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(57) Abstract: A trailing edge phase control dimmer circuit for controlling alternating current (AC) power to a load with short-cir-
cuit protection, wherein a switching control circuit includes a zero-crossing detection circuit configured to detect zero crossings of
the AC and to detect crossings of a first threshold value and a second threshold value of the rectified dimmer voltage, and wherein
the zero-crossing detection circuit is further configured to initiate the switching circuit to commence one of the conduction periods
when the rectified dimmer voltage crosses below the first threshold value and to initiate the switching circuit to prematurely termin -
ate one of the conduction periods when the rectitied dimmer voltage crosses above the second threshold value to provide short-cir-
cuit protection for the trailing edge phase control dimmer circuit.
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A phase control dimmer circuit with short-circuit protection
Technical Field

[0001] The present invention relates to phase control dimmer circuit for controlling

alternating current (AC) power to a load, with short-circuit protection.

[0002] In particular, but not exclusively, the present invention relates to a trailing
edge phase control dimmer circuit having a MOSFET switching circuit for controlling a

capacitive load, such as a driver for LED lights, with short-circuit protection.
Background of Invention

[0003] Dimmer circuits are commonly used to control power, in particular
alternating current (AC) mains power, to a load, such as a light source. In one
existing method, a light source can be dimmed using phase controlled dimming
whereby power provided to the load is controlled by varying the amount of time that a
switch connecting the load to a mains power source is conducting during a cycle of
the AC (i.e. varying the duty time). Specifically, AC power to the load is switched ON
and OFF during each half cycle of alternating current and the amount of dimming of
the load is provided by the amount of ON time in relation to the OFF time for each half

cycle.

[0004] Phase control dimmer circuits generally operate as trailing edge or leading
edge dimmer circuits, and the two circuits are suited to different applications. In
leading edge circuits, power is switched OFF at the beginning of each half cycle. In
trailing edge circuits, power is switched OFF later in each half cycle (e.g. towards the
end of each half cycle). Leading edge dimmer circuits are generally better suited to
controlling power to inductive loads, such as small fan motors and iron core low
voltage lighting transformers. Trailing edge dimmer circuits, on the other hand, are
generally better suited to controlling power to capacitive loads, such as drivers for
Light Emitting Diode (LED) lights.

[0005] Phase control dimmer circuits generally switch ON and OFF AC power with
a high voltage to the load. Generally, the dimmer circuit and the load are connected

in series to the AC power. Thus, if a defect in the load circuitry or in the load itself
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occurs, the dimmer circuit will see a short-circuit as the load which can cause a
sudden surge of high current which is damaging to the load and/or the dimmer circuit.
Accordingly, exemplary prior art phase control dimmer circuits employ various
techniques to provide short-circuit protection to guard against load faults, such as

incorrect wiring of the load circuitry.

[0006] More specifically, in existing examples of MOSFET switched dimmer
circuits, a short-circuit event or an over current condition can be determined by:
monitoring voltage drop across series current sense resistor element, monitoring
voltage drop across an intrinsic diode (in AC half-cycle polarity when intrinsic diode is
forward-biased) of the MOSFET, or monitoring voltage drop across the MOSFET
channel resistance (in AC half-cycle polarity when intrinsic diode is reverse-biased).

In the example where the voltage drop across the MOSFET channel resistance is
monitored, an additional comparator circuit required. It will be appreciated by those
persons skilled in the art that the MOSFET channel resistance is a component of the
the ON-state resistance of a MOSFET switched dimmer circuit. For example, the ON-

state resistance of the MOSFET is 1Q at the highest operating temperature.

[0007] In this example, the dimmer circuit is a trailing edge phase control dimmer
circuit having a MOSFET switching circuit for controlling delivery of AC power to a
load and a switching control circuit for controlling switching of the MOSFETs. The
MOSFETSs are configured so that they alternately control power delivery to the load
over the different polarity half cycles of AC power. That is, the MOSFETSs turn-ON
and turn-OFF the switching circuit at each cycle of the AC, respectively, so that the
load (e.g. a driver for LED down lights) is dimmed in proportion to the amount of time
in each cycle that the switching circuit is switched OFF. The MOSFETSs of the
exemplary switching circuit have an ON-state (conducting state) resistance made up
of several components of resistance including: MOSFET source diffusion resistance,
channel resistance, accumulation resistance, “JFET” component resistance, drift
region resistance, and substrate resistance. In the example, the additional
comparator circuit is employed to compare the MOSFET ON-state voltage drop with a
reference voltage to determine whether a short-circuit condition has occurred in the

exemplary dimmer circuit and/or the load. If the MOSFET ON-state voltage drop is
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greater than the reference voltage then the comparator circuit activates a cut-out

circuit to remove gate drive from the MOSFET.

[0008] It will be appreciated by those persons skilled in the art that the MOSFET
ON-state voltage drop is indicative of the load current. An increase in magnitude of
the load current is indicative of a short-circuit condition occurring and the gate voltage
of the MOSFETs is subsequently modified to turn-OFF the MOSFETs. The
comparator circuit, however, must have components selected to withstand the high
voltage across the MOSFETs when it is switched OFF in the non-conducting state,

which adds additional complexity and cost to the exemplary dimmer circuit.
Summary of Invention

[0009] Accordingly, in one aspect, the present invention provides a trailing edge
phase control dimmer circuit for controlling alternating current (AC) power to a load
with short-circuit protection, the circuit including: a switching circuit for controlling
delivery of AC power to the load by conducting power to the load in an ON state and
not conducting power to the load in an OFF state, wherein the ON state is a
conduction period and the OFF state is a non-conduction period; a switching control
circuit for controlling turn-OFF and turn-ON of the switching circuit at each half cycle
of the AC to control switching of the ON and OFF states of the switching circuit; and a
rectifier for rectifying the AC power in the non-conduction period to generate rectified
dimmer voltage to be provided to the dimmer circuit, wherein the switching control
circuit includes a zero-crossing detection circuit configured to detect zero crossings of
the AC and to detect crossings of a first threshold value and a second threshold value
of the rectified dimmer voltage, wherein the zero-crossing detection circuit is further
configured to initiate the switching circuit to commence one of the conduction periods
when the rectified dimmer voltage crosses below the first threshold value and to
initiate the switching circuit to prematurely terminate one of the conduction periods
when the rectified dimmer voltage crosses above the second threshold value to

provide short-circuit protection for the trailing edge phase control dimmer circuit.

[0010] In an embodiment, the switching circuit includes two MOSFETSs to control
turn-OFF and turn-ON at each half cycle of the AC respectively to the OFF and ON

states. The switching control circuit thus provides gate control of the MOSFETS to
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control the turn-OFF and turn-ON of the MOSFETSs. In other embodiments, the
switching circuit includes other switching devices such as other Field-effect transistors
to control turn-OFF and turn-ON at each half cycle of the AC. Alternatively, the

switching circuit includes IGBT switching devices instead of FETs.

[0011] In the embodiment, the MOSFETSs have gate driven latches which latch the
MOSFETSs to the ON state at each half cycle of the AC upon the zero-crossing
detection circuit detecting the rectified dimmer voltage crossing below the first
threshold value. Also, the MOSFETSs gate driven latches unlatch the MOSFETS to the
OFF state at each half cycle of the AC at an end of the conduction period, and the
MOSFETSs gate driven latches unlatch the MOSFETSs to the OFF state upon the zero-
crossing detection circuit detecting the rectified dimmer voltage crossing above the
second threshold value. That is, the dimmer circuit is configured to effectively latch
into the conducting period at each half-cycle zero-crossing, and subsequently is
unlatched at the end of the pre-determined half-cycle conduction period, or is
prematurely unlatched prior to the pre-determined half-cycle conduction period if a

short-circuit condition is detected.

[0012] Also, the embodiment exploits the MOSFET ON-state resistance as a
current-sense element in implementing short-circuit turn-OFF. The MOSFETs are
arranged to be part of the latch function, which latch to the ON-state at the zero-
crossing lower threshold event. Itis the MOSFET change from OFF-state to the ON-
state which maintains the zero-crossing detector output in the active state, which is
conductive for maintaining the MOSFETSs in the ON-state, to achieve the latched ON-
state condition. Under short-circuit load conditions in the half-cycle conduction period,
the MOSFET ON-state voltage rises in direct proportion to the product of the ON-state

resistance and the short-circuit current magnitude.

[0013] Preferably, second threshold value of the rectified dimmer voltage is
selected based on the worst case condition of MOSFET ON-state resistance (i.e.
when hot) and the desired current threshold. For example, for a MOSFET with a
maximum ON-state resistance of 1Q and a target current cut-out threshold of 15A, the
selected second threshold value for the zero-crossing detection circuit is 15V. |t
would be appreciated that lower performance MOSFETSs (e.g. those having higher

ON-state resistance) would need to be run using a lower second (e.g. cut-out)
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threshold value to avoid excessive temperature rise under sustained short-circuit load
conditions. Additionally, the second cut-out threshold value needs to have sufficient
margin above the peak currents experienced under normal operating conditions of the
dimmer circuit. For example, for a 2A rated dimmer, this could be about 3A for
resistive loads, but may exceed 10A when factoring in issues such as load inrush

current for, say, capacitive loads.

[0014] Also, the switching control circuit controls a turn-OFF transition of the
MOSFETSs between the ON state and the OFF state extending for a selected turn-
OFF transition time and a turn-ON transition of the MOSFETs between the ON state
and the OFF state extending for a selected turn-OFF transition time. The turn-OFF
transition time is proportional to a discharge time of MOSFETs gate capacitance of
the MOSFETSs. It will be appreciated by those persons skilled in the art that MOSFET
switching controls drain current using gate voltage. MOSFETs, however, have input
and output capacitances which affect the switching time of the MOSFETs. Thus, for
instance, when switching to an OFF state, the MOSFET is transitioned through a turn-
OFF transition whilst the MOSFET capacitance (in particular, MOSFET gate
capacitance) is discharged which occurs over a turn-OFF transition time. During a
short-circuit condition, it is preferable that the MOSFET short-circuit turn-OFF
transition time should occur as fast as possible to avoid excessive energy dissipation
by the MOSFETSs due to the abnormally high current that occurs in short-circuit

conditions.

[0015] In an embodiment, the switching control circuit further includes a fast-OFF
circuit for controlling a short-circuit turn-OFF transition of the MOSFETSs unlatching to
the OFF state extending for a selected short-circuit turn-OFF transition time upon the
zero-crossing detection circuit detecting the rectified dimmer voltage crossing above
the second threshold value. The fast-OFF circuit is in addition to a normal operating
condition turn-OFF circuit of the switching control circuit for controlling a turn-OFF
transition of the conduction period. It will be appreciated by those persons skilled in
the art that the turn-OFF transition influences the production of conducted harmonics
causing electromagnetic interference (EMI) emissions when switching ON and OFF
power to the load. Accordingly, existing exemplary trailing edge phase control

dimmer circuits have been configured to produce a more gradual transition between
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conducting and non-conducting states of the switching circuit to minimise these EMI
emissions. For example, in an existing trailing edge dimmer circuit, the turn-OFF
transition time of the switch for each half cycle is increased so that power is switched
OFF more gradually to the load to reduce the magnitude of associated radio
frequency (RF) harmonics produced causing EMI emissions, and thus to minimise
line conducted EMI emissions. In trailing edge dimmer circuits, switching OFF of the
switching circuit provides greater EMI emissions than switching ON, as switching ON

is performed at the zero crossing of the AC.

[0016] Nonetheless, in an embodiment, the fast-OFF circuit for controlling the
short-circuit turn-OFF transition includes a transistor Q13 configured to be pulled low
to cause discharge of the MOSFETSs gate capacitance via resistor R20 with a
selected resistance to select the discharge time of the MOSFETs gate capacitance.
For example, the resistor R20 is a 1KQ resistor which provides for a fast discharge

time of the MOSFETSs gate capacitance.

[0017] Preferably, it is desirable to have a short-circuit induced turn-OFF that is
faster than, say, the turn-OFF transition time during normal half-cycle operation. In
particular, the short-circuit turn-OFF transition time should be significantly faster than
the normal turn-OFF transition to, for instance, limit associated energy absorption of
the dimmer circuit. As described, the switching control circuit includes a circuit for
controlling turn-OFF of the MOSFETSs at each cycle of the AC to control switching of
the ON and OFF states of the MOSFETs. The switching control circuit provides gate
drive control of the MOSFETSs to control a turn-OFF transition of the MOSFETs
between the ON state and the OFF state which extends for a selected turn-OFF
transition time. In an embodiment, the switching control circuit includes a transistor
Q12 configured to be pulled low to cause discharge of the MOSFETSs gate
capacitance via a resistor R16 with a selected resistance to select the discharge time
of the MOSFETs gate capacitance in the normal turn-OFF transition. For example,
R16 is a 56KQ resistor which provides for a slower discharge time of the MOSFETs
gate capacitance than the 1KQ resistor R20 of the fast-OFF circuit.

[0018] In an embodiment, the zero-crossing detection circuit includes a differential
transistor pair Q1 & Q2 to implement comparator functions of determining whether the

rectified dimmer voltage crosses below the first threshold value and above the second
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threshold value. The zero-crossing detection circuit then outputs determinations of
the comparator functions to a conduction period timing circuit of the switching control
circuit, configured to determine the conduction periods, and wherein the conduction
period timing circuit is configured to alter the conduction periods based on the outputs

of the zero-crossing detection circuit.

[0019] In a further embodiment, the zero-crossing detection circuit incorporates
comparator reference threshold hysteresis to establish the second (cut-out) threshold
value, when turn-OFF of the MOSFETSs occurs.

[0020] In another embodiment, the conduction period timing circuit further
includes timer output transistors Q7 & Q8, which are not in conduction during the
conduction periods, to enable a self-biased transistor Q9 of the conduction period
timing circuit to supply base drive current to a gating transistor Q14 of the fast-OFF

circuit.
Brief Description of Drawings

[0021] Embodiments of the invention will now be described, by way of example

only, with reference to the accompanying drawings, in which:

[0022] Figure 1 is a block diagram showing some circuits of a trailing edge phase
control dimmer circuit dimmer circuit according to an embodiment of the present

invention;

[0023] Figure 2 shows a trailing edge phase control dimmer circuit according to an

embodiment of the present invention;

[0024] Figure 3A shows waveforms of operation during normal operating
conditions of a trailing edge phase control dimmer circuit according to an embodiment

of the present invention; and

[0025] Figure 3B shows waveforms of operation during short-circuit operating
conditions of a trailing edge phase control dimmer circuit according to an embodiment

of the present invention.
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Detailed Description

[0026] Figure 1 shows some of the circuits of a 2-wire trailing edge phase control
dimmer circuit 10 in a block diagram form, according to an embodiment of the present
invention, that are configured to control power to a load, with short-circuit protection.
It will be appreciated by those persons skilled in the art that many of the circuits of the
dimmer circuit 10 do not affect the provision of short-circuit protection and thus will not

be discussed in detail herein.

[0027] The dimmer circuit 10 shown in the embodiment of Figure 1 includes an
AC switching circuit 12 for controlling delivery of AC power to the load by conducting
power to the load in an ON state and not conducting power to the load in an OFF
state, as described. It will be appreciated by those persons skilled in the art that the
ON-state is a conduction period and the OFF-state is a non-conduction period, which
are configured in duration to control dimming of, for example, a LED light where the
load is an LED light driver. The AC switching circuit 12 is connected to a switching
control circuit 14 having a number of circuits for controlling turn-OFF and turn-ON of
the AC switching circuit 12 at each half cycle of the AC to control switching of the ON
and OFF states of the switching circuit 12. The switching control circuit 14 also
controls the function of short-circuit protection for the dimmer circuit 10, as described
above. Further, the dimmer circuit 10 includes a rectifier 16 for rectifying the AC
power in the non-conduction period to generate rectified dimmer voltage to be

provided to the dimmer circuit 10.

[0028] The switching control circuit 14 has a zero-crossing detection circuit 18
configured to detect zero crossings of the AC and to detect crossings of a first
threshold value and a second threshold value of the rectified dimmer voltage. The
zero-crossing detection circuit 18 is connected to a conduction period timing circuit 20
configured to determine the conduction periods and to alter the conduction periods
based on the outputs of the zero-crossing detection circuit 18. Further, the
conduction period timing circuit 20 is connected to a gate drive circuit 22 to turn-ON
and turn-OFF the AC switching circuit 12 to provide the conduction and the non-
conduction periods. In the embodiment, the gate drive circuit 24 includes a fast-OFF
circuit 26 to control a short-circuit turn-OFF transition of the AC switching circuit 12

when a short-circuit condition is detected and a normal operating gate drive circuit 26
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to control the turn-ON and turn-OFF the AC switching circuit 12 during normal

operating conditions.

[0029] As described, the zero-crossing detection circuit 16 is configured to detect
zero crossings of the AC and to detect crossings of a first threshold value and a
second threshold value of the rectified dimmer voltage. The zero-crossing of the AC
occurs when the AC line voltage equals zero between the two polarities of the half
cycles. As described, in practice, the crossing between conduction and non-
conduction periods does not generally occur exactly at the AC line voltage zero-
crossing. For example, in the embodiment, the first threshold value is selected as a
low threshold voltage of 5V and the second threshold value is a high threshold value
of 10V. The first threshold value selection is based on two considerations: firstly,
since this is used for line voltage zero-crossing commencement of half-cycle
conduction period, it is selected in conjunction with the sum of gate drive circuit
propagation delay and MOSFET turn-ON delay (the latter being dominant); secondly,
the first threshold value must have sufficient margin above the MOSFET ON-state
voltage drop under normal operating conditions (e.g. with maximum load condition).
Thus, for example, for a total delay of 50us, 5V is selected as the first threshold. As
discussed the second, high threshold value of 10V is selected based on the worst
case condition of the MOSFET ON-state resistance (1Q) and the desired current
threshold (10A).

[0030] Also, the zero-crossing detection circuit 16 is configured to initiate the AC
switching circuit 12 to commence a conduction period when the rectified dimmer
voltage crosses below the first threshold value and to initiate the AC switching circuit
12 to prematurely terminate a conduction period when the rectified dimmer voltage
crosses above the second threshold value to provide short-circuit protection for the
trailing edge phase control dimmer circuit. That is, the zero-crossing detection circuit
16 initiates control of the gate drive circuit 22 to turn-OFF the AC switching circuit 12
to provide the conduction and the non-conduction periods and to provide short-circuit

protection in the event of a short-circuit condition being detected.

[0031] An embodiment of a functional implementation of the dimmer circuit 10
shown generally as the block diagram of Figure 1 is shown in more detail in Figure 2.

In this embodiment, the dimmer circuit 10 is also a trailing edge phase control dimmer
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circuit with the AC switching circuit 12 and the switching control circuit 14. The AC
switching circuit 12 in the embodiment is a MOSFET switching circuit, as described
above, and includes MOSFET switching elements Q15 and Q16 (e.g. high voltage
(600V) N-channel MOSFETSs such as a FCPF11N60), which are used to control the
amount of AC power delivered to the load. As described, the MOSFETs Q15 and
Q16 are configured so that they alternately control power delivery to the load over the
different polarity half cycles of AC power. Thatis, the MOSFETs Q15 and Q16 turn-
ON and turn-OFF the AC switching circuit 12 at each cycle of the AC, respectively, so
that the load (e.g. a driver for LED down lights) is dimmed in proportion to the amount
of time in each cycle that the switching circuit 12 is switched OFF and not conducting
power to the load. In the embodiment, the load is, for instance, a capacitive load in

the form of a driver for LED lights.

[0032] The switching control circuit 14 of the embodiment shown in Figure 2
implements MOSFET gate drive control using the gate drive circuit 26 in normal
operating conditions and the fast-OFF circuit 24 to control a short-circuit turn-OFF
transition under short-circuit conditions, with input from the zero-crossing detection
circuit 18 and the conduction period timing circuit 20. Specifically, under normal
operating conditions, the gate drive circuit 26 uses transistors Q11 and Q12 to
implement MOSFET gate drive control. Here, the transistors Q1 and Q2 are BC856
PNP transistors. Transistor Q11 base drive with input from the zero-crossing circuit 16
is pulled high to charge MOSFET gate capacitance of the MOSFETs Q15 and Q16
via resistor R15 to hold the MOSFETs Q15 and Q16 in the ON state condition. In the
embodiment, R15 is a 1KQ resistor. Diode D2 and Zener diode ZD3 are also
employed to clamp the MOSFETs Q15 and Q16 ON state gate voltage at a suitable
level for proper bias. D2 is again a 4148 high speed diode and ZD3 is a 7V5 Zener
diode. Transistor Q12 base drive is also pulled low to cause discharge of MOSFET
gate capacitance via resistor R16, which is of a value that is selected to provide the
desired turn-OFF transition time of the MOSFETs Q15 and Q16 of the AC switching

circuit 12. Here, R16 is selected as a 56K(Q) resistor.

[0033] Under short-circuit operating conditions, the switching control circuit 14
uses the fast-OFF switching circuit 24 for controlling a short-circuit turn-OFF transition

rather than the normal gate drive circuit 26. The conduction period timing circuit 20
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includes a self-biased transistor Q9 which supplies base drive to a gating transistor
Q14 of the fast-OFF circuit 24 during the conduction periods to enable operation of
the fast-OFF circuit 24. The fast-OFF circuit 24 includes a transistor Q13 configured
to be pulled low when a short-circuit is detected to cause discharge of the MOSFETs
gate capacitance via resistor R20. In the embodiment, resistor R20 is selected as a
1KQ resistor to provide a faster turn-OFF transition time relative to the normal turn-

OFF time which is determined by a 56KQ resistor.

[0034] As described, the zero-cross detection circuit 18 is configured to detect
short-circuit conditions by being configured to detect crossing of the first (e.g. 5V) and
the second (e.g. 10V) threshold value of rectified dimmer voltage. Specifically, in the
embodiment, the zero-crossing detection circuit 18 detects the rectified dimmer
voltage rising above the second threshold value of 10V, which is indicative of short-
circuit conditions. During normal operating conditions, the zero-crossing detection
circuit 18 detects when the rectified dimmer voltage crosses below the first threshold

value of 5V.

[0035] The zero-crossing detection circuit 18 includes an input stage having a
differential transistor pair Q1 & Q2 to implement such a comparator function, and the
output of which appears at the transistor Q3 collector, which is buffered by transistors
Q4 & Q5. Voltage divider resistors R1 & R2 scale down the rectified dimmer voltage
S0 as to be suitable for inverting input at the transistor Q1 base of the zero-crossing
detection circuit 18. The first threshold value voltage (e.g. 5V) is a reference voltage
that is used for half-cycle zero-crossing conduction period commencement (at V+ <
5V) and is largely determined by resistors R4 & R5. In the embodiment, the resistors
R4 and R5 are 100KQ and 3.9KQ resistors respectively. Also, R1 is a 100KQ resistor
and R2 is an 11KQ resistor. Thus, the zero-crossing detector circuit 18 initiates a
half-cycle conduction period commencement when the detected rectified dimmer

voltage falls below the lower threshold of 5V.

[0036] The output of the comparator function of the zero-crossing detection circuit
18 also includes positive feedback to the reference voltage first threshold value (e.g.
5V) at the resistor R4/R5 junction, via resistor R8, which creates a programmable
hysteresis level. The hysteresis level permits selection of the desired second

threshold value, which is the short-circuit condition for turn-OFF (e.g. cut-out) of the
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MOSFETs. The zero-crossing detection circuit 18 therefore incorporates comparator
reference threshold hysteresis so that when the MOSFETs ON-state voltage rises to
a magnitude exceeding the original turn-ON threshold, a short-circuit condition is
detected and the zero-crossing detection circuit 18 initiates turn-OFF of the
MOSFETs Q16 and Q16. Thus, for example, the first and second threshold values
5V and 10V of rectified dimmer voltage (shown as reference voltage (V+) in the
Figures) are derived from the zero-crossing detection circuit 18 comparator hysteresis
reference voltages of 0.5V and 1.0V. That is, the rectified dimmer voltage (V+) is
greater than the MOSFET ON-state voltage by an amount equal to the forward-bias
voltage of the rectifier diode (in this example - 0.5V). The selected first and second
threshold values are thus sufficiently larger than the rectifier diode forward voltage

drop such that the latter can be neglected in the calculations.

[0037] The detection of a short-circuit condition by the zero-crossing detection
circuit 18 initiates a fast-OFF output to the conduction period timing circuit 20, which
activates the MOSFETSs gate drive and begins conduction period timing whilst
enabling the fast-OFF turn-off circuit 24. If, during half-cycle conduction period, the
rectified dimmer voltage rises above the higher threshold value of the zero-cross
detector — as result of a short-circuit condition — then the MOSFETs Q15 Q16 are
rapidly turned OFF to protect the circuit 10 from the high energy condition. In normal
half-cycle operation, as a consequence of conduction period timer expiry, the slower
turn-OFF transition occurs via the gate drive circuit 26. Specifically, at the crossing of
the first threshold value, diode D1 of the conduction period timing circuit 18 becomes
reverse-biased to enable conduction period timing capacitor C1 to commence
charging. Transistor Q6, with reference voltage based on the Zener diode ZD1, is
used as a constant current source for timing capacitor C1. For example, the timing
capacitor is a 10nF capacitor. The timing capacitor voltage, zero-crossing at the first
threshold value of 5V, rectified dimmer voltage and AC line voltage waveforms are

shown in Figure 3A.

[0038] During the half-cycle conduction period, timer output transistors Q7 & Q8
are not in conduction, hence the self-biased transistor Q9 supplies base drive to the
fast-turn-OFF gating transistor Q14 as described above. In half-cycle operation, when

faced with driving a short-circuit load, the rising voltage across the MOSFET Q15 and
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Q16 will be detected by the zero-crossing detection circuit 18 as crossing the second
threshold value (e.g. high zero-cross threshold (V+ = 10V)) to cause the zero-crossing
detection circuit 18 output to pull low. This provides based drive, via resistor R17, to
transistor Q13, and hence achieves a faster turn-OFF due to relatively low value of
associated gate discharge resistor R20. The rectified dimmer voltage during a short-
circuit load and the zero-crossing waveforms are shown in Figure 3B. At short-circuit
load half-cycle operation, the rectified dimmer voltage rapidly rises (e.g. in less than
0.1ms) above the zero-crossing second threshold value of 10V, which results in the
premature termination of the conduction period. In normal half-cycle operation
without short-circuit load, the conduction period timer output transistor Q8 collector
pulls low, which has the dual effect of disabling fast turn-OFF circuit 24 via transistors

Q9 & Q14 and the activation of normal slow turn-OFF via transistor Q12.

[0039] That is, following detection of a short-circuit condition by the zero-crossing
detection circuit 18, during a prevailing conduction period, the state of the conduction
period timing circuit 20 is such as to enable the fast-OFF circuit 24. The fast-OFF
circuit 24 is normally enabled during the conduction periods, but is disabled at end of
the half-cycle conduction periods to permit slow turn-OFF transition for EMI limiting

purposes.

[0040] It will be understood that there may be other variations and modifications to
the configurations describe here that are also within the scope of the present

invention.
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CLAIMS

1. A trailing edge phase control dimmer circuit for controlling alternating current
(AC) power to a load with short-circuit protection, the circuit including:

a switching circuit for controlling delivery of AC power to the load by conducting power
to the load in an ON state and not conducting power to the load in an OFF state,
wherein the ON state is a conduction period and the OFF state is a non-conduction
period;

a switching control circuit for controlling turn-OFF and turn-ON of the switching circuit
at each cycle of the AC to control switching of the ON and OFF states of the switching
circuit; and

a rectifier for rectifying the AC power in the non-conduction period to generate
rectified dimmer voltage to be provided to the dimmer circuit,

wherein the switching control circuit includes a zero-crossing detection circuit
configured to detect zero crossings of the AC and to detect crossings of a first
threshold value and a second threshold value of the rectified dimmer voltage, and
wherein the zero-crossing detection circuit is further configured to initiate the
switching circuit to commence one of the conduction periods when the rectified
dimmer voltage crosses below the first threshold value and to initiate the switching
circuit to prematurely terminate one of the conduction periods when the rectified
dimmer voltage crosses above the second threshold value to provide short-circuit

protection for the trailing edge phase control dimmer circuit.

2. A trailing edge dimmer circuit as claimed in claim 1, wherein the switching
circuit includes two MOSFETSs to control turn-OFF and turn-ON at each half cycle of
the AC respectively to the OFF and ON states.

3. A trailing edge dimmer circuit as claimed in claim 2, wherein the MOSFETs
have gate driven latches which latch the MOSFETSs to the ON state at each half cycle
of the AC upon the zero-crossing detection circuit detecting the rectified dimmer

voltage crossing below the first threshold value.
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4. A trailing edge dimmer circuit as claimed in claim 3, wherein the MOSFETs
gate driven latches unlatch the MOSFETS to the OFF state at each half cycle of the
AC at an end of the conduction period, and the MOSFETSs gate driven latches unlatch
the MOSFETSs to the OFF state upon the zero-crossing detection circuit detecting the

rectified dimmer voltage crossing above the second threshold value.

5. A trailing edge dimmer circuit as claimed in claim 4, wherein the switching
control circuit further includes a fast-OFF circuit for controlling a short-circuit turn-OFF
transition of the MOSFETSs unlatching to the OFF state extending for a selected short-
circuit turn-OFF transition time upon the zero-crossing detection circuit detecting the

rectified dimmer voltage crossing above the second threshold value.

6. A trailing edge dimmer circuit as claimed in claim 5, wherein the short-circuit
turn-OFF transition time is proportional to a discharge time of MOSFETs gate
capacitance of the MOSFETSs.

7. A trailing edge dimmer circuit as claimed in claim 6, wherein the fast-OFF
circuit for controlling the short-circuit turn-OFF transition includes a transistor Q13
configured to be pulled low to cause discharge of the MOSFETs gate capacitance via
resistor R20 with a selected resistance to select the discharge time of the MOSFETs

gate capacitance.

8. A trailing edge dimmer circuit as claimed in claim 7, wherein the resistor R20 is

a 1KQ resistor.

9. A trailing edge dimmer circuit as claimed in any one of claims 1 to 8, wherein
the zero-crossing detection circuit includes a differential transistor pair Q1 & Q2 to
implement comparator functions of determining whether the rectified dimmer voltage

crosses below the first threshold value and above the second threshold value.

10. A trailing edge dimmer circuit as claimed in claim 9, wherein the zero-crossing
detection circuit outputs determinations of the comparator functions to a conduction
period timing circuit of the switching control circuit, configured to determine the
conduction periods, and wherein the conduction period timing circuit is configured to

alter the conduction periods based on the outputs.
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11.  Atrailing edge dimmer circuit as claimed in claim 10 when appended to claim
7, wherein the conduction period timing circuit further includes timer output transistors
Q7 & Q8, which are not in conduction during the conduction periods, to enable a self-
biased transistor Q9 of the conduction period timing circuit to supply base drive

current to a gating transistor Q14 of the fast-OFF circuit.
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