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SYSTEMS AND METHODS FOR LOW-POWER LAMP COMPATIBILITY
WITH A TRAILING-EDGE DIMMER AND AN ELECTRONIC TRANSFORMER

RELATED APPLICATIONS

The present disclosure claims priority to United States Patent Application Serial
No. 13/798,926, filed March 13, 2013, which in turn claims priority to United States
Provisional Patent Application Serial No. 61/673,111, filed July 18, 2012 and United
States Provisional Patent Application Serial No. 61/667,685, filed July 3, 2012, each of

which are incorporated by reference herein in their entirety.

FIELD OF DISCLOSURE

The present disclosure relates in general to the field of electronics, and more
specifically to systems and methods for ensuring compatibility between one or more a

low-power lamps and the power infrastructure to which they are coupled.
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BACKGROUND

Many electronic systems include circuits, such as switching power converters or
transformers that interface with a dimmer. The interfacing circuits deliver power to a load
in accordance with the dimming level set by the dimmer. For example, in a lighting
system, dimmers provide an input signal to a lighting system. The input signal represents
a dimming level that causes the lighting system to adjust power delivered to a lamp, and,
thus, depending on the dimming level, increase or decrease the brightness of the lamp.
Many different types of dimmers exist. In general, dimmers generate an output signal in
which a portion of an alternating current (“AC”) input signal is removed or zeroed out.
For example, some analog-based dimmers utilize a triode for alternating current (“triac”)
device to modulate a phase angle of each cycle of an alternating current supply voltage.
This modulation of the phase angle of the supply voltage is also commonly referred to as
“phase cutting” the supply voltage. Phase cutting the supply voltage reduces the average
power supplied to a load, such as a lighting system, and thereby controls the energy
provided to the load.

A particular type of a triac-based, phase-cutting dimmer is known as a leading-
edge dimmer. A leading-edge dimmer phase cuts from the beginning of an AC cycle,
such that during the phase-cut angle, the dimmer is “off” and supplies no output voltage
to its load, and then turns “on” after the phase-cut angle and passes phase cut input signal
to its load. To ensure proper operation, the load must provide to the leading-edge dimmer
a load current sufficient to maintain an inrush current above a current necessary for
opening the triac. Due to the sudden increase in voltage provided by the dimmer and the
presence of capacitors in the dimmer, the current that must be provided is typically
substantially higher than the steady state current necessary for triac conduction.
Additionally, in steady state operation, the load must provide to the dimmer a load current
to remain above another threshold known as a “hold current” needed to prevent premature
disconnection of the triac.

FIGURE 1 depicts a lighting system 100 that includes a triac-based leading-edge
dimmer 102 and a lamp 142. FIGURE 2 depicts example voltage and current graphs
associated with lighting system 100. Referring to FIGURES 1 and 2, lighting system 100
receives an AC supply voltage Vsyppry from voltage supply 104. The supply voltage
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Vsuppry 1s, for example, a nominally 60 Hz/110 V line voltage in the United States of
America or a nominally 50 Hz/220 V line voltage in Europe. Triac 106 acts as a voltage-
driven switch, and a gate terminal 108 of triac 106 controls current flow between the first
terminal 110 and the second terminal 112. A gate voltage Vi on the gate terminal 108
above a firing threshold voltage value Vr will cause triac 106 to turn ON, in turn causing
a short of capacitor 121 and allowing current to flow through triac 106 and dimmer 102 to
generate an output current ippy.

Assuming a resistive load for lamp 142, the dimmer output voltage Vg pny is zero
volts from the beginning of each of half cycles 202 and 204 at respective times # and #,
until the gate voltage V¢ reaches the firing threshold voltage value V. Dimmer output
voltage Vg ppy represents the output voltage of dimmer 102. During timer period forr, the
dimmer 102 chops or cuts the supply voltage Vsyppry so that the dimmer output voltage
Ve pme remains at zero volts during time period forr. At time ¢;, the gate voltage Vi
reaches the firing threshold value Vg, and triac 106 begins conducting. Once triac 106
turns ON, the dimmer voltage Vg pyy tracks the supply voltage Vsyppry during time period
toN.

Once triac 106 turns ON, the current ip;, drawn from triac 106 must exceed an
attach current izrr in order to sustain the inrush current through triac 106 above a
threshold current necessary for opening triac 106. In addition, once triac 106 turns ON,
triac 106 continues to conduct current ippy regardless of the value of the gate voltage Vi
as long as the current ipps remains above a holding current value igc. The attach current
value iyrr and the holding current value igc is a function of the physical characteristics of
the triac 106. Once the current ipps drops below the holding current value iy, i.€. ipm <
inc, triac 106 turns OFF (i.e., stops conducting), until the gate voltage Vi again reaches
the firing threshold value Vr. In many traditional applications, the holding current value
igc is generally low enough so that, ideally, the current ipy, drops below the holding
current value igc when the supply voltage Vsyppry is approximately zero volts near the
end of the half cycle 202 at time #,.

The variable resistor 114 in series with the parallel connected resistor 116 and
capacitor 118 form a timing circuit 115 to control the time ¢; at which the gate voltage Vs

reaches the firing threshold value Vi Increasing the resistance of variable resistor 114
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increases the time forr, and decreasing the resistance of variable resistor 114 decreases
the time forr. The resistance value of the variable resistor 114 effectively sets a dimming
value for lamp 142. Diac 119 provides current flow into the gate terminal 108 of triac
106. The dimmer 102 also includes an inductor choke 120 to smooth the dimmer output
voltage Vg pmy. Triac-based dimmer 102 also includes a capacitor 121 connected across
triac 106 and inductor choke 120 to reduce electro-magnetic interference.

Ideally, modulating the phase angle of the dimmer output voltage Vo pm
effectively turns the lamp 142 OFF during time period torr and ON during time period
toy for each half cycle of the supply voltage Vsyppry. Thus, ideally, the dimmer 102
effectively controls the average energy supplied to lamp 142 in accordance with the
dimmer output voltage Vs pmy.

The triac-based dimmer 102 adequately functions in many circumstances, such as
when lamp 142 consumes a relatively high amount of power, such as an incandescent
light bulb. However, in circumstances in which dimmer 102 is loaded with a lower-power
load (e.g., a light-emitting diode or LED lamp), such load may draw a small amount of
current ippy, and it is possible that the current ipp, may fail to reach the attach current iz
and also possible that current ipy, may prematurely drop below the holding current value
igc before the supply voltage Vsyppry reaches approximately zero volts. If the current ipgy
fails to reach the attach current iy7r, dimmer 102 may prematurely disconnect and may
not pass the appropriate portion of input voltage Vsyppry to its output. If the current ippy
prematurely drops below the holding current value igc, the dimmer 102 prematurely shuts
down, and the dimmer voltage Vg ppy will prematurely drop to zero. When the dimmer
voltage Vg pns prematurely drops to zero, the dimmer voltage Vg pps does not reflect the
intended dimming value as set by the resistance value of variable resistor 114. For
example, when the current ipps drops below the holding current value igc at a time
significantly earlier than ¢, for the dimmer voltage Vg pps 206, the ON time period fon
prematurely ends at a time earlier than ¢, instead of ending at time f,, thereby decreasing
the amount of energy delivered to the load. Thus, the energy delivered to the load will not
match the dimming level corresponding to the dimmer voltage Vg pis. In addition, when
Vo pm prematurely drops to zero, charge may accumulate on capacitor 118 and gate 108,

causing triac 106 to again refire if V; exceeds Vy during the same half cycle 202 or 204,
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and/or causing triac 106 to fire incorrectly in subsequent half cycles due to such
accumulated charge. Thus, premature disconnection of triac 106 may lead to errors in the
timing circuitry of dimmer 102 and instability in its operation.

Dimming a light source with dimmers saves energy when operating a light source
and also allows a user to adjust the intensity of the light source to a desired level.
However, conventional dimmers, such as a triac-based leading-edge dimmer, that are
designed for use with resistive loads, such as incandescent light bulbs, often do not
perform well when attempting to supply a raw, phase modulated signal to a reactive load
such as an electronic power converter or transformer.

Transformers present in a power infrastructure may include magnetic or electronic
transformers. A magnetic transformer typically comprises two coils of conductive
material (e.g., copper) each wrapped around of core of material having a high magnetic
permeability (e.g., iron) such that magnetic flux passes through both coils. In operation
an electric current in the first coil may produce a changing magnetic field in the core,
such that the changing magnetic field induces a voltage across the ends of the secondary
winding via electromagnetic induction. Thus, a magnetic transformer may step voltage
levels up or down while providing electrical isolation in a circuit between components
coupled to the primary winding and components coupled to the secondary winding.

On the other hand, an electronic transformer is a device which behaves in the
same manner as a conventional magnetic transformer in that it steps voltage levels up or
down while providing isolation and can accommodate load current of any power factor.
An electronic transformer generally includes power switches which convert a low-
frequency (e.g., direct current to 400 Hertz) voltage wave to a high-frequency voltage
wave (e.g., in the order of 10,000 Hertz). A comparatively small magnetic transformer
may be coupled to such power switches and thus provides the voltage level
transformation and isolation functions of the conventional magnetic transformer.

FIGURE 3 depicts a lighting system 101 that includes a triac-based leading-edge
dimmer 102 (e.g., such as that shown in FIGURE 1), a magnetic transformer 122, and a
lamp 142. Such a system may be used, for example, to transform a high voltage (e.g.,
110V, 220 V) to a low voltage (e.g., 12 V) for use with a halogen lamp (e.g., an MR16

halogen lamp). FIGURE 4 depicts example voltage and current graphs associated with
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lighting system 101. Referring to FIGURES 3 and 4, when dimmer 102 is used in
connection with transformer 122 and a low-power lamp 142, the low power draw of lamp
142 may cause insufficient current ippys to be drawn from dimmer 102 in order to meet the
attach current and/or hold current requirements.

To further illustrate this potential problem, an equivalent circuit model for
transformer 122 that represents the physical behavior of a magnetic transformer is
depicted in FIGURE 3. Parasitic effects present in transformer 122 are represented in an
equivalent circuit model for transformer 122 by a primary side parasitic inductance 124
(with an inductance L,) in series with a primary side parasitic resistance 126 (with a
resistance Rp) and a secondary side parasitic inductance 132 (with an inductance L;) in
series with a secondary side parasitic resistance 134 (with an resistance R;), which model
losses and leakage reactances of the transformer coils. Parasitic effects are also
represented by a “magnetizing branch” of the model comprising shunt leg parasitic
inductance 128 (with an inductance ,,) in parallel with a shunt leg parasitic resistance
130 (with a resistance R,,), which model losses and leakage reactances of the transformer
core. A magnetizing current [, flows to the shunt leg reactance representing current
required to maintain mutual magnetic flux in the core. Those of ordinary skill in the art
will appreciate that ipps = ii/N + i, where i; is a secondary current of transformer 122 and
N is the turns ratio of the transformer’s primary and second side windings.

FIGURE 4 depicts example waveforms for dimmer 102 output voltage Vg pm
402, secondary voltage V; 404, magnetizing current i, 406, and the current i/N 408
through the primary winding of transformer 122, assuming a three-wire dimmer. When
loaded with transformer 122, the waveform Vg pps 402 shown in FIGURE 4 differs from
that of waveform Vg pp 206 shown in FIGURE 2 due to reactances present in
transformer 122, and in particular the presence of magnetizing current /,,. Starting at time
tp in half cycle 410, despite a zero voltage Vg pns at fp, a magnetizing current i, 406
remains flowing in transformer 122 and may account for significantly all of the current
ipm, thus inducing a voltage V; 404 rising in magnitude. At such time ¢, primary
winding current i/N may also begin increasing above zero. At a time f3 occurring
between time f, and time ¢;, the sum of magnetizing current i,, and primary winding

current /N may reach a point at which the sum ipp, = i/N + i, will decrease to an
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amount below the hold current igc, and dimmer 102 turns off. At time ¢;, the dimmer
may again turn on (e.g., ipm > iarr), and a magnetizing current i,, and primary winding
current /N may again appear. As seen in FIGURE 4, throughout half cycle 412,
waveforms 402, 404, and 408 are substantially equal in magnitude than they are
throughout half cycle 410, but with opposite polarity. Accordingly, at a time #3” occurring
between time #, and ¢;°, the sum of magnetizing current i,, and primary winding current
i;/N may reach a point at which the sum ipps = ii/N + i,, will decrease to an amount below
the hold current igyc, and dimmer 102 turns off. In a three-wire dimmer, the time at
which the dimmer turns on (e.g., ¢;, ¢;") within each phase remains consistent, while in a
two-wire dimmer, such times may vary from phase to phase.

Another particular type of phase-cutting dimmer is known as a trailing-edge
dimmer. A trailing-edge dimmer phase cuts from the end of an AC cycle, such that
during the phase-cut angle, the dimmer is “off” and supplies no output voltage to its load,
but is “on” before the phase-cut angle and in an ideal case passes a waveform
proportional to its input voltage to its load.

FIGURE 5 depicts a lighting system 500 that includes a trailing-edge, phase-cut
dimmer 502 and a lamp 542. FIGURE 6 depicts example voltage and current graphs
associated with lighting system 500. Referring to FIGURES 5 and 6, lighting system 500
receives an AC supply voltage Vsyppry from voltage supply 504. The supply voltage
Vsuppry, indicated by voltage waveform 602, is, for example, a nominally 60 Hz/110 V
line voltage in the United States of America or a nominally 50 Hz/220 V line voltage in
Furope. Trailing edge dimmer 502 phase cuts trailing edges, such as trailing edges 602
and 604, of each half cycle of supply voltage Vsyppry. Since each half cycle of supply
voltage Vsyppry is 180 degrees of the supply voltage Vsyppry, the trailing edge dimmer
502 phase cuts the supply voltage Vsyppry at an angle greater than O degrees and less than
180 degrees. The phase cut, input voltage Vg _pmps to lamp 542 represents a dimming level
that causes the lighting system 500 to adjust power delivered to lamp 542, and, thus,
depending on the dimming level, increase or decrease the brightness of lamp 542.

Dimmer 502 includes a timer controller 510 that generates dimmer control signal
DCS to control a duty cycle of switch 512. The duty cycle of switch 512 is a pulse width

(e.g., times #;-#p) divided by a period of the dimmer control signal (e.g., times #3-f9) for
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each cycle of the dimmer control signal DCS. Timer controller 510 converts a desired
dimming level into the duty cycle for switch 512. The duty cycle of the dimmer control
signal DCS is decreased for lower dimming levels (i.e., higher brightness for lamp 542)
and increased for higher dimming levels. During a pulse (e.g., pulse 606 and pulse 608)
of the dimmer control signal DCS, switch 512 conducts (i.e., is “on”), and dimmer 502
enters a low resistance state. In the low resistance state of dimmer 502, the resistance of
switch 512 is, for example, less than or equal to 10 ohms. During the low resistance state
of switch 512, the phase cut, input voltage Vg piy tracks the input supply voltage Vsyppry
and dimmer 502 transfers a dimmer current ippy to lamp 542.

When timer controller 510 causes the pulse of dimmer control signal 606 to end,
dimmer control signal 606 turns switch 512 off, which causes dimmer 502 to enter a high
resistance state (i.e., turns off). In the high resistance state of dimmer 502, the resistance
of switch 512 is, for example, greater than 1 kiloohm. Dimmer 502 includes a capacitor
514, which charges to the supply voltage Vsyppry during each pulse of the timer control
signal DCS. In both the high and low resistance states of dimmer 502, the capacitor 514
remains connected across switch 512. When switch 512 is off and dimmer 502 enters the
high resistance state, the voltage V¢ across capacitor 514 increased (e.g., between times #;
and t, and between times 7, and t5). The rate of increase is a function of the amount of
capacitance C of capacitor 514 and the input impedance of lamp 542. If effective input
resistance of lamp 542 is low enough, it permits a high enough value of the dimmer
current ippy to allow the phase cut, input voltage Vg pp to decay to a zero crossing (e.g.,
at times £, and ¢5) before the next pulse of the dimmer control signal DCS.

Dimming a light source with dimmers saves energy when operating a light source
and also allows a user to adjust the intensity of the light source to a desired level.
However, conventional dimmers, such as a trailing-edge dimmer, that are designed for
use with resistive loads, such as incandescent light bulbs, often do not perform well when
supplying a raw, phase modulated signal to a reactive load such as a power converter or
transformer, as is discussed in greater detail below.

FIGURE 7 depicts a lighting system 500 that includes a trailing-edge, phase-cut
dimmer 502, an electronic transformer 522, and a lamp 542. Such a system may be used,

for example, to transform a high voltage (e.g., 110V, 220 V) to a low voltage (e.g., 12 V)
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for use with a halogen lamp (e.g., an MR 16 halogen lamp). FIGURE 8 depicts example
voltage graphs associated with lighting system 501.

As is known in the art, electronic transformers operate on a principle of self-
resonant circuitry. Referring to FIGURES 7 and 8, when dimmer 502 is used in
connection with transformer 522 and a low-power lamp 542, the low current draw of
lamp 542 may be insufficient to allow electronic transformer 522 to reliably self-oscillate.

To further illustrate, electronic transformer 522 may receive the dimmer output
voltage Vs piy at its input where it is rectified by a full-bridge rectifier formed by diodes
524. As voltage Vg pmy increases in magnitude, voltage on capacitor 526 may increase to
a point where diac 528 will turn on, thus also turning on transistor 529. Once transistor
529 is on, capacitor 526 may be discharged and oscillation will start due to the self-
resonance of switching transformer 530, which includes a primary winding (7%,) and two
secondary windings (7%, and T5.). Accordingly, as depicted in FIGURE 8, an oscillating
output voltage V; 800 will be formed on the secondary of transformer 532 and delivered
to lamp 542 while dimmer 502 is on, bounded by an AC voltage level proportional to
Va_pm-

However, as mentioned above, many electronic transformers will not function
properly with low-current loads. With a light load, there may be insufficient current
through the switching transformer 530’s primary to sustain oscillation. For legacy
applications, such as where lamp 542 is a 35-watt halogen bulb, lamp 542 may draw
sufficient current to allow transformer 522 to sustain oscillation. However, should a
lower-power lamp be used, such as a six-watt LED bulb, the current drawn by lamp 542
may be insufficient to sustain oscillation in transformer 522, which may lead to unreliable
effects, such as visible flicker and a reduction in total light output below the level
indicated by the dimmer.

In addition, traditional approaches do not effectively detect or sense a type of
transformer to which a lamp is coupled, further rendering it difficult to ensure
compatibility between low-power (e.g., less than twelve watts) lamps and the power

infrastructure to which they are applied.
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SUMMARY

In accordance with the teachings of the present disclosure, certain disadvantages
and problems associated with ensuring compatibility of a low-power lamp with a dimmer
and a transformer may be reduced or eliminated.

In accordance with embodiments of the present disclosure, an apparatus may
include a controller to provide compatibility between a load and a secondary winding of a
transformer driven at its primary winding by a dimmer, wherein the controller is
configured to: determine from a transformer secondary signal whether the transformer
comprises a magnetic transformer or an electronic transformer; and select a compatibility
mode of operation from a plurality of modes of operation based on the determination of
whether the transformer comprises a magnetic transformer or an electronic transformer.

In accordance with these and other embodiments of the present disclosure, a
method for providing compatibility between a load and a secondary winding of a
transformer driven at its primary winding by a dimmer may include determining from a
transformer secondary signal whether the transformer comprises a magnetic transformer
or an electronic transformer and selecting a compatibility mode of operation from a
plurality of modes of operation based on the determination of whether the transformer
comprises a magnetic transformer or an electronic transformer.

In accordance with these and other embodiments of the present disclosure, an
apparatus may include a controller to provide compatibility between a load and a
secondary winding of a magnetic transformer driven at its primary winding by a trailing-
edge dimmer, wherein the controller is configured to determine from a magnetic
transformer secondary signal a period of a half-line cycle of an output signal of the
dimmer, determine from the magnetic transformer secondary signal an estimated
occurrence of an end of a phase-cut angle of the dimmer, generate a driving signal to the
load based on the period and the estimated occurrence of the end of the phase-cut angle.

In accordance with these and other embodiments of the present disclosure, a
method for providing compatibility between a load and a secondary winding of a
magnetic transformer driven at its primary winding by a trailing-edge dimmer may
include determining from a magnetic transformer secondary signal a period of a half-line

cycle of an output signal of the dimmer, determining from the magnetic transformer
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secondary signal an estimated occurrence of an end of a phase-cut angle of the dimmer,
and generating a driving signal to the load based on the period and the estimated
occurrence of the end of the phase-cut angle.

In accordance with these and other embodiments of the present disclosure, a lamp
assembly may include a lamp for generating light and a controller for controlling
operation of the lamp, the controller comprising a timing control circuit for determining a
period of a periodic signal received by the lamp assembly.

In accordance with these and other embodiments of the present disclosure, an
apparatus may include a controller to provide compatibility between a load and a
secondary winding of an electronic transformer driven by a trailing-edge dimmer,
wherein the controller is configured to predict based on an electronic transformer
secondary signal an estimated occurrence of a high-resistance state of the trailing-edge
dimmer, wherein the high-resistance state occurs when the trailing-edge dimmer begins
phase-cutting an alternating current voltage signal and operate in a high-current mode for
a period of time immediately prior to the estimated occurrence of the high-resistance
state.

In accordance with these and other embodiments of the present disclosure, a
method for providing compatibility between a load and a secondary winding of an
electronic transformer driven by a trailing-edge dimmer may include predicting based on
of an electronic transformer secondary signal an estimated occurrence of a high-
resistance state of the trailing-edge dimmer, wherein the high-resistance state occurs
when the trailing-edge dimmer begins phase-cutting an alternating current voltage signal
and operating the load in a high-current mode for a period of time immediately prior to
the estimated occurrence of the high-resistance state.

Technical advantages of the present disclosure may be readily apparent to one of
ordinary skill in the art from the figures, description and claims included herein. The
objects and advantages of the embodiments will be realized and achieved at least by the
elements, features, and combinations particularly pointed out in the claims.

It is to be understood that both the foregoing general description and the following
detailed description are examples and explanatory and are not restrictive of the claims set

forth in this disclosure.
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BRIFF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present embodiments and advantages
thereof may be acquired by referring to the following description taken in conjunction
with the accompanying drawings, in which like reference numbers indicate like features,
and wherein:

FIGURE 1 illustrates a lighting system that includes a triac-based leading-edge
dimmer, as is known in the art;

FIGURE 2 illustrates example voltage and current graphs associated with the
lighting system depicted in FIGURE 1, as is known in the art;

FIGURE 3 illustrates a lighting system that includes a triac-based leading-edge
dimmer and a magnetic transformer, as is known in the art;

FIGURE 4 illustrates example voltage and current graphs associated with the
lighting system depicted in FIGURE 3, as is known in the art;

FIGURE 5 illustrates a lighting system that includes a phase-cut trailing-edge
dimmer, as is known in the art;

FIGURE 6 illustrates example voltage and current graphs associated with the
lighting system depicted in FIGURE 5, as is known in the art;

FIGURE 7 illustrates a lighting system that includes a phase-cut trailing-edge
dimmer and an electronic transformer, as is known in the art;

FIGURE 8 illustrates example voltage and current graphs associated with the
lighting system depicted in FIGURE 7, as is known in the art;

FIGURE 9 illustrates an example lighting system including a controller for
providing compatibility between a low-power lamp and other elements of a lighting
system, in accordance with embodiments of the present disclosure;

FIGURE 10 illustrates an example transformer detection module, in accordance
with embodiments of the present disclosure;

FIGURES 11A and 11B illustrate example voltage graphs associated with the
transformer detection module illustrated in FIGURE 10, in accordance with embodiments
of the present disclosure;

FIGURE 12 illustrates the example lighting system of FIGURE 9, with detail

illustrating example components of a current control module for operating in a magnetic
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transformer compatibility mode of operation, in accordance with embodiments of the
present disclosure;

FIGURE 13 illustrates the example lighting system of FIGURE 9, with detail
illustrating example components of a current control module for operating in an electronic
transformer compatibility mode of operation, in accordance with embodiments of the
present disclosure;

FIGURE 14 depicts example voltage and current graphs associated with the
lighting system depicted in FIGURE 13, in accordance with embodiments of the present
disclosure; and

FIGURE 15 illustrates a flow chart of an example method 1500 for ensuring
compatibility between a lamp and a transformer driver by a dimmer, in accordance with

embodiments of the present disclosure.
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DETAILED DESCRIPTION

FIGURE 9 illustrates an example lighting system 900 including a controller 912
for providing compatibility between a low-power lamp 942 and other elements of a
lighting system, in accordance with embodiments of the present disclosure. As shown in
FIGURE 9, lightning system 900 may include a voltage supply 904, a dimmer 902, a
transformer 922, a lamp 942, and a controller 912. Voltage supply 904 may generate a
supply voltage Vsyppry that is, for example, a nominally 60 Hz/110 V line voltage in the
United States of America or a nominally 50 Hz/220 V line voltage in Europe.

Dimmer 902 may comprise any system, device, or apparatus for generating a
dimming signal to other elements of lighting system 900, the dimming signal representing
a dimming level that causes lighting system 900 to adjust power delivered to a lamp, and,
thus, depending on the dimming level, increase or decrease the brightness of lamp 942.
Thus, dimmer 902 may include a leading-edge dimmer similar or identical to that
depicted in FIGURES 1 and 3, a trailing-edge dimmer similar to that depicted in
FIGURES 5 and 7, or any other suitable dimmer.

Transformer 922 may comprise any system, device, or apparatus for transferring
energy by inductive coupling between winding circuits of transformer 922. Thus,
transformer 922 may include a magnetic transformer similar or identical to that depicted
in FIGURE 3, an electronic transformer similar to that depicted in FIGURE 7, or any
other suitable transformer.

Lamp 942 may comprise any system, device, or apparatus for converting electrical
energy (e.g., delivered by transformer 922) into photonic energy. In some embodiments,
lamp 942 may comprise a multifaceted reflector form factor (e.g., an MR16 form factor).
In these and other embodiments, lamp 942 may comprise an LED lamp.

Controller 912 may comprise any system, device, or apparatus configured to, as
described in greater detail elsewhere in this disclosure, determine from analyzing a
transformer secondary signal whether transformer 922 comprises a magnetic transformer
or an electronic transformer, select a compatibility mode of operation from a plurality of
modes of operation based on the determination of whether the transformer comprises a

magnetic transformer or an electronic transformer, and operate lamp 942 in accordance
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with such selected compatibility mode. As shown in FIGURE 9, controller 912 may
comprise a transformer detection module 914 and a current control module 918.

As shown in FIGURE 9, controller 912 and lamp 942 may be integral to the same
lamp assembly 932 (e.g., the same package), wherein such lamp assembly 932 is
configured to be electrically coupled to transformer 922.

Transformer detection module 914 may comprise any system, device, or apparatus
configured to determine from analyzing a transformer secondary signal whether
transformer 922 comprises a magnetic transformer or an electronic transformer. In some
embodiments, transformer detection module 914 may be configured to determine whether
transformer 922 is a magnetic transformer or an electronic transformer based on a
frequency of oscillation of the transformer secondary signal. For example, if the
frequency of oscillation of the transformer secondary signal is greater than a particular
predetermined threshold frequency, transformer detection module 914 may determine that
transformer 922 is an electronic transformer, while if the frequency of oscillation of the
transformer secondary signal is lesser than the same or a different predetermined
threshold frequency, transformer detection module 914 may determine that transformer
922 is a magnetic transformer. An example embodiment of transformer detection module
914 is depicted in FIGURE 10.

In the example embodiment of FIGURE 10, transformer detection module 914
may receive an input voltage V;, which may be the output voltage of transformer 922.
Such input voltage may be rectified by bridge rectifier 1002 and two sense resistors 1004
may be coupled to each other at a summing node and to each of a positive polarity of the
input voltage and a positive polarity of the output of rectifier 1002. Another resistor 1006
may be coupled between a negative polarity of the output of the rectifier and the sense
resistors 1004 at the summing node in order to form a voltage divider such that a voltage
Vsum appears at the summing node. FIGURE 11A depicts an example voltage waveform
1100 for voltage vy, at the summing node in the event that a magnetic transformer is
present, while FIGURE 11B depicts an example waveform 1150 for voltage v, at the
summing node in the event that an electronic transformer is present in accordance with
embodiments of the present disclosure. As seen in FIGURES 11A and 11B, the

frequency response of the summing node in the presence of a magnetic transformer is of a
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much lower frequency than that of the electronic transformer. Thus, frequency detector
1008, which may comprise any suitable system, device or apparatus for detecting the
frequency of a periodic signal as is known by those in the art, may determine whether the
frequency at the summing node is greater than a particular predetermined threshold
frequency, and thus output a transformer indication signal indicating the presence of an
electronic transformer, or may determine whether the frequency at the summing node is
less than the same or a different predetermined threshold frequency, and thus output a
transformer indication signal indicating presence of a magnetic transformer.

In addition, where a magnetic transformer is detected, frequency detector 1008
may also be able to determine phase imbalances between the phases of waveform 1100
based on different waveform amplitudes between the phases. Based on such
determination, current control module 918 may determine current drawn from magnetic
transformer 922 in each phase and correct for such imbalance, as described below.

Returning again to FIGURE 9, current control module 918 may receive the
transformer indication signal from transformer detection module 914 and, based on such
signal, operate in one of a plurality of compatibility modes of operation, as described in
greater detail elsewhere in this disclosure. For example, if the transformer indication
signal indicates that transformer 922 is a magnetic transformer, current control module
918 may operate in a magnetic transformer compatibility mode of operation.
Alternatively, if the transformer indication signal indicates that transformer 922 is an
electronic transformer, current control module 918 may operate in an electronic
transformer compatibility mode of operation.

FIGURE 12 illustrates the example lighting system 900 of FIGURE 9, with detail
illustrating example components of current control module 918 for operating in a
magnetic transformer compatibility mode of operation in accordance with embodiments
of the present disclosure. For purposes of illustration, while current control module 918
may include components for operating in an electronic transformer compatibility mode of
operation, such components are not depicted in FIGURE 12. As shown in FIGURE 12,
current control module 918 may include a timing control circuit 1202, a phase cut

detection circuit 1204, and driving signal generator 1206.
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Timing control circuit 1202 may be any system, device, or apparatus configured to
analyze a signal (e.g., transformer secondary voltage signal V) to determine a period of a
half-line cycle of an output signal of dimmer 902. In some embodiments, timing control
circuit 1202 may comprise a phase-locked loop. In other embodiments, timing control
circuit 1202 may comprise a delay-locked loop. Timing control circuit 1202 may
communicate a signal 7)..q indicative of the determined period of the half-line cycle to
phase cut detection circuit 1204.

Phase cut detection circuit 1204 may comprise any system, device, or apparatus
configured to analyze a signal (e.g., transformer secondary voltage signal V;) to determine
an estimated occurrence of an end of a phase-cut angle of dimmer 902 and based on the
half-line cycle period and estimated occurrence of the end of the phase-cut angle,
generate a signal indicative of the portion of the half-line cycle period in which dimmer
902 is active (e.g., ON). Phase cut detection circuit 1204 may communicate a signal
Taerive indicative of the portion of the half-line cycle period in which dimmer 902 is active
to driving signal generator 1206. Tor example, phase cut detection circuit 1204 may be
configured to determine the estimated occurrence of the end of the phase-cut angle based
on at least a determination of an estimated time at which transformer secondary voltage
signal V,; exceeds a predetermined threshold magnitude (e.g., so as to detect the
occurrence of times analogous to times ¢;, ¢;” depicted in FIGURE 4). In addition or
alternatively, phase cut detection circuit 1204 may be configured to determine the
estimated occurrence of the end of the phase-cut angle based on at least a determination
of an estimated time at which transformer secondary voltage signal V, falls below a
predetermined threshold magnitude (e.g., so as to detect the occurrence of times
analogous to times #3, #;” depicted in FIGURE 4). In addition or alternatively, phase cut
detection circuit 1204 may be configured to determine the estimated occurrence of the
end of the phase-cut angle based on at least a determination of an estimated continuous
period of time in which transformer secondary voltage signal V; remains above a
predetermined threshold magnitude. Such determination of a time or times in reference to
one or more threshold magnitudes may be performed in any suitable manner, including
use of one or more comparator circuits to determine the occurrence or occurrences of

threshold crossing. Based on a further comparison of the timing of the estimated



10

15

20

25

30

WO 2014/008055 PCT/US2013/047777

18

occurrence of such a threshold crossing relative to the signal periodicity generated by
timing control circuit 1202, phase cut detection circuit 1204 may be able to determine the
portion of the half-line cycle period in which dimmer 902 is active.

In addition, driving signal generator 1206 may, based on a phase imbalance
determined by transformer detection module, correct for such imbalance to make up for
differing amplitudes flowing from transformer 922.

Driving signal generator 1206 may comprise any system, device, or apparatus for
receiving a signal indicative of a portion of a half-line cycle period in which dimmer 902
is active and based on such signal, generate a driving signal indicative of an intensity of
light to be generated by lamp 942, and communicate such driving signal to lamp 942. In
some embodiments, driving signal generator 1206 may be configured to apply a
mathematical function (e.g., a linear or polynomial function) to convert the signal
indicative of a portion of a half-line cycle period in which dimmer 902 is active to the
driving signal. In other embodiments, driving signal 1206 may comprise a lookup table
or other similar data structure in which various driving signal levels are indexed by values
for the signal indicative of a portion of a half-line cycle period in which dimmer 902 is
active.

FIGURE 13 illustrates the example lighting system 900 of FIGURE 9, with detail
illustrating example components of current control module 918 for operating in an
electronic transformer compatibility mode of operation. FIGURE 14 depicts example
voltage and current graphs associated with lighting system 900 depicted in FIGURE 13,
in accordance with embodiments of the present disclosure.

For purposes of illustration, while current control module 918 may include
components for operating in a magnetic transformer compatibility mode of operation,
such components are not depicted in FIGURE 13. As shown in FIGURE 13, current
control circuit 918 may include a trailing edge estimator 1302, trigger event estimator
1304, mode controller 1306, and accumulator 1308.

Trailing edge estimator 1302 may include any system, device, or apparatus
configured to, based on analysis of a transformer secondary signal V;, predict an
estimated occurrence of a high-resistance state of dimmer 902, the high-resistance state

occurring when the dimmer begins phase-cutting an alternating current voltage signal
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(e.g., where dimmer 902 is a trailing-edge dimmer, the trailing edge). Thus, referring to
FIGURE 14, trailing edge estimator 1302 may predict or estimate the occurrence of times
labeled #; and ¢,. The estimated occurrence of the high-resistance state may be predicted
in any suitable manner, for example, using systems and methods disclosed in U.S. Patent
Application No. 13/298,002 filed November 16, 2011 and entitled “Trailing Edge
Dimmer Compatibility with Dimmer High Resistance Prediction,” which is incorporated
in its entirety herein for all purposes. Trailing edge estimator 1302 may communicate a
trailing edge estimate signal indicative of the estimated occurrence of a high-resistance
state of dimmer 902 to mode controller 1306.

Trigger event estimator 1304 may include any system, device, or apparatus
configured to, based on analysis of a transformer secondary signal V;, predict an
estimated occurrence of a trigger event of the electronic transformer, the trigger event
corresponding to a rise in an output voltage of dimmer 902.  Thus, referring to FIGURE
14, trigger event estimator 1304 may predict or estimate the occurrence of times labeled #,
and #;. In some embodiments, trigger event estimator 1304 may estimate the occurrence
of the trigger event by determining a time at which voltage V; exceeds a threshold trigger
voltage vygis. Such determination of a time or times in reference to the threshold trigger
voltage vrric may be performed in any suitable manner, including use of one or more
comparator circuits to determine the occurrence or occurrences of threshold crossing.
Trigger event estimator 1304 may communicate a trigger event estimate signal indicative
of the estimated occurrence of the trigger event to mode controller 1306.

Mode controller 1306 may include any system, device, or apparatus configured to,
based on a trailing edge estimate signal communicated from trailing edge estimator 1302,
a trigger event estimate signal communicated from trigger event estimator 1304, and/or
an accumulated error signal communicated from accumulator 1308, generate a mode
select signal in order to select a particular mode for lamp 942. For example, as shown by
the waveform for lamp 942 current irpap on FIGURE 14, based on a control setting of
dimmer 902, mode controller 1306 may cause current control module 918 (and thus lamp
942) to operate in a high-current mode from a period beginning at a high-current mode
start time ¢ and ending at approximately the estimated occurrence of the high-resistance

state of dimmer 902, (e.g., a time £, or £s5, once voltage Vs has decayed to zero) . Such
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control setting of dimmer 902 is thus estimated based on the estimated occurrence of a
high-resistance state of dimmer 902 as indicated by the trailing edge estimate signal and
the estimated occurrence of the trigger event as indicated by the trailing edge estimate
signal. Mode controller 1306 may determine the high-current mode start time #z¢ based
on the accumulated error signal communicated from accumulator 1308 in order to correct
for errors in the amount of energy delivered to lamp 942 in previously occurring cycles of
voltage V;, as described in greater detail below.

As another example, based on the estimated occurrence of a high-resistance state
of dimmer 902 as indicated by the trailing edge estimate signal and the estimated
occurrence of a trigger event as indicated by the trigger event estimate signal, mode
controller 1306 may cause current control module 918 (and thus lamp 942) to operate in a
low-impedance mode from a period beginning at the high-resistance state of dimmer 902
(e.g., a time t, or ¢5) and ending at the subsequent trigger event time f7g;c. During such
low-impedance mode, output voltages of dimmer 902 and transformer 922 may be kept
low in order to permit dimmer 902 to reset for its next phase-cut cycle.

As a further example, based on the estimated occurrence of a trigger event as
indicated by the trigger event estimate signal, mode controller 1306 may cause current
control module 918 (and thus lamp 942) to operate in a high-impedance mode from a
period beginning at the trigger event time ¢z and ending at the beginning of the
subsequent high-current mode occurring at a time #c.

Thus, mode controller 1306 may, based on a trailing edge estimate signal
communicated from trailing edge estimator 1302, a trigger event estimate signal
communicated from trigger event estimator 1304, and/or an accumulated error signal
communicated from accumulator 1308, sequentially and cyclically operate in the high-
current mode, the low-impedance mode, and the high-impedance mode.

Mode controller 1306 may additionally be configured to, during each particular
operation in the high-current mode, determine a target amount of energy to be delivered
to lamp 942 during the particular operation of the high-current mode. In some
embodiments, such target amount of energy may be based on a control setting of dimmer
902, and an estimate of such control setting may be made by calculating the aggregate

duration of the high-current mode and the high-impedance mode. In addition, mode
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controller 1306 may be configured to, during the particular operation of the high-current
mode, determine an estimated delivered amount of energy actually delivered to lamp 942.
In some embodiments, such estimated delivered amount of energy may be calculated
based on the duration of the high-current mode. Furthermore, mode controller 1306 may
be configured to calculate an error based on the difference between the target amount of
energy and the estimated delivered amount of energy, and calculate an error signal to
accumulator 1308 based on such error.

Accumulator 1308 may include any system, device, or apparatus configured to,
based on an error signal communicated from mode controller 1306, calculate an
accumulated error accumulated during multiple preceding operations in the high-current
mode, and communicate an accumulated error signal to mode controller 1306 indicative
of such accumulated error. As discussed above, such accumulated error signal may be
used by mode controller 1306 to determine a duration of a high-current mode (e.g., high-
current mode start time /¢ may be modulated as a function of the accumulated error).
Thus, an error accumulated during one or more operations in the high-current mode may
be corrected, in whole or part, in one or more subsequent operations in the high-current
mode by varying the duration of high-current modes.

In addition to varying the duration of high-current modes, mode controller 1306
may correct for error by causing the duration for a particular operation in the high-current
mode to begin at the estimated occurrence of the trigger event, as shown by pulse 1402 in
FIGURE 14. An operation in the high-current mode having such a duration may be
referred to as a “probe event.” In some embodiments, mode controller 1306 may cause a
probe event to occur for each n-th operation of the high-current mode, where n is a
positive integer. In particular embodiments, » may be an odd positive integer. When a
probe event occurs, mode controller 1306 may eliminate the high-impedance mode that
would have otherwise occurred immediately preceding the high-current mode comprising
the probe event.

FIGURE 15 illustrates a flow chart of an example method 1500 for ensuring
compatibility between a lamp and a transformer driver by a dimmer, in accordance with
embodiments of the present disclosure. According to some embodiments, method 1500

may begin at step 1502. As noted above, teachings of the present disclosure may be
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implemented in a variety of configurations of lighting system 900. As such, the preferred
initialization point for method 1500 and the order of the steps comprising method 1500
may depend on the implementation chosen.

At step 1502, controller 912 may determine the transformer type of transformer
922. Controller 912 may make such determination based on a frequency of oscillation of
a secondary voltage signal (e.g., V;) of transformer 922, as described elsewhere in this
disclosure. If controller 912 determines transformer 922 to be a magnetic transformer,
method 1500 may proceed to step 1504. Otherwise, if controller 912 determines
transformer 922 to be an electronic transformer, method 1500 may proceed to step 1510.

At step 1504, controller 912 may analyze the voltage signal of the secondary of
transformer 922 to determine a period of a half-line cycle of an output signal of dimmer
902. In some embodiments, such determination may be made by a timing control circuit
(e.g., a phase-locked loop or a delay-locked loop).

At step 1506, controller 912 may analyze the voltage signal of the secondary of
transformer 922 to determine an estimated occurrence of an end of a phase-cut angle of
dimmer 902. Controller 912 may determine the estimated occurrence of the end of the
phase cut angle based at least on: (a) a determination of an estimated time at which the
voltage of transformer 922 secondary exceeds a predetermined threshold magnitude; (b) a
determination of an estimated time at which the voltage of transformer 922 falls below
the same or a different predetermined threshold magnitude; and/or (c) a determination of
an estimated portion of the period in which the magnetic transformer secondary signal is
greater than the same or a different predetermined threshold magnitude.

At step 1508, controller 912 may generate a driving signal to lamp 942 based on
the period and the estimated occurrence of the end of the phase-cut angle, the driving
signal indicative of intensity of light to be generated by lamp 942. After completion of
step 1508, method 1500 may return to step 1504, and steps 1504 to 1508 may repeat
indefinitely.

At step 1510, controller 912 may determine if the subsequent operation in the
high-current mode is a probe event. Such probe event may occur for each n-th operation
in the high-current mode, where # is a positive integer, and in some embodiments is an

odd positive integer. If the subsequent operation in the high-current mode is a probe
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event, method 1500 may proceed to step 1514, where the period of the operation in the
high-current mode may run from the subsequent estimated occurrence of the trigger event
to the subsequent estimated occurrence of the high-resistance state of dimmer 902.
Otherwise, if the subsequent operation in the high-current mode is not a probe event,
method 1500 may proceed to step 1512.

At step 1512, from approximately the estimated occurrence of the subsequent
trigger event to the beginning of the subsequent high-current mode, controller 912 may
operate in a high-impedance mode.

At step 1514, controller 912 may operate in a high-current mode for a period of
time immediately prior to the occurrence of the low-impedance mode. The period of time
may be based on a control setting of dimmer 902, and such control setting of dimmer 902
may be estimated based on the estimated occurrence of a high-resistance state of dimmer
902 as indicated by the trailing edge estimate signal and the estimated occurrence of the
trigger event as indicated by the trailing edge estimate signal. Mode controller 1306 may
determine the period of time of the high-current mode based on the accumulated error
signal communicated from accumulator 1308 in order to correct for errors in the amount
of energy delivered to lamp 942 in previously occurring cycles of steps 1510 to 1522, as
described in greater detail elsewhere in this disclosure.

At step 1516, controller 912 may calculate an error for the operation of the high-
current mode occurring at step 1514. The error may be calculated as a difference between
a target amount of energy to be delivered to lamp 942 during the operation in the high-
current mode and an estimated delivered amount of energy actually delivered to lamp 942
during the operation in the high-current mode. The target amount of energy may be
based on a control setting of dimmer 902, which control setting may be estimated based
on a period of time between the estimated occurrence of the trigger event and the
estimated occurrence of the high-resistance state of dimmer 902. The estimated amount of
delivered energy may be estimated based on the period of time of the high-current mode.
Controller 912 may add such calculated error to an accumulated error representing an
aggregation of errors from previous operations in the high-current mode. Such
accumulated error may be used by controller 912 in determining the period of time for

subsequent operations in the high-current mode.
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At step 1518, controller 912 may predict based on analysis of the voltage signal of
the secondary of transformer 922 an estimated occurrence of a high-resistance state of the
dimmer 902 (e.g., when dimmer 902 begins phase-cutting an AC voltage signal at its
input).

At step 1520, from approximately the estimated occurrence of the high-resistance
state of dimmer 902 to approximately the estimated occurrence of the subsequent trigger
event, controller 912 may operate in a low-impedance mode.

At step 1522, controller 912 may predict an estimated occurrence of a trigger
event of transformer 922, the trigger event corresponding to a rise in an output voltage of
dimmer 902. After completion of step 1522, method 1500 may proceed again to step
1510, and steps 1510 to 1522 may repeat indefinitely.

Although FIGURE 15 discloses a particular number of steps to be taken with
respect to method 1500, method 1500 may be executed with greater or lesser steps than
those depicted in FIGURE 15. In addition, although FIGURE 15 discloses a certain order
of steps to be taken with respect to method 1500, the steps comprising method 1500 may
be completed in any suitable order.

Method 1500 may be implemented using controller 912 or any other system
operable to implement method 1500. In certain embodiments, method 1500 may be
implemented partially or fully in software and/or firmware embodied in computer-
readable media.

As used herein, when two or more elements are referred to as “coupled” to one
another, such term indicates that such two or more elements are in electronic
communication whether connected indirectly or directly, without or without intervening
elements.

This disclosure encompasses all changes, substitutions, variations, alterations, and
modifications to the example embodiments herein that a person having ordinary skill in
the art would comprehend. Similarly, where appropriate, the appended claims encompass
all changes, substitutions, variations, alterations, and modifications to the example
embodiments herein that a person having ordinary skill in the art would comprehend.
Moreover, reference in the appended claims to an apparatus or system or a component of

an apparatus or system being adapted to, arranged to, capable of, configured to, enabled
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to, operable to, or operative to perform a particular function encompasses that apparatus,
system, or component, whether or not it or that particular function is activated, turned on,
or unlocked, as long as that apparatus, system, or component is so adapted, arranged,
capable, configured, enabled, operable, or operative.

All examples and conditional language recited herein are intended for pedagogical
objects to aid the reader in understanding the disclosure and the concepts contributed by
the inventor to furthering the art, and are construed as being without limitation to such
specifically recited examples and conditions. Although embodiments of the present
disclosure have been described in detail, it should be understood that various changes,
substitutions, and alterations could be made hereto without departing from the spirit and

scope of the disclosure.
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WHAT IS CLAIMED IS:

1. An apparatus comprising:

a controller to provide compatibility between a load and a secondary winding of
an electronic transformer driven by a trailing-edge dimmer, wherein the controller is
configured to:

predict based on an electronic transformer secondary signal an estimated
occurrence of a high-resistance state of the trailing-edge dimmer, wherein the
high-resistance state occurs when the trailing-edge dimmer begins phase-cutting
an alternating current voltage signal; and

operate in a high-current mode for a period of time immediately prior to

the estimated occurrence of the high-resistance state.

2. The apparatus of Claim 1, the controller further configured to operate in a
low-impedance mode immediately after the estimated occurrence of the high-resistance

state.

3. The apparatus of Claim 1, the controller further configured to:

predict based on the electronic transformer secondary signal an estimated
occurrence of a trigger event of the electronic transformer, the trigger event
corresponding to a rise in an output voltage of the dimmer; and

operate in a high-impedance mode immediately after the estimated occurrence of

the trigger event and immediately prior to the high-current mode.

4. The apparatus of Claim 3, the controller further configured to operate in a
low-impedance mode immediately prior to the estimated occurrence of the high-

resistance state.

5. The apparatus of Claim 4, the controller further configured to sequentially
and cyclically operate in the high-current mode, the low-impedance mode, and the high-

impedance mode.
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6. The apparatus of Claim 1, wherein the controller is further configured to
determine a target amount of energy to be delivered to the load during a particular
operation in the high-current mode, the target amount of energy based on a control setting

5 of the dimmer.

7. The apparatus of Claim 6, the controller configured to:

determine an estimated delivered amount of energy actually delivered to the load
during the particular operation in the high-current mode;

10 calculate an error based on the difference between the target amount of energy and

the estimated delivered amount of energy; and

in a subsequent operation in the high-current mode occurring after the particular
operation in the high-current mode, determine a second target amount of energy to be
delivered to the load during the subsequent operation in the high-current mode, the

15  second target amount of energy based on the error and the control setting of the dimmer.

8. The apparatus of Claim 6, the controller further configured to:
predict based on the electronic transformer secondary signal an estimated
occurrence of a trigger event of the electronic transformer;
20 operate in a high-impedance mode immediately after the estimated occurrence of
the trigger event and immediately prior to the high-current mode; and
estimate the control setting of the dimmer based on an aggregate duration of the

high-current mode and the high-impedance mode.
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0. The apparatus of Claim 6, wherein the controller is configured to, for each
n-th operation of the high-current mode:

predict based on the electronic transformer secondary signal an estimated
occurrence of a trigger event of the electronic transformer; and

operate in the high-current mode from the estimated occurrence of the trigger

event to the estimated occurrence of the high-impedance mode.

10. The apparatus of Claim 9, wherein # is an odd positive integer.
11. The apparatus of Claim 1, the period of time based on a control setting of
the dimmer.

12. The apparatus of Claim 11, the controller further configured to:

predict based on the electronic transformer secondary signal an estimated
occurrence of a trigger event of the electronic transformer;

operate in a high-impedance mode immediately after the estimated occurrence of
the trigger event and immediately prior to the high-current mode; and

estimate the control setting of the dimmer based on an aggregate duration of the

high-current mode and the high-impedance mode.

13. The apparatus of Claim 1, wherein the load comprises a lamp.

14. The apparatus of Claim 13, wherein the lamp comprises a light-emitting
diode lamp.

15. The apparatus of Claim 13, wherein the lamp comprises a lamp having a

multifaceted reflector form factor.
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16. A method for providing compatibility between a load and a secondary
winding of an electronic transformer driven by a trailing-edge dimmer comprising:

predicting based on an electronic transformer secondary signal an estimated
occurrence of a high-resistance state of the trailing-edge dimmer, wherein the high-
resistance state occurs when the trailing-edge dimmer begins phase-cutting an alternating
current voltage signal; and

operating the load in a high-current mode for a period of time immediately prior to

the estimated occurrence of the high-resistance state.

17. The method of Claim 16, further comprising operating in a low-impedance

mode immediately after the estimated occurrence of the high-resistance state.

18. The method of Claim 16, further comprising:

predicting based on the electronic transformer secondary signal an estimated
occurrence of a trigger event of the electronic transformer, the trigger event
corresponding to a rise in an output voltage of the dimmer; and

operating the load in a high-impedance mode immediately after the estimated

occurrence of the trigger event and immediately prior to the high-current mode.

19. The method of Claim 18, further comprising operating the load in a low-
impedance mode immediately prior to the estimated occurrence of the high-resistance

state.

20. The method of Claim 19, further comprising sequentially and cyclically
operating the load in the high-current mode, the low-impedance mode, and the high-

impedance mode.

21. The method of Claim 16, further comprising determining a target amount
of energy to be delivered to the load during a particular operation in the high-current

mode, the target amount of energy based on a control setting of the dimmer.
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22. The method of Claim 21, further comprising:

determining an estimated delivered amount of energy actually delivered to the
load during the particular operation in the high-current mode;

calculating an error based on the difference between the target amount of energy
and the estimated delivered amount of energy; and

in a subsequent operation in the high-current mode occurring after the particular
operation in the high-current mode, determining a second target amount of energy to be
delivered to the load during the subsequent operation in the high-current mode, the

second target amount of energy based on the error and the control setting of the dimmer.

23. The method of Claim 21, further comprising:

predicting based on the electronic transformer secondary signal an estimated
occurrence of a trigger event of the electronic transformer;

operating the load in a high-impedance mode immediately after the estimated
occurrence of the trigger event and immediately prior to the high-current mode; and

estimating the control setting of the dimmer based on an aggregate duration of the

high-current mode and the high-impedance mode.

24. The method of Claim 21, further comprising, for each r-th operation of the
high-current mode:

predicting based on the electronic transformer secondary signal an estimated
occurrence of a trigger event of the electronic transformer; and

operating the load in the high-current mode from the estimated occurrence of the

trigger event to the estimated occurrence of the high-impedance mode.

25. The method of Claim 24, wherein 7 is an odd positive integer.

26. The method of Claim 16, the period of time based on a control setting of

the dimmer.
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27. The method of Claim 26, further comprising:
predicting based on the electronic transformer secondary signal an estimated
occurrence of a trigger event of the electronic transformer;
5 operating the load in a high-impedance mode immediately after the estimated
occurrence of the trigger event and immediately prior to the high-current mode; and
estimating the control setting of the dimmer based on an aggregate duration of the

high-current mode and the high-impedance mode.

10 28. The method of Claim 16, wherein the load comprises a lamp.

29. The method of Claim 28, wherein the lamp comprises a light-emitting

diode lamp.

15 30. The method of Claim 28, wherein the lamp comprises a multifaceted

reflector form factor.

20
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