transistor TR2, TR2' of the power-source protection circuit.

[0050] According to the preferred embodiments of the present invention, a Zener diode D1
can be placed in parallel with the gate-bias/discharge resistor R2, as shown in the power source
protection circuit 20" of Fig. 5, if there are large voltage spikes in the output voltage across the
rails of the power source. The Zener diode D1 is preferably included if the voltage spikes in the
output voltage across the rails of the power source are higher than the maximum gate-to-
source voltage Vgs of the control transistor TR2 of the power-source protection circuit.
Preferably the Zener diode D1 is chosen to have a Zener voltage that prevents the maximum
rated gate-to-source voltage Vgs of the control transistor TR2 from being exceeded. The Zener
diode D1 can also be placed in parallel with the gate-bias/discharge resistor R2 in the preferred
embodiments shown in Figs. 2-4.

[0051] It should be understood that the foregoing description is only illustrative of the

present invention. Various alternatives and modifications can be devised by those skilled in the
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art without departing from the present invention. Accordingly, the present invention is
intended to embrace all such alternatives, modifications, and variances that fall within the

scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A power-source protection circuit comprising:

a power source including a first voltage rail and a second voltage rail;

a pass switch connected across the first voltage rail and a third voltage rail;

a control switch connected to the second voltage rail and a control terminal of the pass
switch, such that the pass switch turns on in response to the control switch turning on and the
pass switch turns off in response to the control switch turning off; and

output terminals connected to the third voltage rail and the second voltage rail; wherein

the control switch is arranged to switch on when the power source is started; and

the control switch is arranged to switch off when the output terminals are short-

circuited and to switch on when the short-circuit is removed.

2. The power-source protection circuit according to claim 1, further comprising:

a first resistor connected to the first voltage rail and the third voltage rail and in parallel
with the pass switch;

a second resistor connected to the first voltage rail and the control terminal of the pass
switch; and

a third resistor connected to the third voltage rail and a control terminal of the control

switch.
3. The power-source protection circuit according to claim 2, further comprising:
a fourth resistor connected between the control switch and the control terminal of the

pass switch.

4. The power-source protection circuit according to claim 2, wherein the first resistor is

a thermistor with a positive temperature coefficient.

13
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5. The power-source protection circuit according to claim 2, wherein the pass switch is
delayed from switching on by a time constant related to a resistance of the first resistor and a

capacitance of a load applied to the output terminals.

6. The power-source protection circuit according to claim 2, further comprising a Zener

diode in parallel with the second resistor.

7. The power-source protection circuit according to claim 1, wherein the pass switch is a

metal oxide semiconductor field effect transistor or a bipolar junction transistor.

8. The power-source protection circuit according to claim 1, wherein the control switch

is a bipolar junction transistor.

9. The power-source protection circuit according to claim 1, further comprising a first
resistor connected to the first voltage rail and the third voltage rail and in parallel with the pass
switch; wherein

the first resistor has a resistance such that a voltage drop across the first resistor is less
than or equal to a voltage output by the power source minus a base-to-emitter voltage drop of

the control switch.
10. The power-source protection circuit according to claim 1, wherein the power-source
protection circuit causes a current output from the power source at the first and second voltage

rails to drop when the output terminals are short-circuited.

11. The power-source protection circuit according to claim 1, wherein the power source

is a DC voltage source.

12. The power-source protection circuit according to claim 1, wherein the power source

is a DC-DC converter.

14
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13. The power-source protection circuit according to claim 12, wherein the DC-DC

converter includes a Royer oscillator.

14. The power-source protection circuit according to claim 1, wherein the second

voltage rail has a higher voltage than the first voltage rail.

15. The power-source protection circuit according to claim 14, wherein the first voltage

rail is a zero-voltage rail.

16. The power-source protection circuit according to claim 1, wherein the first voltage

rail has a higher voltage than the second voltage rail.

17. The power-source protection circuit according to claim 16, wherein the second

voltage rail is a zero-voltage rail.
18. A method of protecting a short-circuit of a power source comprising actively
controlling current at a protected output by controlling a control switch to turn off in response

to the protected output being short-circuited.

19. A method according to claim 18, further comprising controlling a pass switch to turn

off in response to the control switch turning off.
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