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110



WO 2014/164452 PCT/US2014/022466

LIGHTING APPARATUS AND METHODS USING SWITCHED ENERGY STORAGE

FIELD
[0001] The inventive subject matter relates to lighting apparatus and methods and, more

particularly, to solid-state lighting apparatus and methods.

BACKGROUND
[0002] Solid-state lighting arrays are used for a number of lighting applications. For
example, solid-state lighting panels including arrays of solid-state light emitting devices have
been used as direct illumination sources in architectural and/or accent lighting. A solid-state
light emitting device may include, for example, a packaged light emitting device including
one or more light emitting diodes (LEDs), which may include inorganic LEDs, which may
include semiconductor layers forming p-n junctions and/or organic LEDs (OLEDs), which
may include organic light emission layers.
[0003] Solid-state lighting devices are often used in lighting fixtures, such as incandescent
bulb replacement applications, task lighting, recessed light fixtures and the like. For
example, Cree, Inc. produces a variety of light fixtures that use LEDs for illumination. The
fixtures include can-type down lights, such as the LR-6 and CR-6, and troffer-type fixtures,
such as the CR-24. Solid-state lighting devices may be attractive for retrofit/replacement
applications, where devices such as LEDs may offer improved energy efficiency, reduced
heat generation, extended life and desired performance characteristics, such as certain color
and/or color rendering capabilities.
[0004] Solid-state lighting devices may include circuitry that may be used to control
spectral output. The chromaticity of a particular light source may be referred to as the "color
point" of the source. For a white light source, the chromaticity may be referred to as the
"white point" of the source. As noted above, the white point of a white light source may fall
along the Planckian locus. Accordingly, a white point may be identified by a correlated color
temperature (CCT) of the light source. White light typically has a CCT of between about
2000 K and 10000 K. White light with a CCT of 3000 may appear yellowish in color, while
light with a CCT of 8000 K may appear more bluish in color. Color coordinates that lie on or
near the Planckian locus at a color temperature between about 2500 K and 8000 K may yield
pleasing white light to a human observer.
[0005] "White" light also includes light that is near, but not directly on the Planckian locus.
A Macadam ellipse can be used on a 1931 CIE Chromaticity Diagram to identify color points
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that are so closely related that they appear the same, or substantially similar, to a human
observer., A Macadam ellipse is a closed region around a center point in a two-dimensional
chromaticity space, such as the 1931 CIE Chromaticity Diagram, that encompasses all points
that are visually indistinguishable from the center point. A seven-step Macadam ellipse
captures points that are indistinguishable to an ordinary observer within seven standard
deviations; a ten step Macadam ellipse captures points that are indistinguishable to an
ordinary observer within ten standard deviations, and so on. Accordingly, light having a
color point that is within about a ten step Macadam ellipse of a point on the Planckian locus
may be considered to have a substantially similar color as the point on the Planckian locus.
[0006] The ability of a light source to accurately reproduce color in illuminated objects is
typically characterized using the color rendering index (CRI). In particular, CRI is a relative
measurement of how the color rendering properties of an illumination system compare to
those of a reference illuminator, with a reference illuminator for a CCT of less than S000K
being a black-body radiator. For CCT of 5000K and above, the reference illuminatof isa
spectrum defined by the CIE which is similar to the spectrum of sunlight at the earth's
surface. The CRI equals 100 if the color coordinates of a set of test colors being illuminated
by the illumination system are the same as the coordinates of the same test colors being
irradiated by the reference illuminator. Daylight has the highest CRI (of 100), with
incandescent bulbs being relatively close (about 95), and fluorescent lighting being less
accurate (70-85).

[0007] Generally speaking, incandescent bulbs tend to produce more natural-appearing
illumination than other types of conventional lighting devices. In particular, incandescent
bulbs typically go from a color temperature of about 2700K at full brightness to a color
temperature of about 2000k at 5% brightness and to a color temperature of about 1800K at
about 1% brightness. This compares favorably with daylight, which varies from about
6500K at midday to about 2500k at sunrise and sunset. Research indicates that people tend to
prefer warmer color temperaturés at low brightness levels and in intimate settings. U.S.
Patent No. 7,213,940 to Van De Ven et al. describes a lighting device using LEDs that can
produce warm white light by combining the light from unsaturated yellow (blue-shifted
yellow (BSY) LEDs and saturated red LEDs.

[0008] In illumination applications, it is often desirable to provide a lighting source that
generates a light with a color behavior that approximates the behavior of incandescent
lighting. LED-lighting units have been proposed that may be coupled to an AC dimmer

circuit and approximate the lighting variation of a conventional incandescent light as the
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dimmer circuit increases or decreases the brightness of the generated light, as described in
U.S. Patent No. 7,038,399 to Lys et al.

[0009] United States Patent Publication No. 2009/0160363 describes a system in which
phosphor converted LEDs and red LEDs are combined to provide white light. The ratio of
the various mixed colors of the LEDs is set at the time of manufacture by measuring the
output of the light and then adjusting string currents to reach a desired color. The current
levels that achieve the desired color are then fixed for the particular lighting device. LED
lighting systems employing feedback to obtain a desired color are described in U.S.
Publication Nos. 2007/0115662 (Atty. Docket 5308-632) and 2007/0115228 (Atty. Docket
5308-632IP). U.S. Publication Nos. 2012/0306375 (Attorney Docket No. 5308-1342) and
2011/0068701 (Attorney Docket No. 5308-11281P) describe various techniques for
controlling LEDs in a string configuration responsive to inputs such as temperature to

provide a desired color.

SUMMARY
[0010] Some embodiments provide a lighting apparatus including a string of serially-
connected light-emitting devices, such as LEDs. The string includes first and second
segments. The apparatus further includes at least one inductor and a control circuit
configured to selectively divert current from the first segment to charge the at least one
inductor while at least partially bypassing the second segment and to discharge the charged at
least one inductor through at least the first segment. The control circuit may be configured to
control a relationship of light outputs of the first and second segments. For example, the first
and second segments may produce different spectra, and the control circuit may be
configured to control at least one color characteristic (e.g., color point, color temperature,
color rendering index, etc.) of light produced by the string.
[0011] In some embodiments, the control circuit may be configured to control a rélationship
between currents passing through the first and second segments. The control circuit may be
configured to control the relationship responsive to a control input, such as a temperature
and/or a dimming level.
[0012] In some embodiments, the control circuit may be configured to vary a duration of
charging of the at least one inductor responsive to the control input. The control circuit may
be configured to charge and discharge the at least one inductor in bursts of multiple
charge/discharge cycles with the same first duty cycle, and the control circuit may be further

configured to vary a second duty cycle of the bursts responsive to the control input.
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[0013] In some embodiments, the at least one inductor may include a first terminal
configured to be coupled to a first node of the first segment. The control circuit may include
a first switch coupled to a second terminal of the at least one inductor and configured to
control a current path bypassing the second segment via the at least one inductor and a second
switch coupled to the second terminal of the at least one inductor and to a second node of the
first segment. The first switch may include a transistor and the second switch may include a
diode.

[0014] Insome embodiments, the first and second segments may produce different spectra.
For example, in some embodiments, the first segment may produce a predominantly red
spectrum and the second segment may produce a predominantly white spectrum. In some
embodiments, the first segment may produce a predominantly white spectrum and the second
segment may produce a predominantly red spectrum.

[0015] In further embodiments of the inventive subject matter, an apparatus includes at
least one inductor configured to be coupled to a node of a string of serially-connected light-
emitting devices including at least a first segment and a second segment. A control circuit is
configured to selectively divert current from the first segment to charge the at least one
inductor while at least partially bypassing the second segment and to discharge the charged at
least one inductor through at least the first segment. The control circuit may be configured to
control a relationship between currents passing through the first and second segments. The
control circuit may be configured to control the relationship responsive to a control input,
such as a temperature and/or a dimming level.

[0016] In still further embodiments, a lighting apparatus includes a string of serially-
connected light-emitting devices including at least a first segment and a second segment and
a control circuit configured to control a relationship of light outputs of the first segment and
the second segment by diverting current from a node of the string to at least one energy
storage device and subsequently transferring energy from the at least one energy storage
device to at least the first segment. The control circuit may be configured to divert the
current responsive to a control input, such as a temperature and/or a dimming level. The at

least one energy storage device may include at least one inductor.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0017] The accompanying drawings, which are included to provide a further understanding
of the inventive subject matter and are incorporated in and constitute a part of this
application, illustrate certain embodiment(s) of the inventive subject matter. In the drawings:
[0018] Figure 1 illustrates a LED lighting apparatus according to some embodiments;
[0019] Figure 2 illustrates an LED lighting apparatus using a switched inductor according
to some embodiments;
[0020] Figure 3 illustrates an LED lighting apparatus using a switched inductor according
to further embodiments;
[0021] Figure 4 illustrates an LED lighting apparatus using an inductor switched responsive
to a temperature input according to some embodiments;
[0022] Figure 5 illustrates a circuit implementation for an LED lighting apparatus according
to some embodiments;
[0023] Figures 6 and 7 illustrate operations of the lighting apparatus of Figure 5;
[0024] Figures 8-13 illustrate performance of the lighting apparatus of Figure 5;
[0025] Figure 14 illustrates an LED lighting apparatus using an inductor switched
responsive to a dimming input according to some embodiments;
[0026] Figure 15 illustrates an LED lighting apparatus using an inductor switched
responsive to temperature and dimming inputs according to further embodiments;
[0027] Figure 16 illustrates a lighting fixture apparatus according to some embodiments;
[0028] Figure 17 illustrates a lamp apparatus according to some embodiments;
[0029] Figures 18 and 19 illustrate a recessed lighting apparatus according to some
embodiments; and

[0030] Figure 20 illustrates a lighting apparatus according to further embodiments.

DETAILED DESCRIPTION
[0031] Embodiments of the inventive subject matter now will be described more fully
hereinafter with reference to the accompanying drawings, in which embodiments of the
inventive subject matter are shown. This inventive subject matter may, however, be
embodied in many different forms and should not be construed as limited to the embodiments
set forth herein. Rather, these embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the inventive subject matter to

those skilled in the art. Like numbers refer to like elements throughout.
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[0032] It will be understood that, although the terms first, second, etc. may be used herein
to describe various elements, these elements should not be limited by these terms. These
terms are only used to distinguish one element from another. For example, a first element
could be termed a second element, and, s'irnilarly, a second element could be termed a first
element, without departing from the scope of the inventive subject matter. As used herein,
the term "and/or" includes any and all combinations of one or more of the associated listed
items.

[0033] It will be understood that when an element is referred to as being "connected" or
"coupled” to another element, it can be directly connected or coupled to the other element or
intervening elements may be present. In contrast, when an element is referred to as being
"directly connected" or "directly coupled" to another element, there are no intervening
elements present. It will be further understood that elements "coupled in series" or "serially
connected" may be directly coupled or may be coupled via intervening elements.

[0034] Spatially relative terms, such as "below", "beneath", "lower", "above", "upper", and
the like, may be used herein for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated in the figures. It will be
understood that the spatially relative terms are intended to encompass different orientations of
the device in use or operation, in addition to the orientation depicted in the figures.
Throughout the specification, like reference numerals in the drawings denote like elements.
[0035] The terminology used herein is for the purpose of describing part.icular embodiments
only and is not intended to be limiting of the inventive subject matter. As used herein, the
singular forms "a", "an" and "the" are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further understood that the terms "comprises”
"comprising," "includes" and/or “including" when used herein, specify the presence of stated
features, integers, steps, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof.

[0036] Unless otherwise defined, all terms (including technical and scientific terms) used
herein have the same meaning as commonly understood by one of ordinary skill in the art to
which this inventive subject matter belongs. It will be further understood that terms used
herein should be interpreted as having a meaning that is consistent with their meaning in the
context of this specification and the relevant art and will not be interpreted in an idealized or
overly formal sense unless expressly so defined herein. The term "plurality" is used herein to

refer to two or more of the referenced item.
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[0037] The expression "lighting apparatus”, as used herein, is not limited, except that it
indicates that the device is capable of emitting light. That is, a lighting apparatus can be a
device which illuminates an area or volume, e.g., a structure, a swimming pool or spa, a
room, a warehouse, an indicator, a road, a parking lot, a vehicle, signage, e.g., road signs, a
billboard, a ship, a toy, a mirror, a vessel, an electronic device, a boat, an aircraft, a stadium,
a computer, a remote audio device, a remote video device, a cell phone, a tree, a window, an
LCD display, a cave, a tunnel, a yard, a lamppost, or a device or atray of devices that
illuminate an enclosure, or a device that is used for edge or back-lighting (e.g., back Iight
poster, signage, LCD displays), bulb replacements (e.g., for replacing AC incandescent lights,
low voltage lights, fluorescent lights, etc.), lights used for outdoor lighting, lights used for
security lighting, lights used for exterior residential lighting (wall mounts, post/column
mounts), ceiling fixtures/wall sconces, under cabinet lighting, lamps (floor and/or table
and/or desk), landscape lighting, track lighting, task lighting, specialty lighting, ceiling fan
lighting, archival/art display lighting, high vibration/impact lighting, work lights, etc.,
mirrors/vanity lighting, or any other light emitting device. The inventive subject matter may
further relate to an illuminated enclosure (the volume of which can be illuminated uniformly
or non-uniformly), including an enclosed space and at least one lighting apparatus according
to the inventive subject matter, wherein the lighting apparatus illuminates at least a portion of
the enclosed space (uniformly or non-uniformly).

[0038] Figure 1 illustrates an LED lighting apparatus 100 according fo some embodiments.
The apparatus 100 includes at least one string 110 of serially connected LEDs, including at
least two segments. The segments may include a first segment 110a and at least one other
second segment 110b, 110c¢, which may be coupled on either end of the first segment 110a.
The string 110 may be coupled, for example, to a current source. In some embodiments, the
string 110 may be coupled in serial and/or in parallel with other circuitry, including, but not
limited to, one or more other LED strings and/or other loads.

[0039] The apparatus 100 further includes a control circuit 120 configured to selectively
divert current passing through the first segment 110a into an energy storage device 130 and to
subsequently discharge the energy storage device 130 through at least the first segment 110a.
Such operations may be used to control a relationship between currents (e.g., relative average
current levels) in the first segment 110a and the at least one second segment 110b, 110c. In
some embodiments, for example, the control circuit 120 may be configured to control at least

one color characteristic (e.g., color point, coordinated color temperature (CCT), color
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rendering index (CRI), etc.) and/or other characteristics of the light produced by the string
110.

[0040] It will be understood that individual ones of the first segment 110a and the at least
one second segment 110b, 110¢ may include one or more LEDs. The first segment 110a
and/or the at least one second segment 110b, 110c¢ may individually include, for example,
single LEDs, two or more serially connected LEDs, one or more parallel connected LEDs
and/or combinations of serially and parallel connected LEDs. The first segment 110a and
the at least one second segment 110b, 110¢ may individually include LEDs having the same
color or combinations of LEDs of different colors. The first segment 110a and the at least
one second segment 110b, 110c may be configured to provide substantially the same color or
may provide different colors.

[0041] The energy storage device 130 may comprise any of a number of different types of
storage devices. For example, in some embodiments, the energy storage device 130 may
include at least one inductor, and the control circuit 120 may be configured to intermittently
direct current passing through the first segment 110a to the at least one inductor to charge the
at least one inductor. The control circuit 120 may be further configured to discharge the at
least one inductor back through at least the first segment 110a. Relative outputs of the first
segment 110a and the at least one second segment 110b, 110c may be controlled by the
timing of charging and discharging intervals.

[0042] The control circuit 120 may be implemented using any of a number of different
circuit arrangements. It will be appreciated that, in general, the control circuit 120 may be
implemented using analog circuitry, digital circuitry (including, for example, data processing
devices, such as microcontrollers) and combinations thereof. Such circuitry may be
implemented using discrete devices and/or integrated circuit devices, such as one or more
application specific integrated circuit (ASIC) devices.

[0043] TFigure 2 illustrates a lighting apparatus 200 using an inductor in such a manner
according to some embodiments of the inventive subject matter. The apparatus includes a
string 210 of LEDs, including a first segment 210a and a second segment 210b. It will be
understood that the first and second segments 210a and 210a may include one or more LEDs.
The first segment 210a and/or the second segment 210b may individually include, for
example, single LEDs, two or more serially connected LEDs, one or more parallel connected
LEDs and/or combinations of serially and parallel connected LEDs. The first and second
segments 210a, 210b may individually include LEDs having the same color or combinations

of LEDs of different colors. The first and second segments 210a, 210a may have
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substantially the same lighting characteristics (e.g., color) or may have different lighting
characteristics.

[0044] A first terminal of an inductor L is coupled to a node of the string 210 between the
first and second segments 210a, 210b. A control circuit 220 is coupled to a second terminal
of the inductor L and is configured to control charging and discharging thereof. In some
embodiments, the control circuit 220 may be configured to intermittently (e.g., periodically)
divert current from the first segment 210a through the inductor L to charge the inductor L and
to discharge the charged inductor through at least the first segment 210a. The timing of the
charging and discharging of the inductor L may be used to control relative outputs of the first
and second segments 210a, 210b by controlling currents flowing therethrough.

[0045] As shown, the control circuit 220 includes a first switch 222, which is configured to
selectively conduct current from the first segment 210a through the inductor L and onto a
second node of the string 210. The control circuit 220 further includes a second switch 224,
which is configured to selectively conduct current from the inductor L to a second node of the
string such that the current may be conducted through the first segment 210a. When the first
switch 222 is closed, current flows through the inductor L, charging the inductor L. Ata
subsequent time, the first switch 222 may be closed and the second switch 224 opened,
allowing current to flow from the charged inductor L to the first segment 210a. It will be
appreciated that the first and second switches 222, 224 may include any of a variety of
different devices. For example, in some embodiments described below, the first switch 22
may be a transistor or similar actively controlled device, and the second switch may be a
diode or similar device controlled by a bias applied thereto.

[0046] Figure 3 illustrates an LED lighting apparatus 300 according to further
embodiments. The apparatus 300 includes a string 310 of serially connected LEDs including
a first segment 310a and a second segment 310b. An inductor L has a first terminal coupled
to a node of the string 310 between the first and second segments 310a, 310b. A control
circuit 320 is coupled to a second terminal of the inductor L and includes a first switch 322
that is controlled by a switch control circuit 326 responsive to a control input. A second
switch in the form of a diode 324 is configured to support discharge of the charged

inductor L.

[0047] The first switch 322 may be closed to cause current to flow from the first segment
310a through the inductor L, bypassing the second segment 310b and charging the

inductor L. In particular, when the first switch 322 is opened at the end of a charging

interval, the diode 324 becomes forward biased as voltage develops across the inductor L due
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to interruption of current by the opening of the first switch 322. As a result, current flows
from the charged inductor L through the first segment 310a. As explained in detail below,
the duration and/or frequency at which the inductor L is charged and discharged can be used
to control a relationship between light outputs of the first and second segments 310a, 310b.
[0048] In various embodiments, switched inductor circuits along the lines described above
with reference to Figures 2 and 3 may be used to control at least one color characteristic
produced by an LED string. For example, in some embodiments, a switched inductor circuit
along the lines shown in Figures 2 and 3 may be used to provide temperature compensation
for the color output of an LED lighting apparatus, such that the LED lighting apparatus may
maintain a desired color in the presence of variations in light output of respective different
types of LEDs over temperature. In some embodiments, such control circuitry may also be
used to provide a desired color response to inputs such as dimming control inputs such that,
for example, an LED lighting apparatus may approximate the behavior of an incandescent
lamp in response to such a dimming input.

[0049] Figure 4 illustrates use of a switched inductor circuit to control color in response to
temperature variations in some embodiments. A lighting apparatus 400 includes a string 410
of serially connected LEDs including a first segment 410a having a first color and a second
segment 410b having a second color. The individual first and second segments 410a, 410b
may include, for example, single LEDs, two or more serially connected LEDs, one or more
parallel connected LEDs and/or combinations of serially and parallel connected LEDs. The
individual first and second segments 410a, 410b may include LEDs having the substantially
the same color or combinations of LEDs of different colors. For example, in some
embodiments, one of the first and second segments 410a, 410b may provide predominantly
red light while the other one of the first and second segments 410a, 410b may provide
predominantly white light. It will be appreciated, however, that other embodiments may use
color LEDS in various other arrangements.

[0050] The apparatus 400 further includes an inductor L having a first terminal coupled to a
node between the first and second segments 410a, 410b. A control circuit 420 is coupled to a
second terminal of the inductor L and includes a first switch 422 configured to support
diversion of current from the first segment 410a through the inductor L responsive to a
temperature input to a switch control circuit 426 that controls the first switch 422. The
temperature input may, for example, be a temperature signal generated by a thermistor,
thermocouple or other temperature sensor configured to sense a temperature of the first and

second segments 410a, 410b.
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[0051] A second switch in the form of a diode 424 is configured to support discharge of the
inductor L through at least the first segment 410a responsive to opening of the first switch
422. The duration and frequency at which the first switch 422 is opened and closed can be
controlled responsive to the temperature input to adjust average currents through the first and
second segments 410a, 410b. In this manner, a desired color may be maintained in the
presence of temperature variations, compensating for differences in temperature responses of
the first and second segments 410a, 410b.

[0052] Figure 5 illustrates an example circuit implementation along the lines of the
apparatus of Figure 4. A lighting apparatus 500 includes first and second serially connected
segments including respective LEDs segments D2, D3 (including one or more LEDs each)
coupled between terminals of a current source that produces a current I1.  As explained in
greater detail below with reference to Figures 8-13, the LED segments D2, D3 may produce
respective different colors. An inductor L1 has a first terminal coupled to a node between
the LED segments D2, D3 and a second terminal coupled to a transistor Q1 and a diode D1.
The transistor Q1 provides a switchable current path that allows current to flow into the
inductor L1 from the first LED segment D2, at least partially bypassing the second LED
segment D3. The transistor is controlled by a control signal P produced by a microcontroller
Ul, e.g., a logic "high" level of the control signal P causes the transistor Q1 to turn on and
allow current to flow through the inductor L1 and at least partially bypass the second diode
D3 and a logic "low" of the control signal P causes the transistor Q1 to turn off and initiate
discharge of the charged inductor L1 via the diode D1 and the first LED segment D2.

[0053] A temperature signal T is output by a voltage divider circuit including a thermistor
R1 and a resistor R2 and applied to an input of the microcontroller U1, which also provides a
bias voltage VDD to the voltage divider circuit. It will be appreciated that the thermistor R1
may be thermally coupled to the LED segments D2, D3 to sense a temperature thereof. The
microcontroller U1 may be programmed to control generation of the control signal P
responsive to the temperature signal provided by the voltage divider such that currents
through the first and second diodes D2, D3 are varied to provide a desired temperature
compensation.

[0054] Referring to Figure 6, the microcontroller Ul may be configured to generate the
control signal P as a periodic pulse signal. As shown, when the control signal P goes "high,"
a current ID2 through the first LED segment D2 begins to increase as current flows into the
inductor L1, When the control signal P again goes "low," the inductor L1 changes polarity

and begins to discharge via the diode D1, maintaining an elevated current level in the first
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LED segment D2 that eventually decays as the inductor L1 fully discharges. It will be
appreciated that, in some embodiments, an average current ID2,avg through the first LED
segment D2 may be controlled by varying the duty cycle of the control signal P, e.g.,
increasing the time that the control signal P is "high" relative to "low" increases (subject to
saturation of the inductor L1) the average current through the first LED segment D2 in
relation to the average current through the second LED segment D3, which is at least partially
bypassed during the "on" period of the transistor Q1.

[0055] Referring to Figure 7, in some embodiments, the control signal P may comprise a
periodic series of bursts using a fixed duty cycle within each burst. Outputs of the LED
segments D2, D3 are controlled by varying a duty cycle of the bursts. In particular, within an
active portion of a burst period T, the control signal may be repeatedly pulsed at a fixed rate
and duty cycle. The average currents through the first and second LEDs may be varied by
varying the duty cycle of the burst period T, i.e., by increasing or decreasing the burst length.
It will be appreciated that other signaling schemes may be used in other embodiments of the
inventive subject matter.

[0056] It will be appreciated that light output of an LED for a given current level may vary
with temperature, and that LEDs with different colors may have different temperature
responses. As noted above, the first and second LED segments D2, D3 in the apparatus 500
of Figure 5 may produce different colors, and the microcontroller Ul may operate to control a
control point of an aggregate output of the LED segments D2, D3 as temperature varies.
[0057] Figures 8-10 provide a comparison of compensated and uncompensated temperature
performance for a circuit along the lines of Figure 5, wherein the upper LED segment D2 is
red and the lower LED segment D3 is white. As shown in Figure 8, the output of the
apparatus varies more widely in a CIE «', v' space over a temperature range from 25°C to
85°C for the uncompensated case than for the compensated case. Color compensation may
be further appreciated by reference to the correlated color temperature (CCT) curves in
Figure 9, which show that a temperature compensated apparatus may maintain a more tightly
constrained CCT over such a temperature range in comparison to a similar device without
temperature compensation, As shown in Figure 10, for the given LEDs, use of temperature
compensation in such a configuration may lead to some loss of efficiency at increased
temperatures of the LED segments D2, D3 (e.g., near the normal steady state operating
temperature). This loss of efficiency may be at least partially attributable to increasing the

time average current through red LEDs at the expense of average current through the white
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LEDs. Losses in the switching transistor Q1 due to increased switching as the LED segments
D2, D3 heat up may also reduce efficiency.

[0058] Figures 11-13 provide a comparison of compensated and uncompensated
temperature performance for a circuit along the lines of Figure 5, wherein the upper LED
segment D2 is white and the lower LED segment D3 is red. Referring to Figures 11 and 12,
color variation of the apparatus may be more constrained over temperature when
compensation is used in comparison to an uncompensated string. Referring to Figure 13,
unlike the arrangement described above with reference to Figures 8-10, this arrangement may
result in less loss of efficiency as temperature increases. Accordingly, this arrangement may
be superior for this combination of LEDs, but it will be appreciated that performance of the
circuitry with temperature generally depends on the characteristics of the LEDs being used.
[0059] According to further embodiments, circuitry along the lines of Figures 1-3 may also
be used to provide dimming-correlated compensation. For example, in some LED lighting
applications, it may be desirable that an LED lamp or fixture provide a color response to
dimming similar to that provided by a conventional incandescent lamp. In particular, a
typical conventional incandescent lamp will exhibit a color temperature that generally
follows a blackbody locus as the lamp is dimmed, i.e., the output of the lamp will become
"redder" (lower CCT) as it dims and "bluer" (higher CCT) as it brightens.

[0060] Figure 14 illustrates a lighting apparatus 1400 according to some embodiments that
uses a switched inductor circuit that is controlled responsive to a dimming input to control at
least one color characteristic of light produced by the apparatus 1400. The apparatus 1400
includes a string 1410 including a first segment 1410a and a second segment 1410b coupled
in series with a current source 1430. The first and second segments 1410a, 1410b may
produce light of different colors (e.g., red and white). An inductor L has a first terminal
coupled to a node of the string 1410 between the first and second segments 1410a, 1410b.
[0061] A control circuit 1420 is coupled to a second terminal of the inductor L and includes
a first switch 1422 and a second switch 1424 (a diode) configured to support charging and
discharging of the inductor L to provide color control. A switch control circuit 1426 (e.g., a
microcontroller or other control circuit) is configured to control the first switch 1422
responsive to a dimming input. The switch control circuit 1426 may be configured to
operate the switch 1422 to provide a particular color response so that, for example, the
apparatus 1400 provides an output that approximates that of an incandescent lamp in
response to the dimming input. The dimming input may take any of a number of different

forms. For example, the dimming input may include a phase cut dimming signal, a 0-10V (1-
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10V) dimming signal or a signal representative of a current produced by the current source
1430, which, in turn, may be controlled by a dimming signal such as a phase cut signal, a 0-
10V (1-10V) signal or some other dimming control signal.

[0062] According to further embodiments, switched inductor circuits similar to those
described above may operate responsive to multiple control inputs. For example, Figure 15
illustrates a lighting apparatus 1500 according to some embodiments that uses a switched
inductor circuit that is controlled responsive to both temperature and dimming inputs to
control at least one color characteristic of light produced by the apparatus 1500. The
apparatus 1500 includes a string 1510 including a first segment 1510a and a second segment
1510b coupled in series with a current source 1530. It will be understood that individual ones
of the first and second segments 1510a, 1510b may include one or more LEDs. The first and
second segments 1510a, 1510b may individually include, for example, single LEDs, two or
more serially connected LEDs, one or more parallel connected LEDs and/or combinations of
serially and parallel connected LEDs. The first and second segments 1510a, 1510b may
produce light of different colors (e.g., red and white). An inductor L has a first terminal
coupled to a node of the string 1510 between the first and second segments 1510a, 1510b.
[0063] A control circuit 1520 is coupled to a second terminal of the inductor L and includes
a first switch 1522 and a second switch 1524 (a diode) configured to support charging and
discharging of the inductor L to provide color control. A switch control circuit 1526 (e.g., a
microcontroller or other control circuit) is configured to control the first switch 1522
responsive to a dimming input and a temperature input. The switch control circuit 1526 may
be configured to operate the switch 1522 to provide a particular color response to the |
dimming input and the temperature input so that, for example, the apparatus 1500 provides an
output that approximates that of an incandescent lamp in response to the dimming input while
also compensating for variations in the output of the segments 1510a, 1510b due to
temperature changes.

[0064] Embodiments of the inventive subject matter may be configured in any of a number
of different physical arrangements, including, but not limited to, light fixtures, lamps, lighting
apparatus configured to illuminate areas or volumes (e.g., backlights in devices such as cell
phones or computers), and the like. Components of such apparatus may be arranged in any
of a number of different ways, such as integrated in a single assembly such as a lamp and/or
implernented as a combination of interconnected or interconnectable units or modules. Such
units or modules may include circuitry that is integrated in forms such as integrated circuits

or hybrid circuit modules.
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[0065] Figure 16 illustrates an example arrangement for a lighting fixture apparatus 1600
according to some embodiments. The apparatus 1600 includes a lamp assembly 1610
including and LED assembly 1612, which may include two or more serially-connected
segments along the lines described above. It will be understood that individual ones of the
segments may include one or more LEDs. The segments may individually include, for
example, single LEDs, two or more serially connected LEDs, one or more parallel connected
LEDs and/or combinations of serially and parallel connected LEDs. The segments may
individually include LEDs having the same color or combinations of LEDs of different
colors. The segments may be configured to provide substantially the same color or may
provide different colors. The lamp assembly 1610 further includes a temperature sensor 1614
(e.g., a thermistor, thermocouple or other temperature sensing device) configured to sense a
temperature of the LED assembly 1612,

[0066] A driver assembly 1620 is configured to be coupled to the lamp assembly 1610. The
driver assembly 1620 includes a power supply/current source circuit 1622 that is configured
to receive input power and to provide a controlled current to the LED assembly 1612 of the
lamp assembly 1610. The driver assembly 1620 further includes a color control circuit 1624,
which is coupled to the LED assembly 1612 and configured to provide color control using an
attached energy storage device 1626 (e.g., an inductor). The control circuit 1624 may
perform, for example, operations along the lines of those described above with reference to
Figures 1-15. As shown, for example, the color control circuit 1624 may be configured to
control current flows through different color segments of the LED assembly 1612 responsive
to a dimming input provided by the power supply/current source circuit 1622 and a
temperature signal provided by the temperature sensor 1614. As further shown, the color
control circuit 1624 may be powered by the power supply/current source circuit 1622, It will
be appreciated that the arrangement illustrated in Figure 16 may be used in a variety of
different types of lighting apparatus including, but not limited to, indoor lighting fixtures,
such as ceiling-mounted troffers, recessed downlights, task lights and wall-mounted fixtures,
and outdoor fixtures, such as street lights and security lights.

[0067] Figure 17 illustrates an implementation in a Jamp 1700 according to further
embodiments. The lamp 1700 includes a translucent or transparent enclosure 1710, which
contains lighting circuitry including an LED assembly 1720 including one or more LED
segments as described above. The enclosure 1710 further contains a rectifier/current source
circuit 1730 that provides a current to the LED assembly1720, and an inductor and control

circuit 1740. The rectifier/current source circuit 1730 is configured to receive power from a
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screw type lamp base 1750. The inductor and control circuit 1740 may be configured to
operate to provide color control responsive to temperature and/or dimming inputs along the
lines discussed above. It will be appreciated that internal components of the lamp 1700 may
be integrated in one or more circuit assemblies (e.g., circuit boards and/or hybrid circuit
assemblies), configured to be mounted within the housing 1710.

[0068] TFigure 18 illustrates a recessed lighting fixture 1800 according to further
embodiments. The lamp 1800 includes a housing 1810 configured to be mounted in a
recessed fashion in a ceiling. The housing 1810 contains lighting circuitry including a lamp
assembly 1820 including at least one LED string. As shown in Figure 19, the lamp assembly
1820 may include one or more LEDs 1822 of a first color (e.g., red) and LEDs 1824 of a
second color (e.g., white) arranged such that light therefrom is combined. Referring again to
Figure 18, the fixture 1800 further includes a rectifier/current source circuit 1830 that
provides a current to the LED assembly 1820 and an inductor and control circuit 1840
coupled to the LED assembly 1820. The rectifier/current source circuit 1830 is configured to
receive power from an external source. The inductor and control circuit 1840 may be
configured to operate to provide color control responsive to temperature and/or dimming
inputs along the lines discussed above. It will be appreciated that internal components of the
fixture 1800 may be integrated in one or more circuit assemblies (e.g., circuit boards and/or
hybrid circuit assemblies), configured to be mounted within the housing 1810,

[0069] Figure 20 illustrates an LED lighting apparatus 2000 according to further
embodiments. The apparatus 2000 includes at least one string 2010 of serially connected
LED segments, including at least two segments. The segments may include a first segment
2010a and at least one other second segment 2010b, 2010c, which may be coupled on either
end of the first segment 2010a. The string 2010 may be coupled, for example, to a current
source. The apparatus 2000 further includes a control circuit 2020 configured to selectively
divert current passing through the first segment 2010a into an energy storage device 2030 and
to subsequently discharge the energy storage device 2030 through at least the first segment
2010a. The energy storage device 2030 may include, for example, at least one inductor, and
the control circuit 2020 may perform operations similar to those described above, e.g., such
operations may control a relationship between currents in the first segment 2010a and the at
least one second segment 2010b, 2010c.

[0070] As further shown, the string 2010 is coupled in parallel with another load 2040,
which may include, for example, one or more other LEDs, such as another LED string, or

other circuitry. For example, the load 2040. The load 2040 may include power supply and/or
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other circuitry of the apparatus 2000. The control circuit 2020 may be further configured to
control relative current levels of the string 2010 and the load 2040 to provide control, for
example, of at least one color characteristic (e.g., color point, coordinated color temperature
(CCT), color rendering index (CRI), etc.) and/or other characteristics of the light produced by
the apparatus 2000.

[0071] In the drawings and specification, there have been disclosed typical embodiments of
the inventive subject matter and, although specific terms are employed, they are used in a
generic and descriptive sense only and not for purposes of limitation, the scope of the

inventive subject matter being set forth in the following claims.
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WHAT IS CLAIMED IS:

L. A lighting apparatus comprising:

a string of serially-connected light-emitting devices comprising first and second
segments;

at least one inductor; and

a control circuit configured to selectively divert current from the first segment to
charge the at least one inductor while at least partially bypassing the second segment and to

discharge the charged at least one inductor through at least the first segment.

2. The apparatus of claim 1, wherein the control circuit is configured to control a

relationship of light outputs of the first and second segments.

3. The apparatus of claim 1, wherein the control circuit is configured to control at

least one color characteristic of light produced by the string.

4, The apparatus of claim 1, wherein the control circuit is configured to control a

relationship between currents passing through the first and second segments.

5. The apparatus of claim 4, wherein the control circuit is configured to control

the relationship responsive to a control input.

6. The apparatus of claim 5, wherein the control input comprises a temperature

and/or a dimming level.

7. The apparatus of claim 5, wherein the control circuit is configured to vary a

duration of charging of the at least one inductor responsive to the control input.

8. The apparatus of claim 5, wherein the control circuit is configured to charge
and discharge the at least one inductor in bursts of multiple charge/discharge cycles with the
same first duty cycle, and wherein the control circuit is further configured to vary a second

duty cycle of the bursts responsive to the control input.
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9. . The apparatus of claim 1:

wherein the at least one inductor comprises a first terminal configured to be coupled
to a first node of the first segment; and

wherein the control circuit comprises:

a first switch coupled to a second terminal of the at least one inductor and
configured to control a current path bypassing the second segment via the at least one
inductor; and

a second switch coupled to the second terminal of the at least one inductor and

to a second node of the first segment.

10.  The apparatus of claim 9, wherein the first switch comprises a transistor and

wherein the second switch comprises a diode.

11.  The apparatus of claim 1, wherein the first and second segments produce

different spectra.

12.  The apparatus of claim 11, wherein the first segment produces a
predominantly red spectrum and wherein the second segment produces a predominantly

white spectrum.

13.  The apparatus of claim 11, wherein the first segment produces a
predominantly white spectrum and wherein the second segment produces a predominantly

red spectrum.

14.  The apparatus of claim 1, wherein the string of light-emitting devices

comprises at least one light emitting diode (LED).

15.  An apparatus comprising:

at least one inductor configured to be coupled to a node of a string of serially-
connected light-emitting devices comprising at least a first segment and a second segment;
and

a control circuit configured to selectively divert current from the first segment to
charge the at least one inductor while at least partially bypassing the second segment and to

discharge the charged at least one inductor through at least the first segment.
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16.  The apparatus of claim 15, wherein the control circuit is configured to control

a relationship between currents passing through the first and second segments.

17.  The apparatus of claim 16, wherein the control circuit is configured to control

the relationship responsive to a control input.

18. The apparatus of claim 17, wherein the control input comprises a temperature

and/or a dimming level.

19.  The apparatus of claim 17, wherein the control circuit is configured to vary a

duration of charging of the at least one inductor responsive to the control input.

20. The apparatus of claim 17, wherein the control circuit is configured to charge
and discharge the at least one inductor in bursts of multiple charge/discharge cycles with the
same first duty cycle, and wherein the control circuit is further configured to vary a second

duty cycle of the bursts responsive to the control input.

21. The apparatus of claim 15:

wherein the at least one inductor comprises a first terminal configured to be coupled
to a first node of the first segment; and

wherein the control circuit comprises:

a first switch coupled to a second terminal of the at least one inductor and
configured to control a current path bypassing the second segment via the at least one
inductor; and

a second switch coupled tb the second terminal of the at least one inductor and

to a second node of the first segment.

22.  The apparatus of claim 21, wherein the first switch comprises a transistor and

wherein the second switch comprises a diode.

23.  The apparatus of claim 15, wherein the string of light-emitting devices

comprises at least one light emitting diode (LED).
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24. - A lighting apparatus comprising:

a string of serially-connected light-emitting devices comprising at least a first segment
and a second segment; and

a control circuit configured to control at relationship between outputs of the first
segment and the second segment by diverting current from a node of the string to at least one
energy storage device and subsequently transferring energy from the at least one energy

storage device to at least the first segment.

25.  The apparatus of claim 24, wherein the control circuit is configured to divert

the current responsive to a control input.

26.  The apparatus of claim 25, wherein the control input comprises a temperature

and/or a dimming level.

27.  The apparatus of claim 25, wherein the control circuit is configured to vary a
duration of transfer of energy from the first segment to the at least one energy storage device

responsive to the control input.

28.  The apparatus of claim 25, wherein the control circuit is configured to charge
and discharge the at least one energy storage device in bursts of multiple charge/discharge
cycles having the same first duty cycle, and wherein the control circuit is further configured

to vary a second duty cycle of the bursts responsive to the control input.

29.  The apparatus of claim 24, wherein the at least one energy storage device

comprises at least one inductor.

30.  The apparatus of claim 24, wherein the control circuit is configured to control

at least one color characteristic of light produced by the string.

31,  The apparatus of claim 30, wherein the first and second segments produce

different spectra.

32.  The apparatus of claim 24, wherein the string of light-emitting devices
comprises at least one light emitting diode (LED).
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