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HOLDING CURRENT CIRCUITS FOR PHASE-CUT POWER

CONTROL

Reference to Related Application

[0001] This application claims priority from United States Provisional

Patent Application serial no. 61/363, 161, filed 9 July 2010 and entitled

"DIMMABLE LED DRIVER," United States Provisional Patent Application

serial no. 61/339,907, filed 11 March 2010 and entitled "HIGH

EFFICIENCY HOLDING CURRENT CIRCUIT FOR SOLID STATE

LIGHTING APPLICATIONS, " and United States Provisional Patent

Application serial no. 61/279,750, filed 26 October 2009 and entitled "LED

OPTIMIZED SWITCHED MODE POWER SUPPLY" . For the purposes of

the United States of America, the benefit under 35 U.S.C. § 119(e) of those

applications are hereby claimed, and those applications are hereby

incorporated herein by reference.

Technical Field

[0002] The invention relates to electrical circuits. More particularly,

embodiments pertain to electrical circuits useful for maintaining holding

currents in electrical circuits that draw current from phase-cut control power

supplies.

Background

[0003] Phase-cut AC power controls are used in a wide variety of

applications. Phase-cut AC power controls trim an AC voltage waveform to

control the application of power to a load circuit. The phase angle at which

the AC voltage is trimmed may be referred to as the "conduction angle" or

the "firing angle" .

[0004] Some phase-cut power controls comprise circuits that include one

or more thyristors, such as a TRIAC or a silicon controlled rectifier (SCR).

A property of thyristors is that, once biased for conduction (turned on) by a

gating pulse, they will remain in conduction for as long as they continue to

conduct more than a threshold amount of current, commonly known as the



holding current or hypostatic current. When the current in a thyristor drops

below the holding current, the thyristor turns off and requires another gate

pulse before it can turn on again.

[0005] In some applications, thyristor-based phase-cut power controls

are used to deliver controlled power to a load. In some such applications,

current drawn by the load may vary over time, due to, for instance,

variations in the supply voltage and variations in load impedance. In such

applications, the load current may at times be less than the holding current

required to maintain thyristor conduction. Where insufficient load current

causes a thyristor to come out of conduction, it may occur that a load

receives less power than it should (e.g. , the load may not receive the power

from the portion of the AC cycle for which the thyristor came out of

conduction).

[0006] Some prior art devices adjust the current drawn by a load in

order to maintain a sufficient current to keep a thyristor in conduction. In

some applications, this leads to additional power dissipation in the load that is

not desired. For instance, dissipating additional power in an LED load

causes the light produced by the LED load to be brighter. As a result, this

manner of maintaining a thyristor in conduction may limit the extent to which

an LED load can be dimmed.

[0007] Holding current circuits may be used adjunct to the load in order

to draw a holding current from a thyristor. Some holding current circuits

draw a constant holding current from the thyristor. Holding circuits that

draw current constantly may negatively impact energy efficiency. Such

impacts are particularly relevant where the intended load typically draws little

power, such as, for example, an LED lighting load.



Summary

[0008] The following embodiments and aspects thereof are described

and illustrated in conjunction with systems, tools and methods which are

meant to be exemplary and illustrative, not limiting in scope.

[0009] One aspect provides a holding current circuit for maintaining at

least a holding current in a dimmer. The circuit is connectable to the dimmer

a load connected to draw current from a dimmer. The circuit comprises a

controlled current source connectable to draw current from the dimmer in

accordance with a control signal, a conduction monitor operable to generate a

conduction monitor signal indicative of a conduction state of the dimmer, a

current monitor connected to receive at least a portion of the current drawn

by the controlled current source and connectable to receive at least a portion

of a load current drawn from the dimmer by the load and operable to

generate a current monitor signal indicative of a magnitude of the current in

the current monitor, and, a current controller configured to generate the

control signal based on the conduction monitor signal and the current monitor

signal to cause the controlled current source to draw a supplementary current

at least as great as a difference between the holding current and the load

current when the dimmer is in conduction and the load current is less than the

holding current.

[0010] One aspect provides a holding current circuit for maintaining at

least a holding current in a dimmer. The circuit is connectable to the dimmer

and a load connected to draw current from a dimmer. The circuit comprises

a voltage reference configured to provide a reference voltage dependent on a

conduction state of the dimmer, a voltage controlled current source

connectable to draw current from the dimmer, a current-to-voltage converter

connected to conduct at least part of the current from the voltage controlled

current source and connectable to conduct at least part of a load current

drawn from the dimmer by the load. The controlled current source is



controlled by a voltage difference between the reference voltage and a voltage

across the current- to-voltage converter, and the controlled current source,

voltage reference and current-to-voltage converter are configured such that

when the current-to-voltage converter is connected to conduct at least part of

the load current and the dimmer is in conduction and the load current is less

than the holding current, the voltage difference between the reference voltage

and the voltage across the current-to-voltage converter causes the controlled

current source to draw a current at least as great as the difference between

the holding current and the load current.

[0011] One aspect provides a method for maintaining at least a holding

current in a dimmer which provides power to a load. The method comprises

providing a controlled current source connected in parallel with the load,

providing a current monitor connected in series with the controlled current

source and the load such that at least a portion of a load current drawn from

the dimmer by the load flows through the current monitor, the current

monitor configured to generate a current monitor signal indicative of a

magnitude of the current through the current monitor, generating a

conduction monitor signal indicative of a conduction state of the dimmer,

and, controlling the controlled current source to selectively draw an amount

of supplementary current based on the current monitor signal and the

conduction monitor signal, wherein the amount of supplementary current is at

least as great as a difference between the holding current and the load current

when the dimmer is in conduction and the load current is less than the

holding current.

[0012] One aspect provides an LED lighting assembly connectable to a

dimmer. The assembly comprises an LED lighting module connectable to

draw a load current from the dimmer, and a holding current circuit

comprising a controlled current source connectable to draw current from the

dimmer in accordance with a control signal, a conduction monitor operable to



generate a conduction monitor signal indicative of a conduction state of the

dimmer, a current monitor connected to receive at least a portion of the

current drawn by the controlled current source and connected to receive at

least a portion of the load current, the current monitor operable to generate a

current monitor signal indicative of a magnitude of the current in the current

monitor, and, a current controller configured to generate the control signal

based on the conduction monitor signal and the current monitor signal to

cause the controlled current source to draw a supplementary current at least

as great as a difference between the holding current and the load current

when the dimmer is in conduction and the load current is less than the

holding current.

[0013] One aspect provides a method for maintaining at least a holding

current circuit in a dimmer. The method comprises determining a conduction

state of the dimmer, and, when the dimmer is in conduction and the current

in the dimmer current is less than the holding current, drawing more current

from the dimmer using a controlled current source.

[0014] In addition to the exemplary aspects and embodiments described

above, further aspects and embodiments will become apparent by reference to

the drawings and by study of the following detailed descriptions.

Brief Description of Drawings

[0015] Exemplary embodiments are illustrated in referenced figures of

the drawings. It is intended that the embodiments and figures disclosed

herein are to be considered illustrative rather than restrictive.

[0016] FIG. 1A is a block diagram of an electrical circuit comprising a

holding current circuit according to an example embodiment.

[0017] FIG. IB is a block diagram of an electrical circuit comprising a

holding current circuit according to an example embodiment.



[0018] FIG. 1C is a block diagram of an electrical circuit comprising a

holding current circuit according to an example embodiment.

[0019] FIG. 2 is a block diagram of an electrical circuit comprising a

holding current circuit according to an example embodiment.

[0020] FIG. 3 is a schematic of an electrical circuit comprising a

holding current circuit according to an example embodiment.

[0021] FIG. 4A is a graph showing modeled current and voltage in the

holding current circuit depicted in FIG. 3 .

[0022] FIG. 4B is a graph showing modeled current and voltage in the

holding current circuit depicted in FIG. 3 .

[0023] FIG. 5A is a graph showing modeled current and voltage in the

holding current circuit depicted in FIG. 3 .

[0024] FIG. 5B is a graph showing modeled current and voltage in the

holding current circuit depicted in FIG. 3 .

[0025] FIG. 6 is a block diagram of an electrical circuit comprising a

holding current circuit according to an example embodiment.

[0026] FIG. 7 is a schematic of an electrical circuit comprising a

holding current circuit according to an example embodiment.

[0027] FIG. 8A is a graph showing modeled current and voltage in the

holding current circuit depicted in FIG. 7 .

[0028] FIG. 8B is a graph showing modeled current and voltage in the

holding current circuit depicted in FIG. 7 .

[0029] FIG. 9A is a graph showing modeled current and voltage in the

holding current circuit depicted in FIG. 7 .



[0030] FIG. 9B is a graph showing modeled current and voltage in the

holding current circuit depicted in FIG. 7 .

[0031] FIG. 10 is a block diagram of an electrical circuit comprising a

holding current circuit according to an example embodiment.

[0032] FIG. 11A is a block diagram of a lighting assembly according to

an example embodiment.

[0033] FIG. 1IB is a block diagram of a lighting assembly according to

an example embodiment.

[0034] FIG. 12 is a block diagram of an electrical circuit comprising a

holding current circuit according to an example embodiment.

[0035] FIG. 1 A is a block diagram of a duty cycle measure according

to an example embodiment.

[0036] FIG. 13B is a block diagram of a duty cycle measure according

to an example embodiment.

[0037] FIG. 14 is a flow chart of a method according to an example

embodiment.

[0038] FIG. 15 is a block diagram of a dimming circuit comprising a

plurality of holding current circuits according to an example embodiment.

Description

[0039] Throughout the following description specific details are set forth

in order to provide a more thorough understanding to persons skilled in the

art. However, well known elements may not have been shown or described

in detail to avoid unnecessarily obscuring the disclosure. Accordingly, the

description and drawings are to be regarded in an illustrative, rather than a

restrictive, sense.



[0040] Certain embodiments of the invention provide improved holding

current circuits for ensuring that a phase-cut dimmer does not drop out of

conduction prematurely as current drawn by a load decreases. As described

in detail below, some embodiments provide holding current circuits which are

configured to draw only as much supplemental current as necessary to ensure

that at least a holding current is maintained in the dimmer. Some

embodiments provide holding current circuits which are configured to only

draw supplementary current when the dimmer is in conduction. Holding

current circuits according to some embodiments thus provide improved

energy efficiency in comparison to certain prior art holding current circuits.

[0041] FIG. 1A is a block diagram of an electrical circuit 10A

comprising a holding current circuit 20A that corresponds to some (but not

all) example embodiments. An AC voltage source 11 is connected to inputs

of a dimmer 12. Dimmer 12 comprises a TRIAC, SCR or other thyristor.

The outputs of dimmer 12 are connected to inputs of a diode bridge rectifier

14. One output of diode bridge rectifier 14 is connected to a voltage supply

rail 15A . Another output of diode bridge rectifier 14 is connected to a return

rail 15B. A load 18 is connected between voltage supply rail 15A and a

control input of holding current circuit 20A. Load 18 may be a variable load.

Load 18 may comprise a light source, components for controlling and/or

conditioning the supply of power to the light source (e.g. , a controller, a

switched mode power supply, etc.), and the like. Holding current circuit

20A is connected between voltage supply rail 15A and return rail 15B.

[0042] In some embodiments, dimmer 12 comprises a leading-edge

phase-cut dimmer, wherein a leading portion of a half wave is cut. In such

embodiments, it may occur that the current drawn by load 18 decreases near

the end of the half-wave power cycle (e.g. , due to the time-varying voltage

provided by source 11 and/or characteristics of load 18). In some instances,

the current drawn by load 18 may be insufficient to maintain the thyristor of



dimmer 12 in conduction for a trailing part of the n ' portion of the phase-

cut power cycle. Holding current circuit 20A is operable to draw current

from supply rail 15A so that the thyristor of dimmer 12 is maintained in

conduction in circumstances where the current drawn by load 18 is not alone

sufficient to do so.

[0043] Holding current circuit 20A comprises a controlled current

source 22, a current controller 24, a conduction monitor 26 and a current

monitor 28. Controlled current source 22 is connected in parallel with load

18 and in series with current monitor 28. Controlled current source 22 may

draw current through dimmer 12. Controlled current source 22 may be a

secondary source (i.e. , a source that dissipates or merely transfers power).

Where an element is referred to using the term "controlled current source" or

the term "controlled voltage source" (including use in the contexts "voltage

controlled current source" and "current controlled voltage source"), that

element may comprise a secondary source unless otherwise indicated.

[0044] Current monitor 28 is connected in series with the parallel

connection of load 18 and controlled current source 22. The current in

current monitor 28 is the sum of the currents in controlled current source 22

and load 18. Current monitor 28 is operable to provide a current monitor

signal 29 that is indicative of the current through current monitor 28. It will

be appreciated that in embodiments where load 18 and controlled current

source 22 are the only components drawing appreciable current from dimmer

12, the current in current monitor 28 is practically the same as the current in

dimmer 12 and current monitor signal 29 is strongly indicative of the current

in dimmer 12. Current monitor signal 29 is provided to current controller

24.

[0045] Conduction monitor 26 is configured to generate a conduction

monitor signal 27 that is indicative of the conduction state of dimmer 12. In

FIG. 1A conduction monitor 26 is shown as coupled to supply rail 15A, but it



is to be understood that in other embodiments conduction monitor 26 may be

coupled to any suitable source from which conduction monitor signal 27 may

be generated (e.g. , a voltage signal taken from between AC source 12 and

diode bridge rectifier 14, an optical signal derived from dimmer 12, etc.).

Conduction monitor signal 27 is provided to current controller 24.

[0046] In some embodiments conduction monitor 26 may be configured

to generate a binary conduction monitor signal 27. For example, conduction

monitor 26 may be configured to generate a binary conduction monitor signal

27 that tracks the conduction state of dimmer 12. In an example

embodiment, conduction monitor 26 is connected to supply rail 15A and

configured to generate a binary conduction monitor signal 27 that is a first

value (e.g. , logic high) when the voltage on supply rail 15A is greater than a

threshold voltage (e.g. , when dimmer 12 is conducting current at a non-zero

voltage), and that is a second value (e.g. , logic low) otherwise (e.g. , when

dimmer 12 is not in conduction). In some embodiments, the threshold

voltage may be zero or near zero.

[0047] In some embodiments, a binary conduction monitor signal 27

leads the conduction angle of dimmer 12 (e.g. , the binary conduction monitor

signal 27 may transition to logic high a pre-determined time before dimmer

12 is triggered into conduction). In some embodiments, a binary conduction

monitor signal 27 lags the conduction angle of dimmer 12 (e.g. , the binary

conduction monitor signal 27 may transition to logic high a pre-determined

time after dimmer 12 is triggered into conduction).

[0048] Current controller 24 is configured to generate a control signal

25 based on conduction monitor signal 27 and current monitor signal 29.

Control signal 25 is provided to controlled current source 22 to control the

amount of current drawn through controlled current source 22.



[0049] In some embodiments, current controller 24 is configured to

generate control signal 25 for binary control of controlled current source 22

based on conduction monitor signal 27 (e.g. , current controller 24 may be

configured to turn n ' controlled current source 22 according to conduction

monitor signal 27). In some embodiments, current controller 24 is

configured to generate control signal 25 for controlling the magnitude of

current drawn through controlled current source 22 based on current monitor

signal 29. In some embodiments, effect of current monitor signal 29 on

control signal 25 is subordinate to the effect of conduction monitor signal 27.

[0050] When dimmer 12 is not in conduction there is no need for

holding current circuit 20A to draw additional current (i.e. , there is no

conduction in dimmer 12 to maintain). In some embodiments, current

controller 24 is configured to generate control signal 25 such that controlled

current source 22 does not pass current when dimmer 12 is not in conduction

(e.g. , during the 'off portion of a phase-cut voltage half-wave). For

example, in an embodiment where dimmer 12 comprises a leading-edge

phase-cut dimmer, current controller 24 is configured to generate control

signal 25 such that current source 22 passes current only during the portion of

each voltage half-wave that trails the conduction angle (i.e. , the portion of the

voltage half-wave passed by dimmer 12).

[0051] The current in controlled current source 22, current monitor

signal 29 and control signal 25 constitute a feedback loop. Controlled current

source 22 and current controller 24 may be configured to maintain at least a

pre-determined current level in current monitor 28. Since the current in

current monitor 28 is drawn from dimmer 12, the current level maintained in

current monitor 28 is also maintained in dimmer 12. Current controller 24

may be stateless or state-based. In some embodiments, the pre-determined

current level maintained in current monitor 28 may be slightly higher than the

hypostatic current of dimmer 12 over a range of operating temperatures, in



order to provide a buffer to avoid dimmer 12 dropping out of conduction

before holding current circuit 20A begins drawing additional current. As

those skilled in the art will appreciate, the pre-determined current level

maintained in current monitor 28 may be selected based on the particular

characteristics of dimmer 12 and the components used to implement holding

current circuit 20A.

[0052] In some embodiments, current controller 24 is configured to

cause controlled current source 22 to selectively pass current to maintain a

pre-determined current level in current monitor 28 for at least part of the

portion of the power-cycle in which dimmer 12 is in conduction. For

example, current controller 24 may be configured to generate control signal

25 such that controlled current source 22 does not pass current when dimmer

12 is 'off , and passes current when dimmer 12 is n ' when current in load

18 is less than a holding current that would maintain dimmer 12 in

conduction. For greater clarity, as used herein, the term "holding current"

means a current that is at least sufficient to maintain a dimmer in conduction.

[0053] In some embodiments, when dimmer 12 is in conduction, as the

current in current monitor 28 drops (e.g. near the trailing edge of the voltage

waveform) and approaches the holding current, current controller 24 may be

configured to generate control signal 25 to cause controlled current source 22

to draw a current equal to the holding current. This would ensure that at

least the holding current is always drawn though dimmer 12. In some

embodiments, when dimmer 12 is in conduction, as the current in current

monitor 28 drops (e.g. near the trailing edge of the voltage waveform) and

approaches the holding current, current controller 24 is configured to

generate control signal 25 to cause controlled current source 22 to draw a

current less than the holding current. In some embodiments, improved energy

efficiency may be achieved by generating control signal 25 to cause

controlled current source 22 to draw a current equal to or slightly greater



than the difference between the holding current and the current drawn by load

18.

[0054] In some embodiments, the current drawn by controlled current

source 22 may be controlled to increase smoothly as the current drawn by

load 18 decreases. In some embodiments, the current drawn by controlled

current source 22 may be controlled to increase stepwise as the current drawn

by load 18 decreases. As those skilled in the art will appreciate, a variety of

manners of controlling the current drawn by controlled current source 22 may

be employed, so long as the combined current drawn by load 18 and

controlled current source 22 is at least the holding current.

[0055] In some embodiments, current controller 24 is configured such

that the current in controlled current source 22 is negatively related to the

current in current monitor 28, at least for a range of current in current

monitor 28, when dimmer 12 is in conduction. In some such embodiments,

the range of current in current monitor 28 for which the current in controlled

current source 22 is negatively related to the current in current monitor 28

runs from zero current to at least the holding current. In some embodiments,

the magnitude of control signal 25 is positively related to the magnitude of the

current in current monitor 28 and the magnitude of the current in controlled

current source 22 is negatively related to the magnitude of control signal 25,

at least when the current in current monitor 28 is less than the holding

current. In other embodiments, the magnitude of control signal 25 is

negatively related to the magnitude of the current in current monitor 28 and

the magnitude of the current in controlled current source 22 is positively

related to the magnitude of control signal 25, at least when the current in

current monitor 28 is less than the holding current.



[0056] In circuit 10A, conventional current flows from the parallel

connection of controlled current source 22 and load 18 into current monitor

28. In some embodiments, a holding current circuit is configured such that

conventional current flows from a current monitor into a parallel connection

of a controlled current source and a load. FIG. 10 shows an example of such

a circuit.

[0057] FIG. IB is a block diagram of an electrical circuit 10B

comprising an example holding current circuit 20B that corresponds to some

(but not all) embodiments. Holding current circuit 20B is similar in several

respects to holding current circuit 20A. Holding current circuit 20B has a

number of elements in common with holding current circuit 20A of FIG. 1A,

which elements are labeled with the same reference numerals and will not be

described in detail again. Holding current circuit 20B differs from holding

current circuit 20A in that holding current circuit 20B comprises a reference

signal source 24A and a subtractor 24B in place of current controller 24.

Conduction monitor signal 27 is provided to reference signal source 24A and

current monitor signal 29 is provided to a first input of subtractor 24B.

Reference signal source 24A provides a conduction dependent reference

signal 25A to a second input of subtractor 24B. Subtractor 24B subtracts

current monitor signal 29 from reference signal 25A to yield a control signal

25B. Control signal 25B is provided to controlled current source 22 to

control the amount of current drawn through controlled current source 22.

[0058] Reference signal source 24A may be configured so that when

dimmer 12 is not in conduction, conduction dependent reference signal 25B is

less than current monitor signal 29. For example, reference signal source

24A may be configured so that when dimmer 12 is not in conduction,

conduction dependent reference signal 25B is zero-valued. Where reference

signal source 24A is so configured, control signal 25B will be zero-valued

when dimmer 12 is not in conduction.



[0059] The current in controlled current source 22, current monitor

signal 29, and control signal 25B constitute a feedback loop. In some

embodiments, as current in controlled current source 22 increases, the

difference between reference signal 24A and current monitor signal 29

shrinks, and the resulting control signal 25B causes controlled current source

22 to draw less current. Reference signal source 24A may be configured so

that when dimmer 12 is in conduction and the current in load 18 is less than a

holding current, an equilibrium is reached in which controlled current source

22 passes sufficient current to maintain at least the holding current though

current monitor 28. In some embodiments, reference signal source 24A is

configured so that when dimmer 12 is in conduction and the current in load

18 is less than the holding current, an equilibrium is reached in which

controlled current source 22 passes a current equal to the difference between

the holding current and the current in load 18.

[0060] FIG. 1C is a block diagram of an electrical circuit IOC

comprising an example holding current circuit 20C that corresponds to some

(but not all) embodiments. Holding current circuit 20C is similar in several

respects to holding current circuit 20B. Holding current circuit 20C has a

number of elements in common with holding current circuit 20B of FIG. IB,

which elements are labeled with the same reference numerals and will not be

described in detail again. Holding current circuit 20C differs from holding

current circuit 20B in that holding current circuit 20C comprises a current

monitor 28' and a reference signal source 24A' that differ from current

monitor 28 and reference signal source 24A, respectively. Current monitor

28' generates current monitor signals 29 and 29' . Current monitor signals 29

and 29' may be the same or different; both are indicative of the current

through current monitor 29. Current monitor signals 29 and 29' are provided

to subtractor 24B and reference signal source 24A' , respectively. Reference

signal source 24A' provides a conduction dependent reference signal 25A ' to

subtractor 24B. Reference signal source 24A' is configured to generate



reference signal 25A ' based at least in part on conduction monitor signal 27

and current monitor signal 29' . Subtractor 24B subtracts current monitor

signal 29 from current reference signal 25A ' to yield control signal 25B.

[0061] Holding current circuit 20C operates in a manner similar to

holding current circuit 20B. A difference between the operation of holding

current circuit 20C and the operation of holding current circuit 20B is that in

holding current circuit 20C both inputs to subtractor 24B, namely current

monitor signal 29 and reference signal 25A' , are based, at least in part, on

the current in current monitor 28' . In some embodiments, as current in

controlled current source 22 increases, the difference between current

reference signal 25A ' and current monitor signal 29 shrinks as a result of

changes to both reference signal 25A ' and current monitor signal 29 (e.g. ,

reference signal 25A ' may decrease as current monitor signal 29 increases).

In comparison with holding current circuit 20B, holding current circuit 20C

may cause controlled current source 22 to respond more quickly to changes in

the current in current monitor 28' .

[0062] In holding current circuits 20A, 20B and 20C, signals 25, 25A,

25A' , 25B, 27, 29 and 29' may comprise analog or digital signals. Signals

25, 25A, 25A' , 25B, 27, 29 and 29' may be embodied in electrical,

magnetic, optical, or other forms. For example, in some embodiments these

signals may comprise analog voltages and/or currents. Controlled current

source 22, current controller 24, reference signal sources 24A, 24A' ,

conduction monitor 26 and current monitors 28, 28' may comprise

components suitable for receiving and/or generating various forms of signals,

and may comprise active and/or passive components. For example, one or

more of controlled current source 22, current controller 24, reference signal

sources 24A, 24A' , conduction monitor 26 and current monitors 28, 28' may

comprise or be implemented as part of a digital logic circuit, microprocessor,

microcontroller, FPGA, programmable logic controller, or the like.



Combinations of components of holding current circuits 20A, 20B and 20C

may be provided in a single physical package, such as, for example, an

integrated circuit.

[0063] FIG. 2 is block diagram of an electrical circuit 30 comprising a

holding current circuit 40 that corresponds to some (but not all) example

embodiments. Holding current circuit 40 comprises a conduction dependent

voltage reference 46. An output of conduction dependent voltage reference

46 provides a conduction dependent reference voltage at node 45A .

Conduction dependent voltage reference 46 is configured to provide two or

more different reference voltages at different times based on the timing of

changes to the conduction state of dimmer 12. Conduction dependent voltage

reference 46 may be configured to detect information about the conduction

state of dimmer 12 based on voltage and/or current passed by dimmer 12.

For example, conduction dependent voltage reference 46 may be connected

to receive rectified, unfiltered AC voltage passed by dimmer 12 (such as by

being connected to voltage supply rail 15A , for example). In some

embodiments, conduction dependent voltage reference 46 is connected

between voltage supply rail 15A and return rail 15B.

[0064] Conduction dependent voltage reference 46 may be configured so

that the reference voltage it provides changes at the conduction angle of

dimmer 12. For example, conduction dependent voltage reference 46 may be

configured to generate a first reference voltage when the voltage on supply

rail 15A is greater than a threshold voltage (e.g. , when dimmer 12 is

conducting current at a non-zero voltage), and to generate a second reference

voltage different from the first reference voltage otherwise (e.g. , when

dimmer 12 is not in conduction). It will be appreciated that where the

voltage on supply rail 15A increases past the threshold voltage at the

conduction angle, the voltage reference will switch from the second reference

voltage to the first reference voltage at the conduction angle. The threshold



voltage may be zero or near zero. In some embodiments, the second

reference voltage is the same as the voltage at return rail 15B.

[0065] The different reference voltages that conduction dependent

voltage reference 46 is configured to provide at node 45A may be stable,

variable (e.g. , controllable), or a combination thereof. For example,

conduction dependent voltage reference 46 may be configured to provide a

variable voltage before the conduction angle of dimmer 12 and to provide a

stable voltage after the conduction angle of dimmer 12. In some

embodiments, conduction dependent voltage reference 46 is configured to

provide an uncontrolled variable voltage before the conduction angle of

dimmer 12 and to provide a controlled variable voltage after the conduction

angle of dimmer 12.

[0066] In some embodiments, conduction dependent voltage reference

46 is configured to change the reference voltage it provides at node 45A

ahead of the conduction angle of dimmer 12. In some embodiments,

conduction dependent voltage reference 46 is configured to change the

reference voltage it provides at node 45A after the conduction angle of

dimmer 12. Conduction dependent voltage reference 46 may be configured

to time the change in a reference voltage that it provides by triggering a timer

(e.g. , an analog timing circuit, a digital timer in a microcontroller or the like,

etc.) at the conduction angle and changing the reference voltage when the

timer expires, for example.

[0067] Holding current circuit 40 comprises a voltage controlled current

source 42 connected between voltage supply rail 15A and node 45B.

Controlled current source 42 is configured to selectively draw current from

dimmer 12. In the illustrated embodiment, controlled current source 42 is

configured to conduct conventional current in the indicated direction only.

Controlled current source 42 is controlled by the voltage difference between

nodes 45A and 45B. In particular, the current in controlled current source 42



is related by gain factor G to the difference v between the voltage at node

45A and the voltage at node 45B. An arrow drawn in stippled line shows the

dependence relationship of the current G V in controlled current source 42 on

the voltage - between nodes 45A and 45B.

[0068] A current-to- voltage converter 44 is connected between node

45B and return rail 15B. Current-to- voltage converter 44 converts the

current through it into a voltage across it, which appears at node 45B. An

optional reverse polarity protector 4 1 is connected between the output of load

18 (the control input of holding current circuit 40) and node 45B. Reverse

polarity protector 4 1 is configured to conduct current from the output of load

18 to node 45B. When reverse polarity protector 4 1 is conducting, the current

in current-to-voltage converter 44 is the sum of the currents in controlled

current source 42 and load 18. Current- to-voltage converter 44 thus functions

as a current monitor.

[0069] The parallel connection of controlled current source 42 and load

18 is in series with current- to-voltage converter 44 such that the current in

current-to- voltage converter 44 is generally the sum of the currents in load 18

and controlled current source 42. Since the voltage developed across current-

to-voltage converter 44 appears at node 45B, the current in controlled current

source 42, which depends on the voltage difference between nodes 45A and

45B, depends on the sum of currents in load 18 and controlled current source

42.

[0070] Holding current circuit 40 may be regarded as an implementation

of holding current circuit 20B. Current- to-voltage converter 44 acts as a

current monitor, developing a voltage at node 45B (a current monitor signal)

proportional to (and therefore indicative of) the current through current-to-

voltage converter 44. Conduction dependent voltage reference 46 acts as a

conduction monitor and reference signal source, generating a conduction

dependent reference voltage at node 45A . By drawing current based on the



difference between the voltages at nodes 45A and 45B, controlled current

source 42 compares a reference signal with a current monitor signal, which

yields a control signal (internal to controlled current source 42) that controls

the current through controlled current source 42.

[0071] It will be appreciated that the configuration of holding current

circuit 40 provides a negative feedback loop on the control of controlled

current source 42. In operation, when the current through load 18 is

sufficiently small to cause a current in current-to-voltage converter 44 that

results in a voltage at node 45B less than the voltage at node 45A, controlled

current source 42 draws current from supply voltage rail 15A to supply

additional current to current- to-voltage converter 44. The current added by

controlled current source 42 to the current in current-to-voltage converter 44

causes the voltage across current- to-voltage converter 44 to increase,

resulting in an increase in the voltage at node 45B, which throttles the current

in controlled current source 42. Thus the series connection of controlled

current source 42 and current-to-voltage converter 44 and the dependence of

the current in voltage controlled current source 42 on the voltage across

current-to-voltage converter 44 constitutes a feedback loop, which stabilizes

the current in controlled current source 42.

[0072] Conversely, when the current through load 18 is sufficiently

large, the current in current-to-voltage converter 44 will result in a voltage at

node 45B greater than the reference voltage at node 45A, under which

condition controlled current source 42 draws no current from supply rail 15A

and dimmer 12.

[0073] In the illustrated embodiment, the current in controlled current

source 42 is positively related to the voltage difference between nodes 45A

and 45B (and thus negatively related to the voltage at node 45B) and current-

to-voltage converter 44 converts current to voltage according to a positive

relationship. In some embodiments, the current in controlled current source



42 is substantially linearly related to the voltage difference between nodes

45A and 45B. In some embodiments, the relationship between the current in

controlled current source 42 and the voltage difference between nodes 45A

and 45B is non-linear. In some embodiments, current-to- voltage converter 44

converts current to voltage according to a substantially linear relationship

(e.g. , Ohm's law). In some embodiments, current- to-voltage converter 44

converts current to voltage according to a non-linear relationship.

[0074] In some embodiments, the current in controlled current source

42 is negatively related to the voltage difference between nodes 45A and 45B

(e.g. , the current in controlled current source may follow a relationship such

as G Vj , and current-to- voltage converter 44 converts current to voltage

according to a negative relationship.

[0075] Controlled current source 42, current-to- voltage converter 44

and conduction dependent voltage reference 46 may be configured so that

controlled current source 42 selectively passes current to maintain a pre

determined equilibrium current level in current-to-voltage converter 44 for at

least part of the portion of the power-cycle in which dimmer 12 is in

conduction. In some embodiments, controlled current source 42, current-to-

voltage converter 44 and conduction dependent voltage reference 46 are

configured such that controlled current source 42 does not pass current when

dimmer 12 is 'off , and passes current when dimmer 12 is 'on' when current

in load 18 is less than a holding current required to maintain dimmer 12 in

conduction. For example, conduction dependent voltage reference 46 may be

configured to provide a first reference voltage at node 45A that is equal to the

voltage on return rail 15A when dimmer 12 is not in conduction, and may be

configured to provide a second reference voltage at node 45A that is greater

than the voltage on return rail 15B when dimmer 12 is in conduction. In

some embodiments, current-to- voltage converter 44 is configured so that the



voltage at node 45B is equal to the second reference voltage when the current

in current- to-voltage converter 44 is equal to the holding current.

[0076] Holding current circuit 40 comprises an optional excess current

bypass 43 connected between node 45C and return rail 15B. Thus excess

current bypass 43 is connected in parallel with the series connection of

reverse polarity protector 4 1 and current- to-voltage converter 44. Excess

current bypass 43 is configured to shunt current away from the series

connection of reverse polarity protector 4 1 and current-to- voltage converter

44 when the current in load 18 is greater than an excess current threshold.

[0077] It will be appreciated that the current in the series connection of

reverse polarity protector 4 1 and current- to-voltage converter 44 is related to

the voltage at node 45C. Excess current bypass 43 is configured to conduct

whenever the voltage difference between node 45C and return rail 15B is

greater than a threshold voltage corresponding to an excess current threshold

for the series connection of reverse polarity protector 4 1 and current-to-

voltage converter 44. In some embodiments, excess current bypass 43 has a

lower impedance when conducting than current- to-voltage converter 44. In

such embodiments, the operation of excess current bypass 43 may

advantageously reduce power dissipation in current-to- voltage converter 44

that would otherwise occur when the current in load 18 is high. The presence

of excess current bypass 43 may permit reverse polarity protector 4 1 and/or

current-to- voltage converter 44 to include components which are rated for

lower power and/or current that would otherwise be required without excess

current bypass 43.

[0078] FIG. 3 is a schematic of an electrical circuit 70. Circuit 70

comprises an example implementation of holding current circuit 40 of FIG. 2 .

Circuit 70 has a number of elements in common with circuit 40 of FIG. 2,

which elements are labeled with the same reference numerals and will not be

described in detail again. Borders in broken line are drawn to surround



components in circuit 70 and numbered to illustrate the correspondence with

elements of holding current circuit 40. The specific components in circuit 70

are examples of components that could be used in holding current circuits of

the general configuration of holding current circuit 40. It will be appreciated

that the operation of circuit 70, and other embodiments comprising circuits of

the general configuration of holding current circuit 40 may not exactly match

the manner of operation described above due to non-ideal behaviours of

physical components (e.g. , turn-on voltages of transistors, and the like).

[0079] In circuit 70, a series connection of a resistor R4 1 and series-

connected diodes D4 1 and D42 provides a conduction dependent reference

voltage at node 75A . One end of resistor R4 1 is connected to voltage supply

rail 15A; the other end of resistor R4 1 is connected to the anode of diode D4 1.

The cathode of diode D42 is connected to return rail 15B. When diodes D4 1

and D42 are conducting (e.g. , when the voltage on supply rail 15A is greater

than the sum of the forward voltages of diodes D4 1 and D42), resistor R4 1

establishes a bias current through diodes D4 1 and D42 , and diodes D4 1 and D42

establish a substantially stable reference voltage at node 75A . When diodes

D4 1 and D42 are not conducting (e.g. , when the voltage on supply rail 15A is

less than the sum of the forward voltages of diodes D4 1 and D42) the voltage at

node 75A is essentially the same as the voltage at supply rail 15A . It will be

appreciated that diodes D4 1 and D42 may be selected so that the sum of their

forward voltages is relatively small compared to the range of voltage on

supply rail 15A. Where diodes D4 1 and D42 are so selected, the reference

voltage provided at node 75A will, in the case of leading-edge phase-cut

dimming, switch between the voltage on supply rail 15A and the sum of the

forward voltages of diodes D4 1 and D42 at the conduction angle of dimmer 12

for a wide range of conduction angles. For example, if AC source 11 is

configured to provide an AC voltage having a peak voltage of 170 volts and

the sum of the forward voltages of diodes D4 1 and D42 is 1.4 volts, the

reference voltage provided at node 75A will, in the case of leading-edge



phase-cut dimming, switch from the voltage on supply rail 15A to 1.4 volts at

any conduction angle between 0.472 degrees and 179.528 degrees.

[0080] In other embodiments, a conduction dependent voltage reference

may be implemented using different combinations and/or arrangements of

components, including diodes, bipolar junction transistors, field effect

transistors (FETs), Schottky diodes, Zener diodes and the like. The

combination and/or arrangement of components may be selected to provide a

desired stable reference voltage during the portion of the power cycle that

dimmer 12 is n ' using analytical techniques known in the art. In some

embodiments the stable voltage provided by a conduction dependent voltage

reference may be manually adjustable or programmable to deliver a desired

stable reference voltage.

[0081] In circuit 70, an npn-type bipolar junction transistor Q4 1 acts as a

controlled current source that draws supplemental current from dimmer 12

when diodes D4 1 and D42 are conducting and the current in load 18 is below a

threshold. A resistor R42 is optionally connected between supply rail 15A and

the collector of transistor Q4 1. In some embodiments, the collector of

transistor Q4 1 is connected directly to supply rail 15A . The base of transistor

Q4 1 is connected to receive the reference voltage at node 75A . The emitter of

transistor Q4 1 is connected to node 75B.

[0082] A Schottky diode D43 is connected between the ground output of

load 18 (node 75C) and node 75B. The anode of Schottky diode D43 is

connected to node 75C; the cathode of Schottky diode D43 is connected to

node 75B. A resistor R43 is connected between node 75B and return rail 15B.

Resistor R43 converts the current through it into a voltage across it, which

appears at node 75B, according to Ohm's law. Series connected diodes D44

and D45 are connected between node 75C and return rail 15B. The anode of

diode D is connected to node 75C. The cathode of diode D =is connected



to return rail 15B. Series connected diodes D44 and D45 providing a path for

excess current to bypass resistor R43 .

[0083] The collector current in transistor Q4 1 is controlled by the voltage

difference between nodes 75A and 75B (i.e. , the base-emitter voltage of

transistor Q4 1) . The voltage at node 75B (i.e. , the voltage at the emitter of

transistor Q4 1) is determined by the current through resistor R43 . When

series-connected diodes D4 1 and D42 are conducting, diodes D4 1 and D42

establish a substantially stable voltage at node 75A (i.e. , at the base of

transistor Q4 1) . Consequently, when series-connected diodes D4 1 and D42 are

conducting, the collector current in transistor Q4 1 depends primarily on the

voltage at node 75B. Because the collector current in transistor Q4 1 is

positively related to the voltage difference between nodes 75A and 75B when

transistor Q4 1 is in active mode (e.g. , when the voltage at node 75A is greater

than the voltage at node 75B by at least the turn-on voltage of Q4 1, but not

sufficiently large to cause transistor Q4 1 to saturate), the collector current in

transistor Q4 1 is negatively related to the current in resistor R43 when

transistor Q4 1 is in active mode.

[0084] When Schottky diode D43 is conducting and current bypass

diodes D44 and D45 are not, the current in resistor R43 is the sum of the

currents in the emitter of transistor Q4 1 and load 18. Resistor R43 may be

configured so that for currents in load 18 less than a threshold (e.g. , the

holding current of dimmer 12), the voltage across R43 attributable to the

current in load 18 is sufficiently less than the reference voltage established by

series-connected diodes D4 1 and D42 such that transistor Q4 1 conducts current

from its collector to its emitter. In embodiments where resistor R43 is so

configured, Q4 1 will draw current through dimmer 12 when it is necessary to

supplement the current drawn by load 18 to maintain a holding current

through dimmer 12.



[0085] Resistor R43 may be selected so that for currents in load 18

greater than a threshold (e.g. , the holding current of dimmer 12), the voltage

across R43 attributable to the current in load 18 is sufficiently large that the

difference between the voltage at the emitter of transistor Q4 1 (node 75B) and

the reference voltage established by series-connected diodes D4 1 and D42 (at

node 75A) is insufficient to cause transistor Q4 1 to conduct current from its

collector to its emitter. In embodiments where resistor R43 is so configured,

Q4 1 will not draw current when the current drawn by load 18 is sufficient to

maintain at least the holding current through dimmer 12. In some

embodiments, R43 is configured so that when the current in R43 is equal to the

holding current, the voltage across R43 is equal to the reference voltage

established by series-connected diodes D4 1 and D42 less the turn-on voltage of

transistor Q4 1.

[0086] It will be appreciated that the configuration of circuit 70 provides

negative feedback control on the collector current of transistor Q4 1 when

dimmer 12 is in conduction. In operation, when the current through load 18

is sufficiently small to cause a current in resistor R43 that results in a voltage

at node 75B sufficiently less than the voltage at node 75A, transistor Q4 1

draws current from voltage supply rail 15A to supply additional current to

resistor R43 . The current added by transistor Q4 1 to the current in resistor R43

causes the voltage at node 75B to increase, which reduces the voltage

difference between nodes 75A and 75B, throttling the collector current of

transistor Q4 1. Thus the series connection of the emitter of transistor Q4 1 and

resistor R43 and the dependance of the collector current of transistor Q4 1 on

the voltage across resistor R43 constitutes a negative feedback loop, which

stabilizes the collector current of transistor Q4 1.

[0087] When dimmer 12 is not in conduction (e.g. , during the 'off

portion of a phase-cut voltage half-wave), the voltage at supply rail 15A and

return rail 15B will be approximately the same. As a result, the voltage at



node 75A cannot be greater than the voltage at node 75B to cause transistor

Q4 1 to conduct, and holding current circuit 40 does not draw current from

supply rail 15A .

[0088] In some embodiments, different combinations and/or

arrangements of components may be used to provide a current-to-voltage

converter. For example, a thermistor and/or a network of resistors may be

used in place of resistor R43 . A current- to-voltage converter may comprise

active components (e.g. , operational amplifiers). The combination and/or

arrangement of components may be selected to provide a desired current to

voltage conversion relationship using analytical techniques known in the art.

[0089] In some embodiments, different combinations and/or

arrangements of components may be used to provide a controlled current

source. For example, components such as FETs, MOSFETs, HEXFETs,

Darlington transistors and the like may be used, alone or in combination, in

place of, or in addition to, npn-type bipolar junction transistor Q4 1. The

combination and/or arrangement of components may be selected to provide a

desired current gain in relation to a target current or voltage using analytical

techniques known in the art.

[0090] Resistor R43 , Schottky diode D43 , and series-connected diodes D4

and D45 may be configured so that when the current in load 18 is greater than

an excess current threshold (e.g. , a threshold greater than the threshold

current above which Q4 1 does not conduct current), the sum of the voltages

across resistor R43 and Schottky diode D43 is equal to the sum of the built-in

potentials (also known in the art as "turn-on voltages" or "on-voltages" or

"diode forward voltage drops") of series-connected diodes D44 and D45 . In

such embodiments, currents in load 18 above the excess current threshold

will cause the voltage at node 75C to be above the sum of the built-in

potentials of series-connected diodes D44 and D45 , which will cause series-

connected diodes O and D4 to conduct. When series-connected diodes O



and D45 conduct, current is shunted away from resistor R43 and the voltage at

node 75C is limited to the sum of the built-in potentials of series-connected

diodes D44 and D45 .

[0091] In some embodiments, the sum of the built-in potentials of

series-connected diodes D44 and D45 is the same as the sum of the built-in

potentials of series-connected diodes D4 1 and D42 . In such embodiments,

when series-connected diodes D44 and D45 are conducting current from the

load, the voltage at node 75C will be approximately the same as the voltage

at the base of transistor Q4 1, and the base-emitter voltage of transistor Q4 1 will

be approximately equal to the voltage across Schottky diode D43 . Where the

built-in potential of Schottky diode D43 is less than the turn-on voltage of

transistor Q4 1 (e.g. , 0.5 volts versus 0.7 volts), the base-emitter voltage of

transistor Q4 1 will be insufficient to cause transistor Q4 1 to conduct under

these conditions.

[0092] In other embodiments, different combinations and/or

arrangements of components may be used to provide an excess current

bypass. For example, any suitable type of diode or diode-connected

transistor may be used in an excess current bypass. The combination and/or

arrangement of components used to provide an excess current bypass may be

selected to provide desired excess current threshold using analytical

techniques known in the art.

[0093] In a particular example embodiment of a holding current circuit

according to holding current circuit 70, resistor R4 1 comprises a resistor

having resistance of 40 ΚΩ, resistor R43 comprises a resistor having

resistance of 22 Ω, and R42 comprises a resistor having a resistance of 22Ω.

It will be appreciated that these example components specifications may be

modified to tune the operation of holding current circuit 70, and that holding

current circuit 70 may work with different component specifications.



[0094] FIGs. 4A and 4B show graphs of modeled time-varying voltages

and currents in an example electrical circuit like circuit 70. Graph 90A

shows a waveform 9 1 representing full-wave, rectified AC voltage on voltage

supply rail 15A . Waveform 9 1 represents an AC voltage having a root mean

square voltage of approximately 120 volts and a frequency of 60 Hertz.

Graph 90B shows three current waveforms. Waveform 92 represents the

current in load 18. Waveform 93 represents the current in resistor R43 .

Waveform 94 represents the current in resistor R42 .

[0095] Graph 90C shows a waveform 95 representing leading-edge

phase-cut rectified AC voltage on voltage supply rail 15A . Waveform 95

represents a leading-edge phase-cut AC voltage derived from an input AC

voltage having a root mean square voltage of approximately 120 volts and a

frequency of 60 Hertz. Graph 90D shows three current waveforms.

Waveform 96 represents the current in load 18. Waveform 97 represents the

current in resistor R43 . Waveform 98 represents the current in resistor R42 .

[0096] It can be seen from graphs 90B and 90D that the peaks of

currents 92 and 96 in load 18 are higher than the peaks of currents 93 and 97

in resistor R43 , which shows that current in load 18 above an excess current

threshold is shunted away from resistor R43 . Between the excess current

threshold and a holding current threshold, all of currents 92 and 96 in load 18

flow into R43 as currents 93 and 97, respectively. As load currents 92 and 96

fall below the holding current threshold, currents 94 and 98 in resistor R42

(i.e. , in the collector of transistor Q4 1) increase to supplement load currents

92 and 96, respectively, to maintain holding currents in resistor R43 .

Conversely, when load current 92 rises from zero to the holding current

threshold level, current in R42 decreases. As can be seen in graphs 90C and

90D, current 98 in resistor R42 is zero during the 'off portion of a phase-cut

voltage half-wave. It will be appreciated that the zero points of input voltage



waveform 9 1 correspond to zero-crossings of the AC voltage provided by AC

source 11, at which points dimmer 12 might be re-triggered.

[0097] FIGs. 5A and 5B show graphs of modeled time-varying voltages

and currents in an electrical circuit like circuit 70. In comparison with the

circuit which provided the waveforms in FIGs. 4A and 4B, the load of the

circuit which provided the waveforms in FIGs. 5A and 5B has a higher

impedance. Graph 100A shows a waveform 101 representing full-wave,

rectified AC voltage on voltage supply rail 15A . Waveform 101 represents

an AC voltage having a root mean square voltage of approximately 120 volts

and a frequency of 60 Hertz. Graph 100B shows three current waveforms.

Waveform 102 represents the current in load 18. Waveform 103 represents

the input current supplied via voltage supply rail 15A. Waveform 104

represents the current in resistor R42 .

[0098] Graph lOOC shows a waveform 105 representing a leading-edge

phase-cut rectified AC voltage on voltage supply rail 15A . Waveform 105

represents a leading-edge phase-cut AC voltage derived from an input AC

voltage having a root mean square voltage of approximately 120 volts and a

frequency of 60 Hertz. Graph 100D shows three current waveforms.

Waveform 106 represents the current in load 18. Waveform 107 represents

the input current supplied via voltage supply rail 15A . Waveform 108

represents the current in resistor R42 .

[0099] It can be seen from graphs 100B and 100D that for load currents

102 and 106 above a holding current threshold, input currents 103 and 107

are slightly larger than and track load currents 102 and 106, respectively. As

load currents 102 and 106 fall below the holding current threshold, current in

R42 increases to maintain input currents 103 and 107 above the holding

current threshold, at least until the input voltage nears zero. Conversely,

when load current 102 rises from zero to the holding current threshold,

current in resistor R42 decreases. As can be seen in graphs lOOC and 100D,



current 108 in resistor R42 is zero during the 'off portion of a phase-cut

voltage half-wave.

[0100] FIG. 6 is a block diagram of an electrical circuit 130 comprising

a holding current circuit 140 according to an example embodiment. Circuit

140 has a number of elements in common with circuit 40 of FIG. 2 , which

elements are labeled with the same reference numerals and will not be

described in detail again. Holding current circuit 140 is connected between

voltage supply rail 15A and return rail 15B.

[0101] Holding current circuit 140 comprises a conduction dependent

controllable voltage reference 146. Conduction dependent controllable voltage

reference 146 may be configured to detect information about the conduction

state of dimmer 12 based on voltage and/or current passed by dimmer 12.

For example, conduction dependent voltage reference 146 may be connected

to voltage supply rail 15A . In some embodiments, conduction dependent

voltage reference 146 is connected between voltage supply rail 15A and

return rail 15B. An output of conduction dependent controllable voltage

reference 146 provides a first reference voltage at node 145A when dimmer

12 is not in conduction and a second controllable reference voltage at node

145A when dimmer 12 is in conduction. Holding current circuit 140 may be

configured to switch between the first and second reference voltage regimes

at the conduction angle of dimmer 12, ahead of the conduction angle of

dimmer 12 or after the conduction angle of dimmer 12.

[0102] The controllable voltage that conduction dependent controllable

voltage reference 146 provides at its output when dimmer 12 is in conduction

is controlled by a feedback control signal 147 from a current feedback source

144. Feedback control signal 147 and conduction dependent controllable

voltage reference 146 are configured so that the output voltage provided by

reference 146 relative to return rail 15B is negatively related to the current

in current feedback source 144.



[0103] Current-to-voltage converter 44 is series connected with current

feedback source 144 between node 145B and return rail 15B. Current-to-

voltage converter 44 converts the current through it into a voltage across it,

which together with the voltage (if any) across current feedback source 144

makes up voltage difference between node 145B and return rail 15B.

Controlled current source 42 is controlled by the voltage difference Vj

between nodes 145A and 145B. In particular, the current in controlled

current source 42 is related by gain factor Gm to the difference V between the

voltage at node 145A and the voltage at node 145B. An arrow drawn in

stippled line shows the dependence relationship of the current G Vj in

controlled current source 42 on the voltage difference Vj between nodes 145A

and 145B.

[0104] When reverse polarity protector 4 1 is conducting, the current j

in current- to-voltage converter 44 and current feedback source 144 is equal to

the sum of the currents in controlled current source 42 and load 18. The

combined current controls both the voltage at node 145A , which depends on

the current in current feedback source 144 via voltage reference 146, and the

voltage at node 145B, which is established by current-to- voltage converter

44. Since the voltage difference between node 145A and 145B controls

voltage controlled current source 42, the sum of the currents in load 18 and

voltage controlled current source 42 controls the current in voltage controlled

current source 42.

[0105] It will be appreciated the configuration of holding current circuit

140 provides negative feedback control on the current in controlled current

source 42. As controlled current source 42 draws more current or as more

current passes through load 18, the voltage developed across current-to-

voltage converter 44 and the current in current feedback source 144 increase.

The increase in voltage across current-to-voltage converter 44 is reflected in a

higher voltage at node 145B. The increase in current in current feedback



source 144 causes conduction dependent controllable voltage reference 146 to

lower the voltage at node 145A . Since the difference between the voltages at

nodes 145A and 145B controls the current in controlled current source 42,

increasing the voltage at node 145B while decreasing the voltage at node

145A throttles the current in controlled current source 42.

[0106] When the current through load 18 is sufficiently large, the

current in current-to-voltage converter 44 will result in a voltage at node

145B greater than the voltage established by conduction dependent

controllable voltage reference 146 at node 145A , under which condition

controlled current source 42 draws no current from dimmer 12. In some

embodiments, current- to-voltage converter 44, conduction dependent

controllable voltage reference 146, current feedback source 144 and

controlled current source 42 are configured so that controlled current source

42 does not draw current from dimmer 12 when the current through current-

to-voltage converter 44 and current feedback source 144 is at least a holding

current.

[0107] When the current through load 18 is sufficiently small, the

current in current-to-voltage converter 44 will result in a voltage at node

145B less than the voltage established by conduction dependent controllable

voltage reference 146 at node 145A , under which condition controlled current

source 42 draws additional current from dimmer 12 (e.g. , via supply rail

15A) to supplement the load current in current-to- voltage converter 44. In

some embodiments, current-to- voltage converter 44, conduction dependent

controllable voltage reference 146, current feedback source 144 and

controlled current source 42 are configured so that controlled current source

42 draws current from dimmer 12 when dimmer 12 is in conduction and the

current in current-to- voltage converter 44 and current feedback source 144 is

less than a holding current.



[0108] Controlled current source 42, current-to- voltage converter 44,

current feedback source 144 and conduction dependent voltage reference 146

may be configured so that controlled current source 42 selectively passes

current to maintain a pre-determined equilibrium current level in current-to-

voltage converter 44 for at least part of the portion of the power-cycle in

which dimmer 12 is in conduction. In some embodiments, current-to-voltage

converter 44, current feedback source 144 and conduction dependent voltage

reference 146 are configured such that controlled current source 42 does not

pass current when dimmer 12 is 'of , and passes current when dimmer 12 is

'on' when current in load 18 is less than a holding current required to

maintain dimmer 12 in conduction. For example, conduction dependent

voltage controllable reference 146 may be configured to provide a first

reference voltage at node 145A when dimmer 12 is not in conduction that is

lower than the lowest voltage in a range of voltages that it may provide at

node 145A when dimmer 12 is in conduction. In some embodiments,

conduction dependent controllable voltage reference 146 and current-to-

voltage converter 44 are configured so that the voltages at nodes 145A and

145B result in no current in controlled current source 42 when the current in

current-to- voltage converter 44 is equal to the holding current.

[0109] FIG. 7 is a schematic of an electrical circuit 170. Circuit 170

comprises an example implementation of holding current circuit 140 of FIG.

6 . Circuit 170 has a number of elements in common with holding current

circuit 140 of FIG. 6, which elements are labeled with the same reference

numerals and will not be described in detail again. Borders in broken line are

drawn to surround components in circuit 170 and numbered to illustrate the

correspondence with elements of holding current circuit 140. The specific

components in circuit 170 are examples of the components that could be used

in holding current circuits of the general configuration of holding current

circuit 140. It will be appreciated that the operation of circuit 170, and other

embodiments comprising circuits of the general configuration of holding



current circuit 140 may not exactly match the manner of operation described

above due to non-ideal behaviours of physical components (e.g. , turn-on

voltages of transistors, and the like).

[01 10] In circuit 170, an npn-type bipolar junction transistor Q 2

provides a conduction dependent controllable reference voltage at its collector

(node 175A). Transistor Q 2 is connected at its collector to a resistor R 1 and

connected at its base to a resistor R 4 . The end of resistor R 1 not connected

to transistor Q 2 is connected to voltage supply rail 15A . The end of resistor

R 4 not connected to transistor Q 2 is connected to node 175B. The emitter

of transistor Q 2 is connected to return rail 15B.

[01 11] When transistor Q 2 is active (e.g. , when the voltage difference

between the base and the emitter of transistor Q 2 is greater than the turn-on

voltage of transistor Q 2), transistor Q 2 establishes a reference voltage at

175A equal to the collector-emitter voltage of transistor Q 2 . When transistor

Q 2 is inactive (e.g. , when the voltage at supply rail 15A is less than the turn-

on voltage of transistor Q 2) , the voltage at node 175A is essentially the same

as the voltage at supply rail 15A . It will be appreciated that transistor Q 2

may be selected so that its turn-on voltage is relatively small compared to the

range of voltage on supply rail 15A . Where transistor Q 2 is so selected, the

reference voltage provided at node 175A will, in the case of leading-edge

phase-cut dimming, switch between the voltage on supply rail 15A and the

emitter-collector voltage of Q 2 at the conduction angle of dimmer 12 for a

wide range of conduction angles.

[01 12] The current in the collector of transistor Q4 1 is controlled by the

voltage difference between nodes 175A and 175B (i.e. , the base-emitter

voltage of transistor Q4 1) . The voltage at node 175A (i.e. , the voltage at the

base of transistor Q4 1) is established by the collector-emitter voltage of

transistor Q 2 , which follows the voltage at the base of transistor Q 2 . Since

there is negligible voltage drop across resistor R 4 , the voltage at the base of



transistor Q 2 approximates the voltage at node 175B (i.e. , the voltage at the

emitter of transistor Q4 1) . Thus the collector current of transistor Q4 1 is

effectively controlled by the voltage difference between node 175B and return

rail 15B (i.e. , the voltage across resistor R43) .

[01 13] When Schottky diode D43 is conducting and current bypass

diodes D44 and D45 (connected between node 175C and return rail 15B) are

not, the current in resistor R43 is equal to the sum of the currents in the

emitter of transistor Q4 1 and load 18. Resistors R 1 and R43 may be selected

so that for currents in load 18 less than a threshold (e.g. , the holding current

of dimmer 12), the voltage across R43 attributable to the current in load 18

causes transistor Q 2 to draw a small enough collector current that the voltage

across R 1 sets the voltage at node 175A to be sufficiently greater than the

voltage at node 175B so as to cause transistor Q4 1 to conduct current from its

collector to its emitter. In embodiments where resistors R 1 and R43 are so

selected, transistor Q4 1 will draw current when it is necessary to supplement

the current drawn by load 18 to maintain at least a holding current through

dimmer 12.

[01 14] Resistors R 1 and R43 may be selected so that for currents in load

18 greater than a threshold (e.g. , the holding current of dimmer 12), the

voltage across R43 attributable to the current in load 18 causes transistor Q 2

to draw a large enough collector current that the voltage across R 1 sets a

voltage at node 175A that is not sufficiently greater than the voltage at node

175B such that transistor Q4 1 does not conduct current from its collector to its

emitter. In embodiments where resistors R 1 and R43 are so selected,

transistor Q4 1 will not draw current from dimmer 12 when the current drawn

by load 18 is sufficient to maintain a holding current through dimmer 12.

[01 15] It will be appreciated that the configuration of holding current

circuit 140 provides negative feedback control on the collector current of

transistor Q4 1. In operation, when the current through load 18 is sufficiently



small to cause a current in resistor R43 that results in a voltage at node 175B

less than the voltage at node 175A, transistor Q4 1 draws current from voltage

supply rail 15A to supply additional current to resistor R43 . As transistor Q4 1

draws more current, additional current flows in resistor R43 , causing the

voltage at node 175B to increase. The increase in voltage at node 175B

causes transistor Q 2 to conduct more current, and this current flows through

resistor R 1. The increase in current in R 1 is reflected in a lower voltage at

node 175A . Since the difference between the voltages at nodes 175A and

175B controls the collector current of transistor Q4 1, increasing the voltage at

node 175B while decreasing the voltage at node 175A throttles the collector

current of transistor Q4 1.

[01 16] When dimmer 12 is not in conduction (e.g. ,during the 'off

portion of a phase-cut voltage half-wave), the voltage at supply rail 15A and

return rail 15B will be approximately the same. As a result, the voltage at

node 175A cannot be greater than the voltage at node 175B to cause transistor

Q4 1 to conduct, and holding current circuit 140 does not draw current from

supply rail 15A .

[01 17] As compared with circuit 70, circuit 170 may be more easily

configured for predictable operation across a range of temperatures.

Whereas in circuit 70, diodes D4 1 and D42 will typically have different

thermal characteristics than transistor Q4 1, in circuit 170, transistors Q4 1 and

Q 2 may be selected to have similar thermal characteristics. As a result, the

operational parameters of transistors Q4 1 and Q 2 (e.g. , intrinsic

semiconductor current between the collector and base, base-emitter voltage

turn-on voltage, gain etc.) will have similar temperature coefficients, and

changes in behaviour of transistors Q4 1 and Q 2 due to changes in temperature

may be similar and self-equalizing due to the feedback configuration of

transistors Q4 1 and Q 2 .



[01 18] FIGs. 8A, 8B, 9A and 9B show graphs of modeled time-varying

voltages and currents in electrical circuits like circuit 170. In comparison

with the circuit which provided the waveforms shown in FIGs. 8A and 8B,

the load of the circuit which provided the waveforms shown in FIGs. 9A and

9B has a higher impedance. Graphs 190A and 200A show, respectively,

waveforms 191 and 201 representing full-wave, rectified AC voltages on

voltage supply rail 15A. Waveforms 191 and 201 represent AC voltages

having root mean square voltages of approximately 120 volts and frequency

of 60 Hertz. Graphs 190B and 200B show, respectively, three current

waveforms. Waveforms 192 and 202 represent the current in load 18.

Waveform 193 represents the current in resistor R43 . Waveform 203

represents the input current supplied via voltage supply rail 15A . Waveforms

194 and 204 represent the current in resistor R42 .

[01 19] Graphs 190C and 200C show, respectively, waveforms 195 and

205 representing leading-edge phase-cut rectified AC voltages on voltage

supply rail 15A. Waveforms 195 and 205 represent leading-edge phase-cut

rectified AC voltages derived from input AC voltages having a root mean

square voltages of approximately 120 volts and frequency of 60 Hertz.

Graphs 190D and 200D show, respectively, three current waveforms.

Waveforms 196 and 206 represent the current in load 18. Waveform 197

represent the current in resistor R43 . Waveform 207 represents the input

current supplied via voltage supply rail 15A . Waveforms 198 and 208

represent the current in resistor R42 .

[0120] Comparison of graphs 90B and 90D with graphs 190B and

190D, and of graphs 100B and 100D with graphs 200B and 200D shows that

the configuration of holding circuit 140 provides a faster response to load

currents that fall below the holding current threshold than holding circuit 40.

In particular, the holding current in resistor R43 is maintained within a

narrower range in holding current circuit 140 as compared with holding



current circuit 40 (i.e. , when load current is below the minimum threshold,

the vertical slope of waveforms 193, 197, 203 and 207 is shallower in

comparison with waveforms 93, 97, 103 and 107). This behaviour is due to

the different current- voltage characteristics transistor Q 2 and diodes D4 1 and

D42 near the forward bias voltage: whereas the current- voltage relationship of

transistor Q 2 is relatively steeply linear, the current- voltage relationship of

diodes D4 1 and D42 is exponential. Thus, as the voltage on rail 15A falls, the

voltage provided at the base of transistor Q42 by diodes D4 1 and D42 "rolls-

off" more gradually as compared with the voltage provided by transistor Q 2 .

Holding current circuit 140 also provides holding current at lower input

voltages than does holding current circuit 40 due to the lower reference

voltage that may be provided by transistor Q 2 (minimum emitter-collector

voltage) as compared to series connected diodes D4 1 and D42 (minimum sum

of forward voltages).

[0121] FIG. 10 is a block diagram of an electrical circuit 230

comprising a holding current circuit 240 according to an example

embodiment. Holding current circuit 240 comprises a current-to-voltage

converter 244 connected between voltage supply rail 15A and node 15B.

Current-to- voltage converter 244 converts the current through it into a

voltage across it, which appears at node 245B. A reverse polarity protector

241 is connected between node 245B and the input of load 18 (the control

input of holding current circuit 240). Reverse polarity protector 241 is

configured to conduct current from node 245B to load 18.

[0122] A conduction dependent voltage reference 246 provides a

conduction dependent reference voltage at node 245A . A voltage controlled

current source 242 is connected between node 245B and return rail 235B.

Controlled current source 242 is controlled by the voltage difference vk

between nodes 245B and 245A . In particular, the current in controlled

current source 242 is related by gain factor Gm to the difference between the



voltage at node 245B and the voltage at node 245A . Thus controlled current

source 242 is connected in parallel with the series connection of load 18 and

reverse polarity protector 241. Since this parallel connection is in series with

a current- to-voltage converter 244, the current in current-to- voltage converter

244 is the sum of the currents in load 18 and controlled current source 242.

[0123] It will be appreciated that the operation of holding current circuit

240 is similar to the operation of holding current circuit 40. Holding current

circuit 240 differs from holding current circuit 40 in the order that current

passes through the current-to-voltage converter (current monitor) and the

controlled current source from supply rail 15A to return rail 15B. As a

result, the polarity of the voltage that controls the controlled current source is

reversed.

[0124] Those skilled in the art will recognize that conduction dependent

voltage reference 246 of holding current circuit 240 may be a stable

conduction dependent voltage reference or may be a controllable conduction

dependent voltage reference (e.g. , of the type used in holding current circuit

140 of FIG. 6). Holding current circuit 240 may comprise a current

feedback source (not shown) in series with current to voltage converter 244,

which may provide a current feedback signal to conduction dependent voltage

reference 246.

[0125] Some embodiments comprise lighting assemblies that comprise

lighting loads. FIG. 11A is a block diagram of a lighting assembly 400

according to an example embodiment. Lighting assembly 400 comprises a

package 402 and externally accessible terminals 404A and 404B. Package

402 may be configured to conform to a standardized bulb package

configuration, such as, for example, general (A), mushroom, pear-shaped

(PS), candle (B), twisted candle, bent-tip candle (CA & BA), flame (F),

fancy round (P), globe (G), flood type (FL), spot type (SP) and/or the like.

Package 402 may be fully or partially transparent and/or translucent. Package



402 may comprise a reflector. In some embodiments, terminals 404A and

404B are configured to conform to a standardized light fitting configuration.

For example, terminals 404A and 404B may comprise an Edison screw,

double contact bayonet, bipin, wedge, recessed double contact light fitting

and/or the like. Terminals 404A and 404B may be connectable to a circuit

comprising a dimmer.

[0126] Lighting assembly 400 comprises a holding current circuit 406

connected between terminals 404A and 404B. Lighting assembly 400 also

comprises lighting control circuit 407 connected between terminal 404A and a

control input of holding current circuit 406. An electric light source 408 is

connected between a control output of lighting control circuit and the control

input of holding current circuit 406. Lighting control circuit 407 may

comprise a switched mode power supply, a controller and other components

useful for controlling and/or conditioning power supplied to electric light

source 408. In some embodiments, electric light source 408 comprises one or

more solid-state light sources, such as, for example, a semiconductor light-

emitting diode (LEDs), an organic light-emitting diodes (OLED), or a

polymer light-emitting diodes (PLED). In some embodiments, electric light

source 408 comprises one or more electrical filaments and/or plasma light

sources.

[0127] FIG. 1IB is a block diagram of a lighting assembly 410

according to an example embodiment. Lighting assembly 410 is substantially

similar to lighting assembly 400, but differs in the arrangement of its

electrical components. Lighting assembly 410 comprises a holding current

circuit 416 connected between terminals 404A and 404B. Lighting assembly

410 also comprises lighting control circuit 407 connected between a control

input of holding current circuit 416 and terminal 404B. Electric light source

408 is connected between a control output of lighting control circuit and

terminal 404B.



[0128] Lighting assemblies 400 and 410 may comprise additional

components, such as diode bridge rectifiers connected between terminals

404A and 404B and holding current circuits 406 and 416, respectively, for

example.

[0129] FIG. 12 is a block diagram of an electrical circuit 420 that

comprises a holding current circuit 430 according to an example embodiment.

Holding current circuit 430 is substantially similar to holding current circuit

40 of FIG. 2, but differs in that it additionally comprises a duty cycle

measurement circuit 422 connected to the reference voltage output of

conduction dependent voltage reference 46. Duty cycle measurement circuit

422 is configured to output a duty cycle signal 423 indicative of the duty

cycle of the phase-cut voltage on supply rail 15A . It will be appreciated that

the conduction dependent reference voltage output at node 45A by conduction

dependent voltage reference 46 may embody duty cycle information. For

instance, in embodiments where conduction dependent voltage reference 46 is

configured to provide different stable voltages on either side of a phase-cut of

voltage on rail 15A, the voltage at node 45A may have the form of a DC

pulse train. Duty cycle measurement circuit 422 may be configured to

extract and/or otherwise condition duty cycle information embodied in the

conduction dependent reference voltage at node 45A .

[0130] FIG. 13A is a block diagram of an example duty cycle measure

422A which may be used as a duty cycle measurement circuit 422 in some

embodiments of the type exemplified by the example embodiment shown in

FIG. 12. Duty cycle measurement circuit 422A comprises an optocoupler

424 that includes an LED 424A and a phototransistor 424B. Voltage across

terminals 423A and 425A causes current to flow through LED 424A, which

causes LED 424A to emit light. Light from LED 424A impinges on

phototransistor 424B, inducing a voltage between the collector and emitter of

phototransistor 424B. Optocoupler 424 provides duty cycle information signal



423 proportional to the current through LED 424A, which is proportional to

the voltage across terminals 423A and 425B. When duty cycle measurement

circuit 422A is used in a holding current circuit, duty cycle information signal

output 423 is galvanically isolated from the holding current circuit by

optocoupler 424.

[0131] FIG. 13B is a block diagram of an example duty cycle

measurement circuit 422B which may be used as a duty cycle measurement

circuit 422 in some embodiments of the type exemplified by the example

embodiment shown in FIG. 12. Duty cycle measure 422B differs from duty

cycle measure 422A in that it comprises a voltage divider 430 that includes

resistor R42 and resistor R429 . Voltage divider 430 causes only a portion of

the voltage between terminals 423B and 425B to fall across LED 424A,

thereby proportionally reducing the magnitude of current in LED 424A and

the amount of light incident on phototransistor 424B.

[0132] FIG. 14 is a flow chart of method 500 for maintaining a holding

current in a dimmer according to an example embodiment. In method 500,

the conduction state of the dimmer is determined (step 514). When the

dimmer is not in conduction (step 514, NO), a controlled current source

draws no current from the dimmer (step 520). When the dimmer is in

conduction (step 514, YES) and the dimmer current is less than the holding

current (step 516, YES), the controlled current source draws more current

from the dimmer (step 522). When the dimmer is in conduction (step 514,

YES) and the dimmer current is less than the holding current (step 516, NO),

the controlled current source draws less current from the dimmer (step 524).

[0133] In some embodiments, method 500 comprises determining

whether the dimmer current is less than the holding current based on a sum

current signal proportional to the sum of the currents in the controlled current

source and a load connected to draw current from the dimmer. In such

embodiments, method 500 comprises a feedback loop. In some such



embodiments, determining whether the dimmer current is less than the

holding current (step 516) may comprise comparing the sum current signal

with a reference signal.

[0134] In some embodiments, method 500 comprises generating a sum

current signal proportional to the sum of the currents in the controlled current

source and the load (optional step 512). It will be appreciated that in

embodiments where the load and the controlled current source are the only

components drawing appreciable amounts of current from the dimmer, the

sum current signal generated in step 512 is strongly indicative of the current

in dimmer. In some embodiments, generating a sum current signal

proportional to the sum of the currents in the controlled current source and

the load comprises summing the currents in the controlled current source and

the load. In some embodiments, generating a sum current signal proportional

to the sum of the currents in the controlled current source and the load

comprises summing a portion of the current in the controlled current source

and a portion of the current in the load. In some embodiments, generating a

sum current signal proportional to the sum of the currents in the controlled

current source and the load comprises generating current monitor signals

indicative of the magnitude of the currents in the controlled current source

and the load, and summing the current monitor signals. A sum current signal

may be generated using different and/or additional methods.

[0135] In some embodiments, method 500 comprises generating a

dimmer conduction signal (optional step 510) indicative of the conduction

state of the dimmer. Generating a dimmer conduction (step 510) signal may

comprise generating a voltage signal based on the voltage output by the

dimmer. In some embodiments, steps 514 and 516 are combined, and

comprise determining a difference between the dimmer conduction signal and

the sum current signal. For example, steps 514 and 516 in combination may



comprise determining a difference between a dimmer conduction voltage

signal and a sum current voltage signal.

[0136] In some embodiments, generating a dimmer conduction signal

(step 510) comprises generating a signal based on the conduction state of the

dimmer and inversely proportioned to sum current signal. In some

embodiments, steps 514 and 516 are combined, and comprise determining a

difference between such a dimmer conduction signal and the sum current

signal.

[0137] In some embodiments, step 510 comprises generating a dimmer

conduction signal indicative of the fact that the dimmer has been in

conduction for at least predetermined period of time rather. In some

embodiments, step 510 comprises generating a dimmer conduction signal

indicative of the fact that the dimmer will enter conduction in less than a pre

determined period of time.

[0138] In the illustrated embodiment, method 500 comprises the

optional steps of bypassing excess load current (step 532) when the load

current is greater than an excess current threshold (step 530). In some

embodiments, step 532 comprises shunting a portion of the current in the load

away from a current monitor configured to generate the sum current signal.

The shunted portion of the sum current may comprise the portion of the load

current in excess of the excess current threshold.

[0139] FIG. 15 is a block diagram of a dimming circuit 600 comprising

a plurality of holding current circuits according to an example embodiment.

Dimming circuit 600 comprises an AC power source 6 11, a phase-cut

dimmer 612 and a plurality of load assemblies (three load assemblies,

individually labeled as 610-1, 610-2 and 610-N are shown in Figure 15, but it

is to be understood that circuit 600 could comprise any number of load



assemblies). Load assemblies 610-1, 610-2 and 610-N are connected to draw

current from dimmer 612 in parallel.

[0140] Each load assembly 610-1, 610-2 and 610-N comprises a

rectifier (614-1, 614-2 and 614-N, respectively), a load (618-1, 618-2 and

618-N, respectively) and a holding current circuit (620-1, 620-2 and 620-N,

respectively). Loads 618-1, 618-2 and 618-N may be lighting loads, such

as, for example, semiconductor light-emitting diodes (LEDs), an organic

light-emitting diodes (OLEDs), polymer light-emitting diodes (PLEDs) or the

like. Holding current circuits 620-1, 620-2 and 620-N are connected to

receive load currents of loads 618-1, 618-2 and 618-N, respectively, and

connected to selectively draw supplementary current from dimmer 612.

Holding current circuits 620-1, 620-2 and 620-N may comprise holding

current circuits having features of one or more of the example holding

current circuits disclosed herein or of other types of holding current circuits.

[0141] Where any one of holding current circuits 620-1, 620-2 and 620-

N is configured so that its respective load assembly draws at least a holding

current from dimmer 612, any current drawn by the other holding current

circuits is unnecessary to maintain at least the holding current in dimmer 612.

Holding current circuits 620-1, 620-2 and 620-N may be configured to jointly

maintain at least a holding current in dimmer 612 in a manner that avoids or

minimizes unnecessary current draws. As one skilled in the art will

appreciate, such a configuration provides increased energy efficiency in

comparison to a system wherein a plurality of holding current circuits each

draw at least the holding current from a single dimmer.

[0142] In some embodiments, circuit 600 is initially turned on, all of

holding current circuits 620-1, 620-2 and 620-N are active, and each of load

assemblies 610-1, 610-2 and 610-N are configured to periodically transmit an

active state signal on the power line (such as, for example a high frequency

spike) indicating the active state of the associated holding current circuit.



Each of load assemblies 610-1, 610-2 and 610-N are configured to receive

active state signals from the other load assemblies 610-1, 610-2 and 610-N .

At a random time interval (which may be different for each of load

assemblies 610-1, 610-2 and 610-N ) each of load assemblies 610-1, 610-2

and 610-N stops sending active state signals and listens for active state signals

from other ones of load assemblies 610-1, 610-2 and 610-N. If a load

assembly 610-1, 610-2 or 610-N receives an active state signal the associated

holding current circuit is deactivated and stops sending active state signals. If

a load assembly 610-1, 610-2 or 610-N does not receive an active state

signal, the associated holding current circuit remains active. Thus, the

holding current circuits of all but one of load assemblies 610-1, 610-2 and

610-N may be deactivated. There is a small chance that the last two of load

assemblies 610-1, 610-2 and 610-N could stop and listen at the same time.

This risk may be mitigated, for example, by providing a "safety round"

wherein each load assemblies 610-1, 610-2 or 610-N keeps sending active

state signals, and stops at a second (different) random time interval. Only

when one of load assemblies 610-1, 610-2 and 610-N hears nothing twice in a

row does it know for sure it is the last assembly with an active holding

current circuit. Alternatively, each of load assemblies 610-1, 610-2 and 610-

N may stop sending active state signals and listen for active state signals from

other ones of load assemblies 610-1, 610-2 and 610-N at a random time,

rather than a random time interval. In such an embodiment, in the case the

last two of load assemblies 610-1, 610-2 and 610-N stop at the same random

time, they will both keep their associated holding current circuit active until

the next time one of them stops.

[0143] In some embodiments, each of holding current circuits 620-1,

620-2 and 620-N is configured to maintain at least a portion of the holding

current in dimmer 612. For example, each of holding current circuits 620-1,

620-2 and 620-N may be configured such that its respective load assembly

draws a current of at least /N f the holding current. In some embodiments,



the portion of the holding current maintained by each of holding current

circuits 620-1, 620-2 and 620-N is configurable. For example, holding

current circuits 620-1, 620-2 and 620-N may comprise interfaces (e.g. ,

physical interface such as switches, or the like, or electronic or electrical

interfaces for receiving signals) for specifying the portion of a holding current

each circuit is to maintain (e.g. , a switch may be set or a signal may be

provided to specify that a number m of holding current circuits are on a

dimming circuit, and the holding current circuit associated with the switch

will maintain a current of at least \lm of the holding current). An interface

may be configurable to specify that an associated holding current circuit is to

maintain a null portion of a holding current (i.e. , that the holding current

circuit is not to draw any current).

[0144] In some embodiments, holding current circuits 620-1, 620-2 and

620-N are communicatively coupled via optional communication links 622.

Communication links 622 may be point-to-point, point-to-multipoint or a

combination thereof. Communication links 622 may comprise wired links

(e.g. , electrical wiring) or wireless links.

[0145] In embodiments where holding current circuits 620-1, 620-2 and

620-N are communicatively coupled via communication links 622, holding

current circuits 620-1, 620-2 and 620-N may be configured to maintain at

least the holding current in dimmer 612 in a coordinated manner. For

example, holding current circuits 620-1, 620-2 and 620-N may be configured

to receive signals indicative of current drawn by the other holding current

circuits, and to draw current from dimmer 612 based at least in part on these

signals.

[0146] In some embodiments, dimming circuit 600 may comprise

additional circuitry (not shown) for disabling all but one of holding current

circuits 620-1, 620-2 and 620-N (or all but a minimum number of holding

current circuits 620-1, 620-2 and 620-N sufficient to maintain the dimmer in



conduction in embodiments wherein each holding current circuit is configured

to draw only a portion of the holding current). Such additional circuitry may

comprise, for example, voltage references, comparators, and sample and hold

circuits configured to receive signals from each of holding current circuits

620-1, 620-2 and 620-N and, in response to a signal indicating that one of

holding current circuits 620-1, 620-2 and 620-N is drawing supplementary

current, provide a disable signal to the other ones of holding current circuits

620-1, 620-2 and 620-N.

[0147] In some embodiments, holding current circuits 620-1, 620-2 and

620-N comprise optional coordination controllers (not shown) that are

communicatively coupled via communication links 622. Coordination

controllers may be configured to communicate with one another by any

suitable protocol (e.g. , a polling protocol, a broadcast protocol, etc.).

[0148] In embodiments where holding current circuits 620-1, 620-2 and

620-N comprise coordination controllers that are communicatively coupled

via communication links 622, the coordination controllers may be configured

to coordinate maintenance of at least a holding current in dimmer 612. For

example, a coordination controller of at least one of holding current circuits

620-1, 620-2 and 620-N may configured to cause its associated holding

current circuit to maintain at least the holding current in dimmer 612, and be

configured to communicate a disable signal to a coordination controller of at

least one other of holding current circuits 620-1, 620-2 and 620-N. The

coordination controller of the at least one other holding current circuit may

configured to cause its associated holding current circuit to not draw current

from dimmer 612 when it receives the disable signal.

[0149] For another example, a coordination controller of each of

holding current circuits 620-1, 620-2 and 620-N may configured to

communicate its existence to the others; to determine, based on

communications of existence from coordination controllers of the other



holding current circuits, the number N of holding current circuits on dimming

circuit 600; and to configure its associated holding current circuit to maintain

a current of at least /N f the holding current.

[0150] Variations on the example embodiments disclosed herein are

within the scope of the invention, including:

• A holding current circuit may be configured for control based on a

portion of the load current drawn by the load. For example, a holding

current circuit may be connectable to a current divider to receive a

portion of the current drawn by the load, and the holding current

circuit may be configured to draw an appropriate holding current based

on the partial load current (e.g. , the effect of a current divider may be

compensated by the configuration of components comprised in the

holding current circuit).

• A holding current circuit may be configured for control based on a

portion the current drawn by the controlled current source. For

example, a holding current circuit may be connectable to a current

divider to receive a portion of the current drawn by the controlled

current source, and the holding current circuit may be configured to

draw an appropriate holding current based on the partial controllable

current (e.g. , the effect of a current divider may be compensated by

the configuration of components comprised in the holding current

circuit);

[0151] Where a component (e.g. , monitor, reference, controller,

converter, current source, reference signal source, feedback source, reverse

polarity protector, voltage reference, subtractor, resistor, transistor,

MOSFET, diode, Schottky diode, rectifier, etc.) is referred to above, unless

otherwise indicated, reference to that component (including a reference to a

"means") should be interpreted as including as equivalents of that component



any component which performs the function of the described component (i.e. ,

that is functionally equivalent), including components which are not

structurally equivalent to the disclosed structure which performs the function

in the illustrated exemplary embodiments of the invention.

[0152] Those skilled in the art will appreciate that certain features of

embodiments described herein may be used in combination with features of

other embodiments described herein, and that embodiments described herein

may be practised or implemented without all of the features ascribed to them

herein. Such variations on described embodiments that would be apparent to

the skilled addressee, including variations comprising mixing and matching of

features from different embodiments, are within the scope of this invention.

[0153] As will be apparent to those skilled in the art in the light of the

foregoing disclosure, many alterations, modifications, additions and

permutations are possible in the practice of this invention without departing

from the spirit or scope thereof. The embodiments described herein are only

examples. Other example embodiments may be obtained, without limitation,

by combining features of the disclosed embodiments. It is therefore intended

that the following appended claims and claims hereafter introduced are

interpreted to include all such alterations, modifications, permutations,

additions, combinations and sub-combinations as are within their true spirit

and scope.



WHAT IS CLAIMED IS:

1. A holding current circuit for maintaining at least a holding current in a

dimmer, the circuit connectable to the dimmer and connectable to a

load connected to draw current from a dimmer, the circuit comprising:

a controlled current source connectable to draw current from the

dimmer in accordance with a control signal;

a conduction monitor operable to generate a conduction monitor

signal indicative of a conduction state of the dimmer;

a current monitor connected to receive at least a portion of the

current drawn by the controlled current source and connectable to

receive at least a portion of a load current drawn from the dimmer by

the load, the current monitor operable to generate a current monitor

signal indicative of a magnitude of the current in the current monitor;

and

a current controller configured to generate the control signal

based on the conduction monitor signal and the current monitor signal

to cause the controlled current source to draw a supplementary current

at least as great as a difference between the holding current and the

load current when the dimmer is in conduction and the load current is

less than the holding current.

2 . The circuit of claim 1 comprising an excess current bypass configured

to shunt current in excess of an excess current threshold away from the

current monitor.

3 . The circuit of claim 2 wherein the excess current threshold is greater

than the holding current.



4 . The circuit of any one of claims 2 and 3 wherein the excess current

bypass is connected in parallel with the current monitor.

5 . The circuit of any one of claims 1 to 4 wherein the current controller is

configured to generate the control signal to cause the controlled current

source to draw a current less than the holding current when the dimmer is in

conduction and the load current is less than the holding current.

6 . The circuit of any one of claims 1 to 4 wherein the current controller is

configured to generate the control signal to cause the controlled current

source to draw a current equal to the difference between the holding current

and the load current when the dimmer is in conduction and the load current is

less than the holding current.

7 . The circuit of any one of claims 1 to 6 wherein the current controller

comprises a conduction dependent reference signal source and a subtractor,

the conduction dependent reference signal source configured to generate a

conduction dependent reference signal based on the conduction monitor

signal, the subtractor configured to generate the control signal based on a

difference between the conduction dependent reference signal and the current

monitor signal.

8 . The circuit of claim 7 wherein the conduction dependent reference

signal source is configured to generate the conduction dependent reference

signal based at least in part on the current monitor signal during at least part

of the time when the dimmer is in conduction, and wherein the conduction

dependent reference signal and the current monitor signal are oppositely

related to the current in the current monitor.



9 . The circuit of any one of claims 7 and 8 wherein the conduction

dependent reference signal source is configured to provide differently valued

conduction dependent reference signals before and after a conduction angle of

the dimmer.

10. The circuit of any one of claims 7 to 9 wherein:

the current monitor comprises a resistive load and the current

monitor signal comprises a voltage across the resistive load;

the conduction dependent reference signal source comprises a

conduction dependent voltage reference and the conduction dependent

reference signal comprises a conduction dependent reference voltage;

and

the controlled current source comprises a voltage controlled

current source, the control signal comprising a voltage difference

between the conduction dependent reference voltage and the voltage

across the resistive load.

11. The circuit of claim 10 wherein the conduction dependent voltage

reference comprises a diode.

12. The circuit of any one of claims 10 and 11 wherein the conduction

dependent voltage reference comprises a transistor.

13. The circuit of any one of claims 10 to 12 wherein the controlled

current source comprises a transistor having its base connected to receive the

conduction dependent reference voltage, its collector connectable to draw

current from the dimmer, and its emitter connected in series with the resistive

load.



14. The circuit of claims 10 to 12 wherein the controlled current source

comprises a transistor having its gate connected to receive the conduction

dependent reference voltage, its source connectable to draw current from the

dimmer, and its drain connected in series with the resistive load.

15. The circuit of any one of claims 10 to 14 comprising a current bypass

diode connected in parallel with the current monitor.

16. The circuit of any one of claims 1 to 15 further comprising a duty cycle

measurement circuit connected to receive the conduction monitor signal and

configured to output a duty cycle signal indicative of a duty cycle of a phase-

cut voltage provided by the dimmer.

17. The circuit of any one of claims 1 to 16 wherein the current controller

is configured to receive a disable signal and, when the disable signal is

received, generate the control signal to cause the controlled current source to

not draw supplementary current.

18. A holding current circuit for maintaining at least a holding current in a

dimmer, the circuit connectable to the dimmer and connectable to a load

connected to draw current from a dimmer, the circuit comprising:

a voltage reference configured to provide a reference voltage

dependent on a conduction state of the dimmer;

a voltage controlled current source connectable to draw current

from the dimmer;

a current-to-voltage converter connected to conduct at least part

of the current from the voltage controlled current source and

connectable to conduct at least part of a load current drawn from the

dimmer by the load,



wherein the controlled current source is controlled by a voltage

difference between the reference voltage and a voltage across the current-to-

voltage converter, and

wherein the controlled current source, voltage reference and current-to-

voltage converter are configured such that when the current-to-voltage

converter is connected to conduct at least part of the load current and the

dimmer is in conduction and the load current is less than the holding current,

the voltage difference between the reference voltage and the voltage across

the current-to-voltage converter causes the controlled current source to draw

a current at least as great as the difference between the holding current and

the load current.

19. The holding current circuit of claim 18 comprising a reverse polarity

protector electrically connectable to conduct at least part of the load current

to the current-to-voltage converter.

20. The holding current circuit of any one of claims 18 and 19 comprising

an excess current bypass diode connected to shunt current in excess of an

excess current threshold away from the current- to-voltage converter.

21. A method for maintaining at least a holding current in a dimmer which

provides power to a load, the method comprising:

providing a controlled current source connected in parallel with

the load;

providing a current monitor connected in series with the

controlled current source and the load such that at least a portion of a

load current drawn from the dimmer by the load flows through the

current monitor, the current monitor configured to generate a current

monitor signal indicative of a magnitude of the current through the

current monitor;



generating a conduction monitor signal indicative of a conduction

state of the dimmer; and,

controlling the controlled current source to selectively draw an

amount of supplementary current based on the current monitor signal

and the conduction monitor signal, wherein the amount of

supplementary current is at least as great as a difference between the

holding current and the load current when the dimmer is in conduction

and the load current is less than the holding current.

22. An LED lighting assembly connectable to a dimmer, the assembly

comprising:

an LED lighting module connectable to draw a load current from

the dimmer; and

a holding current circuit comprising:

a controlled current source connectable to draw current from the

dimmer in accordance with a control signal;

a conduction monitor operable to generate a conduction monitor

signal indicative of a conduction state of the dimmer;

a current monitor connected to receive at least a portion of the

current drawn by the controlled current source and connected to

receive at least a portion of the load current, the current monitor

operable to generate a current monitor signal indicative of a magnitude

of the current in the current monitor; and

a current controller configured to generate the control signal

based on the conduction monitor signal and the current monitor signal

to cause the controlled current source to draw a supplementary current

at least as great as a difference between the holding current and the

load current when the dimmer is in conduction and the load current is

less than the holding current.



23. The LED lighting assembly of claim 22 comprising a diode bridge

rectifier, the LED lighting module and holding current circuit connectable to

draw current from the dimmer via the diode bridge rectifier.

24. The LED lighting assembly of any one of claims 22 and 23 comprising

an excess current bypass configured to shunt current in excess of an excess

current threshold away from the current monitor.

25. A method for maintaining at least a holding current circuit in a

dimmer, the method comprising:

determining a conduction state of the dimmer, and

when the dimmer is in conduction and the current in the dimmer

current is less than the holding current, drawing more current from the

dimmer using a controlled current source.

26. A method according to claim 25 comprising, for at least part of the

time that the dimmer is not in conduction, drawing no current from the

dimmer using the controlled current source.

27. A method according to any one of claims 25 and 26 comprising, when

the dimmer is in conduction and the current in the dimmer current is more

than the holding current, reducing the current drawn from the dimmer by the

controlled current source.

28. A method according to any one of claims 25 to 27 comprising

generating a sum current signal indicative of a sum of the currents in the

controlled current source and a load connected to draw current from the

dimmer, and drawing current from the dimmer based on the sum current

signal using the controlled current source.



29. A method according to claim 28 comprising, when the sum current

signal is greater than an excess current threshold, passing a portion of the

current in the load through an excess current bypass.

30. A method according to any one of claims 28 and 29 comprising

generating a dimmer conduction signal indicative of the conduction state of

the dimmer, and drawing current from the dimmer in proportion to a

difference between the dimmer conduction signal and the sum current signal

using the controlled current source.

31. A method according to claim 30 wherein when the dimmer is in

conduction the dimmer conduction signal is inversely proportional to the sum

current signal.
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