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(57) Abstract: An electronic dimming ballast or light emitting diode (LED) driver for driving a gas discharge lamp or LED lamp
may be operable to control the lamp to avoid flickering and flashing of the lamp during low temperature or low mercury conditions.
Such a ballast or driver may include a control circuit that is operable to adjust the intensity of the lamp. Adjusting the intensity of the
lamp may include decreasing the intensity of the lamp. The control circuit may be operable to stop adjustment of the intensity of the
lamp it a magnitude of the lamp voltage across the lamp is greater than an upper threshold, and subsequently begin to adjust the in-
tensity of the lamp when the lamp voltage across the lamp is less than a lower threshold. Subsequently beginning to adjust the in -
tensity of the lamp may include subsequently decreasing the intensity of the lamp.
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CONTROLLING AN ELECTRONIC DIMMING BALLAST DURING LOW
TEMPERATURE OR LOW MERCURY CONDITIONS

CROSS -REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority from U.S. Patent Application No. 13/777,753, filed
February 26, 2013 entitled “CONTROLLING AN ELECTRONIC DIMMING BALLAST DURING
LOW TEMPERATURE OR LOW MERCURY CONDITIONS”.

BACKGROUND

[0002] In order to reduce energy consumption of artificial illumination sources, the use of
high-efficiency light sources is increasing, while the use of low-efficiency light sources is
decreasing. Examples of high-efficiency light sources may include gas discharge lamps (e.g.,
compact fluorescent lamps), phosphor-based lamps, high-intensity discharge (HID) lamps,
light-emitting diode (LED) light sources, and other types of high-efficacy light sources. Examples
of low-efficiency light sources may include incandescent lamps, halogen lamps, and other

low-efficacy light sources.

[0003] Lighting control devices, such as dimmer switches, for example, may allow for
controlling the amount of power delivered from a power source to a lighting load, such that the
intensity of the lighting load may be dimmed from a high-end (e.g., maximum) intensity to a
low-end (e.g., minimum) intensity. Both high-efficiency and low-efficiency light sources may be

dimmed, but the dimming characteristics of these two types of light sources may differ.

[0004] Due to the increased desire to use more high-efficiency light sources, fluorescent
lamps, for example, are now being installed outdoors where the lamps may be subject to low

operating temperatures. A ballast may be required to regulate the current conducted through a
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fluorescent lamp to properly illuminate the lamp. Fluorescent lamps may not operate correctly and
may flicker if the lamps are dimmed in cold ambient temperatures. This may be intensified if the
lamp has a low mercury concentration. As the lamp is dimmed towards the low-end intensity, the
magnitude of a lamp voltage required to drive the lamp may increase. As the temperature of the
lamp decreases, the magnitude of the lamp voltage required to drive the lamp may further increase.
The increase in lamp voltage required to drive the lamp may cause unnecessary stress on the
electrical components of the ballast, as well as instability in the intensity of the lamp near the
low-end intensity of the lamp, which may consequently produce visible flickering or flashing of the
lamp. A load control device for high-efficiency light sources that may stably dim a light source to

low intensities without flicker in low temperature and/or low mercury conditions may be desired.

[0005] FIG. 1 is a perspective view of an example gas discharge lamp fixture 100. The
fixture 100 may include a ballast 102, lamp sockets 104, and a housing 106. The ballast 102 and the
sockets 104 may be fixed to the housing 106. The lamp sockets 104 may be sized and situated
within the housing 106 to hold the lamps 108. The ballast 102 may have wires 110 to connect the
ballast 102 to the sockets 104 for driving the lamps 108 and for providing heating current.

[0006] FIGs. 2A and 2B show example exterior lamp fixtures 202, 210. These fixtures,
typically made of metal or plastic, are particularly suited for outdoor use. In FIG. 2A, the exterior
fixture 202 includes a housing 204 and a translucent cover 206. The housing 204 may be mounted
to an exterior ceiling or wall. Gas discharge lamps 208 may be attached to the housing via lamp
sockets (not shown). A ballast (not shown) may be contained in the housing, as well. Similarly, the
fixture 210 shown in FIG. 2B includes a housing 212 and a translucent cover 214. This fixture 210
is shown with a compact fluorescent lamp 216. The compact fluorescent lamp 216 may include an
internal ballast contained in the base structure of the lamp. In both examples, the covers 206, 214
may protect the lamps 208, 216 and the ballasts from weather, including water and humidity.
However, the lamps and the ballasts may still be subject to the cold ambient temperatures and the

corresponding effects described above.
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[0007] Additional background may be found in commonly assigned U.S. Patent Application
No. 12/955,988, filed November 30, 2010, entitled METHOD OF CONTROLLING AN
ELECTRONIC DIMMING BALLAST DURING LOW TEMPERATURE CONDITIONS, and
commonly assigned U.S. Patent Application No. 13/629,903 filed September 28, 2012, entitled
FILAMENT MISWIRE PROTECTION IN AN ELECTRONIC DIMMING BALLAST, the entire

disclosures of each of which are hereby incorporated by reference.
SUMMARY

[0008] An electronic dimming ballast for driving a gas discharge lamp may be operable to
control the lamp to avoid flickering and flashing of the lamp during low temperature or low mercury
conditions. Such a ballast may include a control circuit that is operable to adjust the intensity of the
lamp. Adjusting the intensity of the lamp may include decreasing the intensity of the lamp. The
control circuit may be operable to stop adjustment of the intensity of the lamp if a magnitude of the
lamp voltage across the lamp is greater than an upper threshold, and subsequently begin to adjust the
intensity of the lamp when the lamp voltage across the lamp is less than a lower threshold.
Subsequently beginning to adjust the intensity of the lamp may include subsequently decreasing the
intensity of the lamp. The control circuit may be operable to determine a magnitude of the lamp

voltage across the lamp.

[0009] The control circuit may be operable to decrease the intensity of the lamp at a first rate
and subsequently decrease the intensity of the lamp at a second rate. The second rate may be slower
than the first rate. The magnitude of the lamp voltage may depend on a lamp temperature of the
lamp and/or a mercury concentration of the lamp. The control circuit may be further operable to
receive a lamp voltage control signal representative of the magnitude of a lamp voltage across the

lamp.

[0010] Such a ballast may further include an inverter circuit for receiving a DC bus voltage
and for generating a high-frequency output voltage, and a resonant tank circuit for receiving the

high-frequency output voltage and generating a sinusoidal voltage for driving the lamp.
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[0011] A method for driving a gas discharge lamp may include adjusting an intensity of the
lamp, determining a magnitude of a lamp voltage across the lamp, stopping adjustment of the
intensity of the lamp if the magnitude of the lamp voltage across the lamp is greater than an upper
threshold, and subsequently beginning to adjust the intensity of the lamp when the lamp voltage

across the lamp is less than a lower threshold.

[0012] An electronic dimming ballast for controlling the intensity of a gas discharge lamp
may include a control circuit that may be operable to decrease an intensity of the lamp at a first rate,
determine that a magnitude of a lamp voltage across the lamp is above an upper threshold, increase
the intensity of the lamp, determine that the magnitude of the lamp voltage across the lamp is below
a lower threshold, and decrease the intensity of the lamp at a second rate until the magnitude of the
lamp voltage across the lamp is above the upper threshold or the intensity of the lamp is at a target
intensity level. The intensity of the lamp may be increased such that the magnitude of the lamp
voltage across the lamp is equal to or below the upper threshold. The intensity of the lamp may be
periodically increased by a predetermined amount. The target intensity level may be the minimum

intensity of the lamp.

[0013] A method for driving a gas discharge lamp may include decreasing an intensity of the
lamp at a first rate, determining that a magnitude of a lamp voltage across the lamp is above an upper
threshold, increasing the intensity of the lamp, determining that the magnitude of the lamp voltage
across the lamp is below a lower threshold, and decreasing the intensity of the lamp at a second rate
until the magnitude of the lamp voltage across the lamp is above the upper threshold or the intensity

of the lamp is at a target intensity level.

[0014] An electronic dimming ballast for controlling an amount of power delivered to an
electrical load may include a control circuit. The control circuit may be operable to adjust a first
magnitude of a first operating characteristic of the electrical load, measure a second magnitude of a
second operating characteristic of the electrical load, the second operating characteristic different
than the first operating characteristic, stop adjustment of the first magnitude of the first operating

characteristic of the electrical load if the second magnitude of the second operating characteristic
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crosses a first threshold, and subsequently begin to adjust the first magnitude of the first operating
characteristic of the electrical load when the second magnitude of the second operating characteristic
crosses a second threshold. The first operating characteristic may include a load current conducted
through the electrical load. The second operating characteristic may include a load voltage produced

across the electrical load.

[0015] The control circuit may be operable to stop adjustment of a magnitude of the load
current if a magnitude of the load voltage is greater than the first threshold. The control circuit may
be operable to decrease the magnitude of the load current conducted through the load. The control
circuit may be operable to subsequently decrease the magnitude of the load current when the
magnitude of the load voltage is less than the second threshold. The electrical load may include a

gas discharge lamp.

[0016] The control circuit may be operable to increase the magnitude of the load current
conducted through the load. The control circuit may be operable to subsequently increase the
magnitude of the load current when the magnitude of the load voltage is less than the second

threshold. The electrical load may include an LED light source.

[0017] A method for controlling an amount of power delivered to an electrical load may
include adjusting a first magnitude of a first operating characteristic of the electrical load, measuring
a second magnitude of a second operating characteristic of the electrical load, the second operating
characteristic different than the first operating characteristic, stopping adjustment of the first
magnitude of the first operating characteristic of the electrical load if the second magnitude of the
second operating characteristic crosses a first threshold, and subsequently beginning to adjust the
first magnitude of the first operating characteristic of the electrical load when the second magnitude

of the second operating characteristic crosses a second threshold.
BRIEF DESCRIPTION OF THE DRAWINGS
[0018] FIG. 1 is a perspective view of an example gas discharge lamp fixture.

[0019] FIGs. 2A and 2B are perspective views of example outdoor fixtures.

5
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[0020] FIG. 3 is a simplified block diagram of an example of an electronic dimming ballast.

[0021] FIG. 4 is a graph illustrating an example of the relationship between lamp current and

lamp voltage during an adaptive low-end procedure.

[0022] FIG. 5A is an example plot of the magnitude of lamp current with respect to time
during a current-control lockout procedure executed by a control circuit of a ballast when the ballast

strikes a good lamp.

[0023] FIG. 5B is an example plot of the magnitude of lamp current with respect to time
during a current-control lockout procedure executed by a control circuit of a ballast when the ballast

strikes a bad lamp.

[0024] FIG. 6 is a simplified diagram of an example of a current-control lockout procedure

executed by a control circuit of a ballast.

[0025] FIG. 7 is a simplified diagram of another example of a current-control lockout

procedure executed by a control circuit of a ballast.
DETAILED DESCRIPTION

[0026] FIG. 3 is a block diagram of an example of an electronic dimming ballast 300. The
ballast 300 may include a hot terminal H and a neutral terminal N that are adapted to be coupled to
an alternating-current (AC) power source (not shown) for receiving an AC mains line voltage Vac.
The ballast 300 may be adapted to be coupled between the AC power source and a gas discharge
lamp 306 (e.g., a fluorescent lamp). The ballast 300 may be operable to control the amount of power
delivered to the lamp and thus the intensity of the lamp 306. The ballast 300 may include an RFI
(radio frequency interference) filter circuit 310 for minimizing the noise provided on the AC mains,
and a rectifier circuit 320 for generating a rectified voltage Vrger from the AC mains line

voltage Vac. The ballast 300 may include a boost converter 330 for generating a direct-current (DC)
bus voltage Vgus across a bus capacitor Cgus. The DC bus voltage Vpys may have a magnitude

(e.g., approximately 465 V) that is greater than the peak magnitude Vpg of the AC mains line
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voltage Vac (e.g., approximately 170 V). The boost converter 330 may operate as a power-factor
correction (PFC) circuit for improving the power factor of the ballast 300. The ballast 300 may
include a load control circuit 340 that includes an inverter circuit 346 and a resonant tank circuit 348.
The inverter circuit 346 may convert the DC bus voltage Vgus to a high-frequency AC voltage. The
resonant tank circuit 348 may couple the high-frequency AC voltage generated by the inverter

circuit to filaments of the lamp 306.

[0027] The ballast 300 may include a control circuit 360 for controlling a present

intensity Lpgrgs of the lamp 306 to a target intensity Ltarger between a low-end (e.g., minimum)
intensity Lig (e.g., 1%) and a high-end (e.g., maximum) intensity Lug (e.g., 100%). The control
circuit 360 may include a microprocessor, a microcontroller, a programmable logic device (PLD), an
application specific integrated circuit (ASIC), or any suitable type of controller or control circuit.
The control circuit 360 may be coupled to the inverter circuit 346 and provide a drive control

signal Vprrve to the inverter circuit for controlling the magnitude of a lamp voltage Vi, generated
across the lamp 306 and a lamp current I;, conducted through the lamp. The present intensity Lprgs
of the lamp 306 may be proportional to the magnitude of the lamp current Iy, that is presently being
conducted through the lamp. The control circuit 360 may be operable to turn the lamp 306 on and
off, and adjust (e.g., dim) the present intensity Lpgrs of the lamp. The control circuit 360 may
receive a lamp current feedback signal Vg, which may be generated by a lamp current
measurement circuit 370 and is representative of the magnitude of the lamp current Ir.. The control
circuit 360 may execute a current control routine to adjust the present intensity Lprgs of the lamp 306
by controlling the magnitude of the lamp current I, supplied to (e.g., and conducted through) the

lamp.

[0028] The control circuit 360 may receive a lamp voltage feedback signal Vig.yr, which
may be generated by a lamp voltage measurement circuit 372, and is representative of the magnitude
of the lamp voltage V. The control circuit 360 may infer a lamp temperature Ty, of the fluorescent
lamp 306 from the magnitude of the lamp voltage V1. Since the lamp voltage Vi, may depend on the
lamp temperature Ty, of the fluorescent lamp 306, the lamp voltage feedback signal Vg vy generated

by the lamp voltage measurement circuit 372 may be representative of the lamp temperature Ty, of
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the fluorescent lamp 306. The ballast 300 may include a power supply 362, which may receive the
bus voltage Vgus and generate a DC supply voltage Ve (e.g., approximately five volts) for

powering the control circuit 360 and other low-voltage circuitry of the ballast.

[0029] The ballast 300 may include a phase-control circuit 390 for receiving a phase-control
voltage Vpc (e.g., a forward or reverse phase-control signal) from a standard phase-control dimmer
(not shown). The control circuit 360 may be coupled to the phase-control circuit 390, such that the
control circuit 360 may be operable to determine the target intensity Ltargrr and a corresponding
target lamp current Itargger for the lamp 306 from the phase-control voltage Vpe. The ballast 300
may include a communication circuit 392, which may be coupled to the control circuit 360 and
allows the ballast to communicate (e.g., transmit and receive digital messages) with the other control
devices on a communication link (not shown), e.g., a wired communication link or a wireless
communication link, such as a radio-frequency (RF) or an infrared (IR) communication link.
Examples of ballasts having communication circuits are described in greater detail in commonly-
assigned U.S. Patent No. 7,489,090, issued February 10, 2009, entitled ELECTRONIC BALLAST
HAVING ADAPTIVE FREQUENCY SHIFTING; U.S. Patent No. 7,528,554, issued May 5, 2009,
entitled ELECTRONIC BALLAST HAVING A BOOST CONVERTER WITH AN IMPROVED
RANGE OF OUTPUT POWER; and U.S. Patent No. 7,764,479, issued July 27, 2010, entitled
COMMUNICATION CIRCUIT FOR A DIGITAL ELECTRONIC DIMMING BALLAST, the
entire disclosures of which are hereby incorporated by reference. The ballasts 312 may be two-wire
ballasts operable to receive power and communication (e.g., digital messages) via two power lines
from the digital ballast controller 310, for example, as described in greater detail in U.S. Patent
Application No. 13/359,722, filed January 27, 2012, entitled DIGITAL LOAD CONTROL
SYSTEM PROVIDING POWER AND COMMUNICATION VIA EXISTING POWER WIRING,

the entire disclosure of which is hereby incorporated by reference.

[0030] As disclosed herein, the control circuit 360 may use a current-control lockout
procedure to control the present intensity Lprgs of the fluorescent lamp 306 (e.g., via the lamp
current Iy, that may be conducted through the lamp) throughout the operation of a ballast 300. Cold

lamps and/or lamps with low mercury concentration may require high (e.g., extremely high) voltages
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at low currents to operate. For example, cold lamps and/or lamps with low mercury concentration
may require twice as much voltage (e.g., approximately 360 volts) to operate at low currents than
lamps operating under normal conditions at low currents, which may require, for example,
approximately 180 volts. Therefore, lamps that are cold and/or have low mercury concentration may
require higher voltages to operate at lower intensity levels (e.g., which correspond to lower operating
currents). Potential issues relating to operating lamps at high voltages are described herein (e.g.,
flickering). The current-control lockout procedure disclosed herein may deter the ballast 300 from
operating the lamp 306 at high voltages by controlling the present intensity Lprpg of the lamp 306
(e.g., via the lamp current Iy, that is conducted through the lamp). As the lamp 306 heats up and/or
more mercury is released, the lamp voltage Vi, required for operation at low-end intensities may
drop. As the magnitude of the lamp voltage Vi required for operation at low-end is reduced, the
current-control lockout procedure may allow the lamp 306 to reach its actual low-end intensity or
current level. The current-control lockout procedure described herein may be incorporated into an

electronic dimming ballast, such as via a control circuit as described in connection with FIG. 3.

[0031] The control circuit 360 may compare the magnitude of the lamp voltage Vi, to an
upper voltage threshold Vpyp and a lower voltage threshold Vi ow. The upper voltage

threshold Vry.up may represent an upper limit of the lamp voltage Vi, below which the lamp 306
exhibits consistent and desired performance. For example, if the lamp voltage Vi, exceeds the upper
voltage threshold Vri.up, the lamp 306 may flicker or otherwise exhibit less than ideal performance.
The lower voltage threshold Vru.1ow may represent a guideline that may be used to determine when
the magnitude of the lamp voltage Vi is sufficiently low that dimming of the lamp 306 may occur
without hampering the desired performance of the lamp. The upper voltage threshold Vriyp and the
lower voltage threshold Vru.row may be fixed or adjustable. The upper voltage threshold Ve
and the lower voltage threshold Vi1 ow may be configured specifically for the ballast 300 and/or
type of lamp being controlled. If the magnitude of the lamp voltage Vi exceeds the upper voltage
threshold Vru.up, the control circuit 360 may be operable to lockout the current control routine to

freeze (e.g., stop adjustment of) the lamp current Iy, until the lamp 306 warms up and the magnitude
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of the lamp voltage drops below the lower voltage threshold Vrurow, after which the control circuit

may begin to adjust the lamp current I;, once again.

[0032] FIG. 4 is a graph showing an example relationship between the lamp current Iy, and
the lamp voltage Vi, during a current-control lockout procedure executed by a control circuit of a
ballast (e.g., the control circuit 360 of the ballast 300 of FIG. 3). The example scenario of FIG. 4
may be where a control circuit is attempting to control a cold and/or mercury depleted lamp to the
low-end intensity Lk (e.g., the minimum intensity level). An example scenario may include the
following. At 1021, when first struck and attempting to dim to low-end intensity L; g, the lamp 306
may be operating with an I-V (e.g., current-voltage) curve 1002. The control circuit 360 may adjust
the present intensity Lprgs of the lamp 306 by adjusting the lamp current I, at a first rate (e.g., an
initial or pre-lockout rate). For example, the control circuit 360 may decrease the present

intensity Lprps towards the target intensity Lrarger, which may be the low-end intensity Ly g of the

lamp 306 (e.g., at lamp current level 1016).

[0033] At 1022, if the magnitude of the lamp voltage Vi is equal to or exceeds the upper
voltage threshold Vrr.up (e.g., at lamp current level 1012), then the control circuit 360 may stop
adjusting the lamp current I}, and maintain the magnitude of the lamp current constant for a period of
time. As the lamp 306 heats up and/or more mercury is released, the I-V curve may begin to flatten
out (e.g., as shown by the progression from I-V curve 1002, to I-V curve 1004, to I-V curve 1006, to
I-V curve 1008, to I-V curve 1010). After a period of time while the lamp current I;, is maintained
constant, the I-V curve may begin to flatten out and/or reach its characteristic shape, for example, by
leveling out from the I-V curve 1002 to the I-V curve 1004. If the I-V curve adjusts such that the
magnitude of the lamp voltage Vi, drops below the lower voltage threshold V10w, the control
circuit 360 may once again begin decreasing the lamp current Iy, towards the target lamp

current Itarger (e.g., at 1023 as shown in FIG. 4), for example, at a second rate (e.g., a post-lockout

rate) that may be slower than the first rate.

[0034] If the magnitude of the lamp voltage Vi, overshoots the upper voltage
threshold Vr.up as the magnitude of the lamp current I, is decreasing (e.g., at 1022 in FIG. 4), the

10
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control circuit 360 may increase the magnitude of the lamp current at a predetermined rate or by a
predetermined amount, for example, until the magnitude of the lamp voltage is once again below the
upper voltage threshold Vriup. The magnitude of the lamp current Iy, may be periodically increased
by the predetermined amount (e.g., every 104 psec). After the magnitude of the lamp voltage Vi is
below the upper voltage threshold Vr.up, the control circuit 360 may then stop adjusting the lamp
current Iy The control circuit 360 may anticipate that the magnitude of the lamp voltage Vi, will
meet or exceed the upper voltage threshold Vriup and adjust accordingly (e.g., stop, reduce the rate
at which the intensity of the lamp may be decreasing, etc.), for example, such that the magnitude of

the lamp voltage may not exceed the upper voltage threshold.

[0035] At 1024, if the magnitude of the lamp voltage Vi meets or exceeds the upper voltage
threshold Vri.up again, then the control circuit 360 may freeze the target intensity Lrarger of the
lamp 306 for a period of time (e.g., as shown at current level 1014) and/or may increase the
magnitude of the lamp current Iy, at a predetermined rate or by a predetermined amount if there is an
overshoot of the lamp voltage Vi. This may be a similar process as described above when the lamp
current Iy, reached current level 1012. For example, the current-control lockout procedure may
freeze adjustment of the lamp current I}, and/or may increase the lamp current I, until the magnitude

of the lamp voltage Vi is below the upper voltage threshold Vr.up.

[0036] At 1025, if the magnitude of the lamp voltage Vi, drops below the lower voltage
threshold Vrirow, then the control circuit 360 may once again begin decreasing the magnitude of
the lamp current Iy, at the second rate or a third rate that is slower than the second rate. At this point,
the I-V curve 1006 may not have settled to its characteristic shape, for example, as represented by
I-V curve 1010 in FIG. 4. Even though the I-V curve had yet to reach its characteristic shape, the
control circuit 360 may be able to adjust the present intensity Iprgs of the lamp 306 (e.g., via

adjusting the lamp current I ), such that the lamp reaches the low-end intensity Li.

[0037] Although the scenario of FIG. 4 includes two instances of the magnitude of the lamp
voltage Vi exceeding the upper voltage threshold Vi yp (e.g., at lamp current level 1012 and lamp

current level 1014), the current-control lockout procedure may be implemented in scenarios where

11
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the magnitude of the lamp voltage Vi meets or exceeds the upper voltage level Vrg.up any number

of times (e.g., any number greater than or equal to one).

[0038] FIG. 5A is an example plot of the magnitude of the lamp current Iy, with respect to
time on a good lamp during a current-control lockout procedure executed by a control circuit of a
ballast (e.g., the control circuit 360 of the ballast 300) when the lamp is first turned on to the low-end
intensity Lig. FIG. 5B is an example plot of the magnitude of the lamp current I;, with respect to
time on a bad lamp during a current-control lockout procedure executed by a control circuit of a
ballast (e.g., the control circuit 360 of the ballast 300) when the lamp is first turned on to the low-end

intensity Lig.

[0039] After the lamp 306 strikes at time t;, for example as shown in FIG. 5A, the control
circuit 360 may control the present intensity Lprps of the lamp 306 on to an initial intensity Linir
(e.g., approximately 15%) and then decrease the present intensity Lprps of the lamp 306 to the target
intensity Lrarger at time t; using the first fade rate (e.g., the initial rate). Specifically, the control
circuit 360 is operable to decrease the magnitude of the lamp current Iy, of the lamp 306 from an
initial current Inir (e.g., which may correspond to the initial intensity Linir) to the target

current Iarger (e.g., which may correspond to the target intensity Lrarger). For example, the target
intensity Ltarger may be the low-end intensity Lig (e.g., approximately 5%) at which the magnitude
of the lamp current I} may be controlled to a low-end current I g. In addition, the first fade rate may
be a constant fade rate (e.g., approximately 1/3% per second) equivalent to approximately 30
seconds from the initial intensity Linir (e.g., 15%) to the low-end intensity L (e.g., approximately
5%). Such a fade rate may be utilized because it may be slow enough that a user may not be able to
notice that the lamp 306 is actively dimming. After the magnitude of the lamp current I; reaches the
low-end current Iy g at time t,, the control circuit 360 maintains the magnitude of the lamp current Iy,
constant at the low-end current Iy . Thus, as shown in FIG. 5A, the control circuit 360 may decrease
the magnitude of the lamp current Iy to the target current Itarger at the first fade rate on a good lamp
without freezing adjustment of the lamp current Iy, (e.g., without the magnitude of the lamp

voltage Vi exceeding the upper threshold level Vrpup).

12
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[0040] The magnitude of the lamp voltage Vi, may be checked (e.g., periodically checked) to
determine if the magnitude of the lamp voltage Vi meets or exceeds the upper voltage

threshold Vry.up. If at any time (e.g., during a dimming procedure) the magnitude of the lamp
voltage Vi meets or exceeds the upper voltage threshold Vyyp, the control circuit 360 may operate
to freeze adjustments of the lamp current Iy, until the magnitude of the lamp voltage drops below the
lower voltage threshold Vniow. For example, when the lamp 306 is first struck at time t; as shown
in FIG. 5B, the control circuit 360 may decrease the magnitude of the lamp current I, from the initial
lamp current Ipyr at the first rate. When the magnitude of the lamp current Iy, drops to an
intermediate lamp current Inter (e.g., which may correspond to a present intensity Lpres of
approximately 8%), the magnitude of the lamp voltage Vi, may meet or exceed the upper voltage
threshold Vrg.up. When the magnitude of the lamp voltage Vi, meets or exceeds the upper voltage
threshold Vry.up at time t; in FIG. 5B, the control circuit 360 stops decreasing the present

intensity Lprgs of the lamp 306, and maintains the magnitude of the lamp current I;. constant.

[0041] If the magnitude of the lamp voltage Vi, drops below the lower voltage

threshold Vi row, the control circuit 360 may decrease the present intensity Lprgs of the lamp 306
at the second fade rate (e.g., the post-lockout rate) as shown at time t; in FIG. 5B. The control
circuit 360 may decrease the present intensity Lprgg until the present intensity reaches the target
intensity Lrarger or the magnitude of the lamp voltage Vi exceeds the upper voltage

threshold Vrup. The second fade rate may be slower than the first fade rate. For example, as
illustrated in FIG. 5B, the second fade rate at which the control circuit 360 may decrease the present
intensity Lpgrpg of the lamp 306 may be approximately three times slower than the first fade rate.
The second fade rate may be sized such that adjustment of the present intensity Lprgs of the

lamp 306 at the second fade rate is not visually perceptible to a user. When the magnitude of the
lamp current Iy, reaches the target lamp current Itarger (e.g., the low-end current I g) at time t4, the

control circuit 360 stops adjusting the lamp current Iy..

[0042] FIG. 6 is a simplified diagram of an example of a current-control lockout
procedure 600, which may be executed by a control circuit of a ballast (e.g., the control circuit 360

of the ballast 300 as depicted in FIG. 3). The current-control lockout procedure 600 may begin
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when a lamp is first turned on and continue during normal operation of the ballast 300. For example,
the current-control lockout procedure 600 may be executed periodically, for example, about every

104 microseconds.

[0043] The current-control lockout procedure 600 may run in concert with the current control
routine that controls the present intensity Lprges of the lamp 306 to a desired intensity level (e.g.,
target intensity Lrarger). For example, when the present intensity Lprgs of the lamp 306 is adjusted
(e.g., dimmed) to a low-end intensity Lig (e.g., at or near the minimum intensity of the lamp), the
current control routine may cause the present intensity Lprgs of the lamp to be decreased. The
present intensity Lpres of the lamp 306 may be decreased by controlling (e.g., decreasing) the lamp
current Iy, conducted through the lamp. The desired lamp level may be set by the user. In response,
the current control routine may control the present intensity Lprgs of the lamp 306 to the desired
intensity level by adjusting the magnitude of the lamp current I;, being conducted through the lamp.
For example, when the lamp 306 is first struck (e.g., when the lamp is cold) and the desired lamp
level is relatively low (e.g., below 15%), the current control routine may decrease the present
intensity Iprps of the lamp at a relatively slow fade rate, for example, a fade rate equivalent to
approximately a 30 second fade from 15% lamp current to 5% lamp current. Such a fade rate may
be utilized because it may be slow enough that a human observer may not be able to notice that the

lamp is actively dimming.

[0044] At 604, the control circuit 360 may sample (e.g., periodically sample) the lamp
voltage feedback signal Vypyr. For example, as described herein, the lamp voltage feedback signal
Vig.yvr may be representative of the lamp voltage (V1) and accordingly the lamp temperature Ty, of
the lamp 306. At 606, the control circuit 360 may determine if the current control routine is
presently locked, for example, by determining whether a LOCKOUT flag is set. For example, the
adjustment of the lamp current I, by the current control routine may be stopped, and the LOCKOUT
flag (e.g., a software variable, memory location, or the like) may indicate and/or cause the

adjustment of the lamp current to stop.
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[0045] If the LOCKOUT flag is not set, at 608, the control circuit 360 may determine (e.g.,
periodically determine) whether or not the magnitude of the lamp voltage Vi is at or above the upper
voltage threshold (Vrnup). The control circuit 360 may sample the lamp voltage feedback

signal Vyp_yp and determine whether or not the magnitude of the lamp voltage V1 is at or above the

upper voltage threshold Vriup, for example, on a periodic basis or a substantially continuous basis.

[0046] If the magnitude of the lamp voltage Vi, is less than the upper voltage threshold
Vrr.vp, then the control circuit 360, at 610, may set the LOCKOUT Flag. Setting the LOCKOUT
flag may effectively stop the current control routine from adjusting the lamp current I;.. If the
magnitude of the lamp voltage Vi is not less than the upper voltage threshold Vrp.up, then the
current-control lockout procedure 600 may end. The current-control lockout procedure may run
again at the next period (e.g., in 104 psec), for example, as mentioned above. This decision point, at
608, and the corresponding action, at 610, may insure that the magnitude of the lamp voltage Vi,
does not exceed the upper threshold voltage Vi up, for example, as illustrated at 1022 and 1024 in

FIG. 4.

[0047] When the LOCKOUT Flag is set, the control circuit 360 may determine, at 612,
whether the magnitude of the lamp voltage Vi is less than a lower voltage threshold Vyp. If the
magnitude of the lamp voltage V is not less than a lower voltage threshold Vi yp, the current-
control lockout procedure 600 may end. The current-control lockout procedure 600 may run again at
the next period, for example, as mentioned above. If the magnitude of the lamp voltage Vi is less
than a lower voltage threshold Vriow, the LOCKOUT Flag may be cleared, at 614. This may, in
effect, allow the control current routine begin adjusting the magnitude of the lamp current Iy, to
control the magnitude of the lamp to the desired intensity level. For example, subsequent to
stopping adjustment of the present intensity Lprgs of the lamp 306, the control circuit 360 may begin
to adjust the present intensity Lprps when the magnitude of the lamp voltage Vi, crosses the second
threshold (e.g., the lower voltage threshold Vi /). This subsequent adjustment, which may be a
restarting of the current control routine, may correspond to 1023 and 1025 in the example illustrated

in FIG. 4.
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[0048] The current control routine may adjust the present intensity Lprgs of the lamp 306 to
the desired intensity level at one or more fade rates. These fade rates may determine how quickly
the control loop drives the lamp to the desired intensity level. This process 600 may have two fade
rates, for example, a pre-lockout fade rate and a post-lockout fade rate. Typically, the post-lockout
fade rate may be slower than the pre-lockout fade rate. At about the time the LOCKOUT Flag is
cleared, at 614, the operable fade rate may be the post-lockout fade rate. This action may be
consistent with the two fade rates illustrated in FIG. 5B. The rates may be selected to ensure that the
intensity of the lamp does not fade too quickly and cause the iteration to repeat and the lamp to

oscillate.

[0049] FIG. 7 is a simplified diagram of another example of a current-control lockout
procedure 700 executed by a control circuit of a ballast (e.g., the control circuit 360 of the

ballast 300 of FIG. 3). With regard to steps 604-616, the current-control lockout procedure 700 of
FIG. 7 may operate, for example, as described herein with reference to current-control lockout
procedure 600. When the LOCKOUT Flag is set, at 702, the control circuit 360 may determine
(e.g., periodically determine) whether or not the magnitude of the lamp voltage V1 is at or above the
upper voltage threshold Vi yp. If the magnitude of the lamp voltage V1 is at or above the upper
voltage threshold Vi yp) at this point in the procedure, the control circuit 360 may decrease the
magnitude of the lamp voltage Vi, for example, by an amount AVy. For example, the magnitude of
the lamp voltage Vi may be decreased by increasing the present intensity Lprgs of the lamp 306 (i.e.,
by increasing the magnitude of the lamp current I;). This additional action may serve to correct the
magnitude of the lamp voltage Vi in the event that the magnitude of the lamp voltage Vi, overshoots
the upper voltage threshold Vrpup. 1If the magnitude of the lamp voltage Vi is not at or above the
upper voltage threshold Vriup, the lamp voltage may be compared to the lower threshold, for
example, at 612 as described herein. The amount AV may be a predetermined amount. The
amount AV, may be a dynamically determined amount, for example, an amount equal to the

difference between the sampled lamp voltage and the upper threshold.

[0050] It should be understood that the current-control lockout procedures disclosed herein

have been described in connection with electronic dimming ballasts and fluorescent lamps for
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illustrative purposes only. The processes described herein may be applied in other types of load
control devices, such as, for example, light-emitting diode (LED) drivers for controlling LED light
sources, as well as load control devices for controlling other types of high-efficacy light sources. In
LED drivers, the lamp voltage across the LED light source may increase (e.g., increase drastically)
when the LED light source is cold and the lamp current conducted through the LED light source is
increasing. In this sense, the V-I curve for the LED light source may be generally flipped on the
vertical axis and similarly shaped as those shown for ballasts in FIG. 4. It should also be understood
that while the current-control lockout procedures disclosed herein have been described in regards to
monitoring a magnitude of a lamp voltage of an electronic dimming ballast in order to control a lamp
current conducted through a fluorescent lamp, the processes described herein may be applied to
other measurable operating characteristics of an electronic dimming ballast, an LED driver, or other

load control device.

[0051] A procedure, for example, may include adjusting the magnitude of a first operating
characteristic of the electrical load and measuring the magnitude of a second operating characteristic
of the electrical load. The second operating characteristic may be different than the first operating
characteristic. For example, the first operating characteristic may include a load current conducted
through the load, and the second operation the second operating characteristic may include a load

voltage produced across the load.

[0052] If the magnitude of the second operating characteristic crosses a first threshold,
adjustment of the magnitude of the first operating characteristic may be stopped. When the second
operating characteristic crosses a second threshold, adjustment of the magnitude of the first

operating characteristic may subsequently begin (e.g., restart following the stopping).

[0053] For gas discharge lamps, for example, the adjustment of the magnitude of the first
operating characteristic may include decreasing the magnitude of the load current conducted through
the load. Similarly, the subsequent beginning adjustment may include subsequently decreasing the

magnitude of the load current.
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[0054] For LED light sources, for example, the adjustment of the magnitude of the first

operating characteristic may include increasing the magnitude of the load current conducted through

the load. Similarly, the subsequent beginning adjustment may include subsequently increasing the

magnitude of the load current.
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CLAIMS

1. A method for controlling an amount of power delivered to an electrical load, the method
comprising:

adjusting a first magnitude of a first operating characteristic of the electrical load;

measuring a second magnitude of a second operating characteristic of the electrical load, the
second operating characteristic different than the first operating characteristic;

stopping adjustment of the first magnitude of the first operating characteristic of the electrical
load if the second magnitude of the second operating characteristic crosses a first threshold; and

subsequently beginning to adjust the first magnitude of the first operating characteristic of
the electrical load when the second magnitude of the second operating characteristic crosses a

second threshold.

2. The method of claim 1, wherein the first operating characteristic comprises a load current

conducted through the electrical load.

3. The method of claim 2, wherein the second operating characteristic comprises a load voltage

produced across the electrical load.

4. The method of claim 3, wherein stopping adjustment of the first magnitude of the first
operating characteristic of the electrical load comprises stopping adjustment of a magnitude of the

load current if a magnitude of the load voltage is greater than the first threshold.

5. The method of claim 4, wherein adjusting the first magnitude of a first operating
characteristic of the electrical load comprises decreasing the magnitude of the load current
conducted through the load; and

wherein subsequently beginning to adjust the first magnitude of the first operating
characteristic of the electrical load comprises subsequently decreasing the magnitude of the load

current when the magnitude of the load voltage is less than the second threshold.
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6. The method of claim 5, wherein the electrical load comprises a gas discharge lamp.

7. The method of claim 4, wherein adjusting the first magnitude of a first operating
characteristic of the electrical load comprises increasing the magnitude of the load current conducted
through the load; and

wherein subsequently beginning to adjust the first magnitude of the first operating
characteristic of the electrical load comprises subsequently increasing the magnitude of the load

current when the magnitude of the load voltage is less than the second threshold.

8. The method of claim 7, wherein the electrical load comprises an LED light source.

9. A load control device for controlling an amount of power delivered to an electrical load, the
load control device comprising:
a control circuit operable to:
adjust a first magnitude of a first operating characteristic of the electrical load;
measure a second magnitude of a second operating characteristic of the electrical
load, the second operating characteristic different than the first operating characteristic;
stop adjustment of the first magnitude of the first operating characteristic of the
electrical load if the second magnitude of the second operating characteristic crosses a first
threshold; and
subsequently begin to adjust the first magnitude of the first operating characteristic of
the electrical load when the second magnitude of the second operating characteristic crosses

a second threshold.

10. The load control device of claim 9, wherein the first operating characteristic comprises a load

current conducted through the electrical load.

11. The load control device of claim 10, wherein the second operating characteristic comprises a

load voltage produced across the electrical load.
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12. The load control device of claim 11, wherein the control circuit operable to stop adjustment
of the first magnitude of the first operating characteristic of the electrical load comprises the control
circuit operable to stop adjustment of a magnitude of the load current if a magnitude of the load

voltage is greater than the first threshold.

13.  The load control device of claim 12, wherein the control circuit operable to adjust the first
magnitude of a first operating characteristic of the electrical load comprises the control circuit
operable to decrease the magnitude of the load current conducted through the load; and

wherein the control circuit operable to subsequently begin to adjust the first magnitude of the
first operating characteristic of the electrical load comprises the control circuit operable to
subsequently decrease the magnitude of the load current when the magnitude of the load voltage is

less than the second threshold.

14. The load control device of claim 13, wherein the electrical load comprises a gas discharge

lamp and the load control device comprises an electronic dimming ballast.

15.  The load control device of claim 12, wherein the control circuit operable to adjust the first
magnitude of a first operating characteristic of the electrical load comprises the control circuit
operable to increase the magnitude of the load current conducted through the load; and

wherein the control circuit operable to subsequently begin to adjust the first magnitude of the
first operating characteristic of the electrical load comprises the control circuit operable to
subsequently increase the magnitude of the load current when the magnitude of the load voltage is

less than the second threshold.

16.  The load control device of claim 15, wherein the electrical load comprises an LED light

source and the load control device comprises an LED driver.

17. A method for driving a gas discharge lamp, the method comprising:
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adjusting an intensity of the lamp;

stopping adjustment of the intensity of the lamp if a magnitude of the lamp voltage across the
lamp is greater than an upper threshold; and

subsequently beginning to adjust the intensity of the lamp when the lamp voltage across the

lamp is less than a lower threshold.

18.  The method of claim 17, wherein adjusting the intensity of the lamp comprises decreasing

the intensity of the lamp.

19.  The method of claim 17, wherein subsequently beginning to adjust the intensity of the lamp

comprises subsequently decreasing the intensity of the lamp.

20.  The method of claim 17, wherein adjusting the intensity of the lamp comprises decreasing
the intensity of the lamp at a first rate, and wherein subsequently beginning to adjust the intensity of

the lamp comprises subsequently decreasing the intensity of the lamp at a second rate.

21. The method of claim 20, wherein the second rate is slower than the first rate.

22.  The method of claim 17, wherein the magnitude of the lamp voltage depends on a lamp

temperature of the lamp.

23. The method of claim 17, wherein the magnitude of the lamp voltage depends on a mercury

concentration of the lamp.

24.  The method of claim 17, further comprising:
generating a high-frequency output voltage having an operating frequency;
adjusting the operating frequency so as to control an intensity of the lamp between the

minimum intensity and the maximum intensity; and
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generating a lamp voltage control signal representative of a magnitude of a lamp voltage

across the lamp.

25. The method of claim 17, further comprising:

determining the magnitude of a lamp voltage across the lamp.

26.  An electronic dimming ballast for controlling the intensity of a gas discharge lamp, the
electronic dimming ballast comprising:
a control circuit operable to:
adjust the intensity of the lamp;
stop adjustment of the intensity of the lamp if a magnitude of the lamp voltage across
the lamp is greater than an upper threshold; and
subsequently begin to adjust the intensity of the lamp when the lamp voltage across

the lamp is less than a lower threshold.

27. The electronic dimming ballast of claim 26, wherein the control circuit operable to adjust the

intensity of the lamp comprises the control circuit operable to decrease the intensity of the lamp.

28.  The electronic dimming ballast of claim 26, wherein the control circuit operable to
subsequently begin to adjust the intensity of the lamp comprises the control circuit operable to

subsequently decrease the intensity of the lamp.

29. The electronic dimming ballast of claim 26, wherein the control circuit operable to adjust the
intensity of the lamp comprises the control circuit operable to decrease the intensity of the lamp at a
first rate, and wherein the control circuit operable to subsequently begin to adjust the intensity of the
lamp comprises the control circuit operable to subsequently decrease the intensity of the lamp at a

second rate.
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30. The electronic dimming ballast of claim 29, wherein the second rate is slower than the first
rate.
31.  The electronic dimming ballast of claim 26, wherein the magnitude of the lamp voltage

depends on one or more of: a lamp temperature of the lamp and a mercury concentration of the lamp.

32.  The electronic dimming ballast of claim 26, wherein the control circuit is further operable to:
receive a lamp voltage control signal representative of the magnitude of a lamp voltage

across the lamp.

33.  The electronic dimming ballast of claim 26, further comprising:

an inverter circuit for receiving a DC bus voltage and for generating a high-frequency output
voltage; and

a resonant tank circuit for receiving the high-frequency output voltage and generating a

sinusoidal voltage for driving the lamp.

34.  The electronic dimming ballast of claim 26, wherein the control circuit is further operable to:

determine the magnitude of the lamp voltage across the lamp.

35. A method for driving a gas discharge lamp, the method comprising:
decreasing an intensity of the lamp at a first rate;
determining that a magnitude of a lamp voltage across the lamp is above an upper threshold;
increasing the intensity of the lamp;
determining that the magnitude of the lamp voltage across the lamp is below a lower
threshold; and
decreasing the intensity of the lamp at a second rate until the magnitude of the lamp voltage

across the lamp is above the upper threshold or the intensity of the lamp is at a target intensity level.

36. The method of claim 35, wherein the second rate is slower than the first rate.
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37.  The method of claim 35, wherein the intensity of the lamp is increased such that the

magnitude of the lamp voltage across the lamp is equal to or below the upper threshold.

38.  The method of claim 35, wherein the intensity of the lamp is periodically increased by a

predetermined amount.

39.  The method of claim 35, wherein the target intensity level is the minimum intensity of the
lamp.
40.  An electronic dimming ballast for controlling the intensity of a gas discharge lamp, the

electronic dimming ballast comprising:

a control circuit operable to:

decrease an intensity of the lamp at a first rate;

determine that a magnitude of a lamp voltage across the lamp is above an upper
threshold;

increase the intensity of the lamp;

determine that the magnitude of the lamp voltage across the lamp is below a lower
threshold; and

decrease the intensity of the lamp at a second rate until the magnitude of the lamp
voltage across the lamp is above the upper threshold or the intensity of the lamp is at a target

intensity level.

41. The electronic dimming ballast of claim 40, wherein the second rate is slower than the first
rate.
42.  The electronic dimming ballast of claim 40, wherein the intensity of the lamp is increased

such that the magnitude of the lamp voltage across the lamp is equal to or below the upper threshold.

25



WO 2014/133716 PCT/US2014/014299

43.  The electronic dimming ballast of claim 40, wherein the intensity of the lamp is periodically

increased by a predetermined amount.

44.  The electronic dimming ballast of claim 40, wherein the target intensity level is the minimum

intensity of the lamp.
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