US 20160057828A1
a9 United States

a2y Patent Application Publication o) Pub. No.: US 2016/0057828 A1

Pope et al. 43) Pub. Date: Feb. 25, 2016
(54) LIGHTING APPARATUS USING (52) US.CL

SERIES-CONNECTED CURRENT SOURCES CPC ...... HO5B 33/0827 (2013.01); HO5B 33/0842
AND METHODS OF OPERATING SAME (2013.01)

(71) Applicant: Cree, Inc., Durham, NC (US) 57) ABSTRACT
An apparatus includes a plurality of series-connected current
(72) Inventors: Daniel Pope, Morrisville, NC (US); control circuits configured to control a current therethrough
Mike Walters, Apex, NC (US) responsive to at least one current reference signal and to be
coupled in parallel with a load, such as a string of LEDs. The
(21)  Appl. No.: 14/465,580 apparatus further includes a voltage control circuit configured

to control respective voltages across respective ones of the
current control circuits. In some embodiments, the voltage
control circuit may be configured to individually adjust
responses of the current control circuits responsive to the

(22) Filed: Aug. 21,2014

Publication Classification voltages across the current control circuits. In further embodi-

ments, the voltage control circuit may include respective volt-

(51) Int.ClL age limiters coupled across respective ones of the current
HO5B 33/08 (2006.01) control circuits.

[— 200

230
j

Trop y 110
cs f_
T D2 1

N
&

-

Voltage Control




Patent Application Publication  Feb. 25,2016 Sheet1 of 11 US 2016/0057828 A1

100
’/_

i refl

D1 W

i ref?

120 T

iw/" Ves

Voltage Control

FIG. 1



Patent Application Publication  Feb. 25,2016 Sheet2 of 11 US 2016/0057828 A1

200
f—
230 —)
Tref Ves — 110
D1 S
D2 N

e

<
&

-

Voltage Control

FIG. 2



Patent Application Publication  Feb. 25,2016 Sheet 3 of 11 US 2016/0057828 A1

330
/,__

{-— 110

l Cutrent
Response
200

Adjustment

FIG. 3

320
r__

Current Source

322
r__

Current Control
Loop

Airg

L- ]((Vcs) e Vs

FIG. 4



Patent Application Publication  Feb. 25,2016 Sheet 4 of 11

US 2016/0057828 A1
\ \
\ \
\ \
\ \
\ \
\ \
iz'ef’ \ \
\ A
5t \
\
\
\ \
\ \
\ \
\ \ )
Ves V/] V! V/Z
FIG. 6
N\ N\
o, \ \
Iref | |
\ |
| |
| T
|
i \
| |
| |
\ |
| |
vCS




Patent Application Publication  Feb. 25,2016 Sheet 5 of 11 US 2016/0057828 A1

= 700
730
irent -4) - 110
D2 A

730
irege

730

7 refh

FIG. 7



Patent Application Publication  Feb. 25,2016 Sheet 6 of 11 US 2016/0057828 A1

/— 800

810——\ V7 e
812—-\ r ¥ c _-_J:_ \
v,
L
814 -
_\ o YN
. A | =t
e ——pp-  PWM Control
‘r 0 110ﬂ‘
Vg — § R
e
v D1 W
810 '
/',+ [
T ™ v i w2 W
& = v
812 —~, L A |
814ﬁ Y [
a -
lipp ———pl  PWM Control 4-”:} On }_‘:i*
A
v
b g R
Vy e
810 VT e
\‘k . b ¥ C - \VC
812x ,YYY\L .

814
_\ .
I 1Y
lre ——pl  PWM Control E

AP' '

Ve

FIG. 8

Vi e—————



Patent Application Publication  Feb. 25,2016 Sheet 7 of 11 US 2016/0057828 A1

900 —\

910 110 ‘
\ 120—y 130
Isolated
Vo AC/DG Voltage _)
c Control
A onverter N
\;«
. \\
130 |
|solated
Voltage _J |
| AC/DC T Control |
| Converter |
I |
|| T +
' Dn ¥
910 ¢
\ 120
130
Isolated
Voltage _J
AC/DC T Control
Converter

FIG. 9



Patent Application Publication  Feb. 25,2016 Sheet 8 of 11 US 2016/0057828 A1

1000 \

1010 110
\ 120 130
——————" lIsclated
Voltage _)
Vic CAC/DC ) T Control
ohverter D1 .
\1«
1010 P2 ¥
“W 120
130 |
IZ%‘?‘;? Voltage _) I
) Control |
Converter |
I
I Dn &i‘
130
Isolated
voltage | J
AC/DC ? Control
Converter

FIG. 10



Patent Application Publication  Feb. 25,2016 Sheet 9 of 11 US 2016/0057828 A1

1100x

1110 j 120 110
130
Non-
, Isolated Voltage _)
vic AC/DC Control
Converter D1 »
. D2 \\A
1110 120 b |
) 130 |
Non-
Isolated Voltage _) !
AC/DC Control |
Converter |
i I
| Dn *\\‘\

130
Non-
|solated Voltage _J
AC/DC Control
Converter

FIG. 11



Patent Application Publication  Feb. 25,2016 Sheet 10 of 11 US 2016/0057828 A1

1200 -—\

1210 1220 110
| | 120 130
| Acic DC/DC Voltage | J
Vac Converter Converter Control
Q;\
N
1220—] 120 N
130 |
" DC Voltage __J |
| Converter Control [
| |
|1 [
{1
Dn N
12201 120
130
1 Acmoc Voltage | )
Converter Control

FIG. 12



Patent Application Publication  Feb. 25,2016 Sheet 11 of 11 US 2016/0057828 A1

1300 —\

1310 1320 110
| | 120 130
ACIDC DC/DC Voltage | )
Vac Converter Converter Control
] D1
A
D2 ¥
1320 -] 120 h
130 |
DC/DC Voltage | ) |
Converter Control |
|
|
1
| [ DU AN
| 1 T
19204 420
l 130
DC/DC Voltage __J
Converter Control’

FIG. 13



US 2016/0057828 Al

LIGHTING APPARATUS USING
SERIES-CONNECTED CURRENT SOURCES
AND METHODS OF OPERATING SAME

BACKGROUND

[0001] The present inventive subject matter relates to light-
ing apparatus and methods and, more particularly, to solid-
state lighting apparatus.

[0002] Solid-state lighting arrays are used for a number of
lighting applications. A solid-state light-emitting device may
include, for example, a packaged light emitting device includ-
ing one or more light emitting diodes (LEDs). These 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 commonly used in
lighting fixtures, including task lighting, recessed light fix-
tures, ceiling mounted troffers and the like. Solid-state light-
ing panels are also commonly used as backlights for small
liquid crystal display (LCD) screens, such as LCD display
screens used in portable electronic devices, and for larger
displays, such as LCD television displays.

[0004] 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 character-
istics, such as certain color and/or color rendering capabili-
ties. For example, LED bulbs are commonly used to replace
incandescent bulbs in down lights and other applications to
reduce energy consumption and increase time between
replacements. LED-based replacements for fluorescent
lamps have also been developed.

[0005] An LED driver may use a series-connected current
source to control current through a string of LEDs. The cur-
rent level may be varied by the current source to vary intensity
of the light output of the LEDs.

SUMMARY

[0006] Some embodiments of the inventive subject matter
provide an apparatus including a plurality of series-connected
current control circuits configured to control a current there-
through responsive to at least one current reference signal and
to be coupled in parallel with a load, such as a string of LEDs.
The apparatus further includes a voltage control circuit con-
figured to control respective voltages across respective ones
of the current control circuits.

[0007] In some embodiments, the voltage control circuit
may be configured to individually adjust responses of the
current control circuits responsive to the voltages. For
example, the current control circuits may include respective
current control loops and the voltage control circuit may
include a current reference adjustment circuit configured to
generate adjusted current reference signals for the current
control loops from the at least one current reference signal
responsive to the voltages. The current reference adjustment
circuit may be configured to nonlinearly map the voltages to
the adjusted current reference signals,

[0008] In further embodiments, the voltage control circuit
may include respective voltage limiters coupled across
respective ones of the current control circuits. The voltage
limiters may include, for example, respective diodes coupled
across respective ones of the current control circuits.
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[0009] Some embodiments of the inventive subject matter
provide a lighting apparatus including a plurality of current
source circuits coupled in series and configured to receive at
least one current reference signal and respective individual
current reference adjustment signals. Each of the current
source circuits is further configured to control current passing
therethrough responsive to the at least one current reference
signal and the current reference adjustment signal associated
therewith. The apparatus further includes a current reference
adjustment circuit configured to generate the current refer-
ence adjustment signals responsive to voltages across respec-
tive ones of the current source circuits. At least one light
emitting device is coupled in parallel with the plurality of
current source circuits.

[0010] The current source circuits may include respective
current control loops and the current source circuits may be
configured to generate adjusted reference signals for the cur-
rent control loops responsive to the at least one current refer-
ence signal and the current reference adjustment signals.
[0011] Methods according to some embodiments of the
inventive subject matter include coupling a plurality of series-
connected current sources in parallel with at least one light
emitting device and limiting respective voltages across the
current sources. In some embodiments, limiting the respec-
tive voltages may include adjusting current references of the
current sources responsive to the voltages. In further embodi-
ments, limiting the respective voltages includes limiting the
voltages using respective clamping circuits coupled across
respective ones of the current sources.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings, which are included to
provide a further understanding of the inventive subject mat-
ter and are incorporated in and constitute a part of this appli-
cation, illustrate certain embodiment(s) of the inventive sub-
ject matter. In the drawings:

[0013] FIG. 1 is a schematic diagram illustrating lighting
apparatus including series-connected current source circuits
according to some embodiments.

[0014] FIG. 2 is a schematic diagram illustrating lighting
apparatus including series-connected current source circuits
according to some embodiments.

[0015] FIG. 3 is a schematic diagram illustrating lighting
apparatus including series-connected current source circuits
with current reference adjustment according to some embodi-
ments.

[0016] FIG. 4 is a schematic diagram illustrating a current
source with current reference adjustment responsive to volt-
age across the current source according to further embodi-
ments.

[0017] FIGS. 5 and 6 illustrate examples of voltage to cur-
rent characteristics that may be provided by the apparatus of
FIGS. 3 and 4.

[0018] FIG. 7 is a schematic diagram illustrating lighting
apparatus with series-connected current sources with voltage
limiters according to some embodiments.

[0019] FIG. 8 is a schematic diagram illustrating lighting
apparatus with series-connected current sources according to
further embodiments.

[0020] FIG. 9 is a schematic diagram illustrating lighting
apparatus with series-connected current sources fed by par-
allel-connected isolated AC/DC converters according to
some embodiments.
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[0021] FIG. 10 is a schematic diagram illustrating lighting
apparatus with series-connected current sources fed by
series-connected isolated AC/DC converters according to
some embodiments.

[0022] FIG. 11 is a schematic diagram illustrating lighting
apparatus with series-connected current sources fed by
series-connected non-isolated AC/DC converters according
to some embodiments.

[0023] FIG. 12 is a schematic diagram illustrating lighting
apparatus with series-connected current sources fed by par-
allel-connected DC/DC converters according to some
embodiments.

[0024] FIG. 13 is a schematic diagram illustrating lighting
apparatus with series-connected current sources fed by
series-connected DC/DC converters according to some
embodiments.

DETAILED DESCRIPTION

[0025] Embodiments of the present inventive subject mat-
ter now will be described more fully hereinafter with refer-
ence 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 embodi-
ments set forth herein. Rather, these embodiments are pro-
vided 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.

[0026] Some embodiments of the inventive subject matter
arise from a realization that current sources may be used in a
series-connected arrangement to control currents through an
LED string. Current sources may be connected in series in
modular fashion for use with LED strings of various voltage
levels, thus overcoming limitations arising from the voltage
ratings of the individual current sources. Voltage deviation
among the current source due to component tolerances, tem-
perature and other effects is limited by voltage control circuits
coupled across the current sources. The current sources may
be coupled to one or more power sources, such as AC/DC
converters, in various ways.

[0027] FIG.1illustrates a lighting apparatus 100 according
to some embodiments. The apparatus 100 includes at least
one light-emitting device, here shown as a string 110 of
LED’s D1, D2, ..., D3. It will be appreciated, however, that
other types of light emitting devices and/or other arrange-
ments of LEDs may be used in various embodiments. A
plurality of current control circuits, here illustrated as current
sources 120, are coupled in series. The serially connected
current sources 120 are connected in parallel with the LED
string 110. Each of the current sources 120 is configured to
regulate a current therethrough responsive to a current refer-
ence signal 1,4, 1,0 - - - 5 1,5, A voltage control circuit 130
is coupled to the current sources 120 and configured to control
voltages v, developed across the current sources 120. As
explained in detail below, the voltage control circuit 130 may
operate in any of a number of different ways, such as by
clamping the voltages across the current sources 120 and/or
altering responses of the current sources 120 to the current
reference signals 1,4, 1,.p; - - - 5 1,4 and/or to current feed-
back signals of the current sources 120.

[0028] As shown in FIG. 1, in some embodiments, indi-
vidual current sources 120 may receive respective current
reference signals i,.1, 1,005 - - - 5 1,55, The individual current
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reference signals i, 1,02, - - - 5 1,05, May be substantially the
same, such that the current sources 120 maintain substantially
the same current levels therethrough. However, it will be
appreciated that it not necessarily required for the current
reference signals to be the substantially the same. In particu-
lar, in some embodiments, the voltage control circuits 130
may compensate for current reference signal mismatches. As
shown in FIG. 2, in further embodiments, a common current
reference signal i, .may be provided to series-connected cur-
rents sources 120.

[0029] The current source configurations shown in FIGS. 1
and 2 may offer several advantages. In particular, by coupling
the current sources in series, relatively long LED strings
having relatively high forward voltages may be driven with-
out exceeding voltage ratings of components of the individual
current sources. Thus, for example, current sources may be
used in a modular fashion, with the number of serially con-
nected current sources used tailored to the characteristic of
the LED string being driven.

[0030] It will be understood that the current sources 120
and the voltage control circuit 130 may be implemented using
any of a number of different circuit configurations. Generally,
the current sources 120 and/or the voltage control circuit 130
may be implemented using analog circuitry or combinations
of analog and digital circuitry. It will be appreciated that a
voltage control circuit, such as the voltage control circuit 130
of FIG. 1, may be implemented as multiple circuits, respec-
tive ones of which control respective current sources, such as
the current sources 120, and/or may be implemented using
integrated circuitry that controls multiple current sources,
such as a microprocessor or microcontroller.

[0031] Current sources, such as the current sources 120,
and a voltage control circuit, such as the voltage control
circuit 130, may be arranged in any of a number of different
physical configurations. For example, in some embodiments,
current sources, such as the current sources 120, and/or a
voltage control circuit, such as the voltage control circuit 130,
may be integrated with light emitting devices in a lighting
fixture, lamp, or similar lighting device. Such fixtures, lamps
and other lighting devices may also include additional cir-
cuitry, such as power supply circuitry described below with
reference to FIGS. 9-13. In further embodiments, current
sources, such as the current sources 120, and/or a voltage
control circuit, such as the voltage control circuit 130, may be
packaged separately from the light emitting device(s)
coupled thereto in a driver module or other apparatus, which
may be configured to be connected to an LED string or other
light emitting device using wires or cables. Such a module or
other driver apparatus may also include additional circuitry,
such as power supply circuitry described below with refer-
ence to FIGS. 9-13.

[0032] FIG. 3 illustrates lighting apparatus 300 using an
arrangement for controlling voltages v, developed across
series-connected current sources 320 according to some
embodiments. A current response adjustment circuit 330 is
configured to adjust responses of the current sources 320 to a
common current reference signal 1, responsive to voltages
v, across the current sources 320.

[0033] In some embodiments, the current response adjust-
ment circuit 330 may generate adjustment signals that are
used to generate modified control signals for current loops of
the current sources 320 based on the voltages v_. For
example, as shown in FIG. 4, a current response adjustment
circuit 330" may apply a mapping f(v_,) to the voltage v_, to
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generate a current reference adjustment signal A, . The cur-
rent reference adjustment signal Ai,,may be provided to a
current source circuit 320", which may generate an adjusted
current reference signal i, ! from the current reference signal
i,.r and the current reference adjustment signal Ai, . The
adjusted current reference signal i, may be provided as a
current reference input for a current control loop 322 that
controls current through the current source 320'.

[0034] FIGS. 5 and 6 illustrate examples of relationships of
the current source voltage v, to such an adjusted current
reference signal i, ! that may be provided by a current
response adjustment circuit 330" as shown in FIG. 4. In par-
ticular, as shown in FIG. 5, the adjusted current reference i,/
may exhibit a droop characteristic, decreasing along a first
slope until the current source voltage v_, exceeds a threshold
Vt, above which the adjusted current reference i, rapidly
decreases towards a minimum. As further shown in FIG. 5,
the current response adjustment circuit 330' may provide
hysteresis, e.g., the adjusted current reference signal i, may
decrease along a first slope until a first threshold voltage V,,,
above which the adjusted current reference signal i, ; rapidly
decreases toward a minimum. The adjusted current reference
signal i may not increase until the current source voltage
v, decreases below a second threshold voltage V,, less than
the first threshold voltage V,,. FIG. 6 illustrates another
example, in which the variable current reference i,/ is sub-
stantially constant to a threshold V,, and then rapidly declines.
Hysteresis may also be provided as shown.

[0035] It will be appreciated that a current response adjust-
ment circuit, such as the current reference adjustment circuit
330 of FIG. 3, may be implemented as multiple adjustment
circuits, respective ones of which control respective current
sources, such as the current sources 320, and/or may be
implemented using integrated circuitry that controls multiple
current sources, such as a microprocessor or microcontroller.
Generally, current response adjustment circuit may be imple-
mented using analog circuitry, digital circuitry or combina-
tions of analog and digital circuitry.

[0036] It will be further understood that current response
may be adjusted in other ways than those described above.
For example, in some embodiments, current feedback signals
may be adjusted instead of or in addition to adjusting current
references.

[0037] According to further embodiments, serially con-
nected current sources may be controlled in different ways,
such as by using clamping circuits that limit voltages across
respective current sources. Referring to FIG. 7, lighting appa-
ratus 700 according to further embodiments includes a plu-
rality of series-connected current sources 120 coupled in
parallel with an LED string 110. Voltages across the current
sources 120 are controlled by respective clamping diodes D,
which selectively conduct to limit voltages developed across
the current sources 120. In some embodiments, the clamping
diodes D, may be bidirectional diodes, e.g., zener diodes,
which may conduct for voltages of positive and negative
polarities. In some embodiments, however, the clamping
diodes Dc may be regular (unidirectional) diodes that will
conduct only for voltages of a given polarity.

[0038] FIG. 8 illustrates a lighting apparatus 800 including
series-connected current sources 810 coupled in parallel with
astring 110 of LEDs D1,D2, . .., Dn. The current sources 810
include buck current regulators 812 biased between respec-
tive power supply nodes V,+/V,~, V,*/V,~, V;*/V,~ and
controlled by pulse width modulation (PWM) control circuits
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814. Each of the buck current regulators 812 includes a
switching transistor Q, an inductor L, a capacitor C, and a
freewheeling diode D. The PWM control circuits 814 control
the switching transistors Q responsive to a current reference
signal and voltages developed across current sense resistors
R. The PWM control circuits 814 may comprise, for example,
analog or digital control circuitry (e.g., microprocessor-based
current loop controllers or analog circuits performing similar
current loop control). The PWM control circuits 814 may be
implemented as separate individual controllers. For example,
such a buck current regulator 812 and a PWM control circuit
814 may be integrated in a module or similar assembly con-
figured to be to be coupled to other similar modules to provide
a scalable system for driving strings of LEDs. In some
embodiments, the PWM control circuits 814 may be imple-
mented using a single integrated controller (e.g., a single
microcontroller with multiple PWM functional units) that
controls multiple ones of the buck current regulators 812. As
further shown, control of voltagesv,,, v,, v_across the respec-
tive current sources 810 along the lines described above may
also be implemented by the PWM control circuits 814. For
example, the voltages v, v,, v. may be controlled using
techniques that adjust current references used by the PWM
circuits 814 responsive to the voltages v, v,, v, along the
lines described above with reference to FIGS. 3-6.

[0039] As shown in FIG. 8, in some embodiments, respec-
tive current reference signals i,,,,, iretb, i,, . may be used, but
it will be appreciated that, in some embodiments, a common
current reference signal may be provided to the current
sources 810. As noted above, a buck current regulator 812 and
a PWM control circuit 814 may be integrated in a module or
similar assembly configured to be to be coupled to other
similar modules to provide a scalable system for driving
strings of LEDs. Such a module may receive an externally
supplied current reference signal and/or may generate a cur-
rent reference signal within the module.

[0040] According to various embodiments, power supplies
may be coupled to series-connected current sources in many
different ways. For example, FIG. 9 illustrates lighting appa-
ratus 900 in which series-connected current sources 120 with
voltage control circuits 130 as shown in FIG. 1 are fed by
parallel-connected isolated AC/DC converter circuits 910.
The AC/DC converter circuits 910 may be coupled to an AC
source, such as a branch circuit of an AC power distribution
system. FIG. 10 shows lighting apparatus 1000 with a differ-
ent arrangement in which the current sources 120 are fed by
series-connected isolated AC/DC converter circuits 1010.
FIG. 11 shows lighting apparatus 1100 in which the current
sources 120 are fed by series-connected non-isolated AC/DC
converter circuits 1110. FIG. 12 shows lighting apparatus
1200 in which current sources 120 are fed by parallel-con-
nected DC/DC converter circuits 1220 that receive power
from a common AC/DC converter circuit (e.g., rectifier)
1210. FIG. 13 shows lighting apparatus 1300 in which current
sources 120 are fed by series-connected DC/DC converter
circuits 1320 that receive power from a common AC/DC
converter circuit (e.g., rectifier) 1310. The AC/DC converter
circuits 1210, 1310 and/or the DC/DC converter circuits
1220, 1320 may provide isolation. It will be appreciated that
the converter circuits shown in FIGS. 9-13 may be imple-
mented in any of a number of different ways. It will be further
appreciated that power may be provided to series-connected
current sources in other ways in apparatus that is not AC
powered, e.g., using various DC/DC converter arrangements.
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[0041] Embodiments of the inventive subject matter may
be illustrated and described herein in any of a number of
patentable classes or contexts including any new and useful
process, machine, manufacture, or composition of matter, or
any new and useful improvement thereof. Accordingly, some
embodiments of the inventive subject matter may be imple-
mented in hardware or as combinations of software and hard-
ware that may all generally be referred to herein as a “circuit,”
“circuitry,” “module,” “component,” and/or “system.” Fur-
thermore, some embodiments of the inventive subject matter
may take the form of a computer program product comprising
one or more computer readable media having computer read-
able program code embodied thereon. It will be appreciated
that such computer code may be stored in a computer readable
storage medium integrated within a computing device, such
as a microprocessor or microprocessor, within a memory
device coupled to such a computing device, and/or in a com-
puter accessible location, such as a website. Generally, com-
puter readable media may include, but is not limited to, elec-
tronic, magnetic, optical, electromagnetic, or semiconductor
system, apparatus, or device, or any suitable combination of
the foregoing.

[0042] Embodiments of the inventive subject matter are
described herein with reference to block diagrams and other
types of illustrations depicting methods, apparatus, and com-
puter program products. It will be understood that various
blocks of block diagrams, and combinations of blocks in
block diagrams, can be implemented by computer program
instructions. These computer program instructions may be
provided to a processor of a general purpose computer, spe-
cial purpose computer, or other programmable data process-
ing apparatus to produce a machine, such that the instruc-
tions, which execute via the processor of the computer or
other programmable instruction execution apparatus, create a
mechanism for implementing the functions/acts specified in
the disclosure.

[0043] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended to
be limiting to other embodiments. As used herein, the singu-
lar 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”, “have” and/or
“having” when used herein, specify the presence of stated
features, integers, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements,
components, and/or groups thereof. Elements described as
being “to” perform functions, acts and/or operations may be
configured to or otherwise structured to do so. As used herein,
the term “and/or” or */”” includes any and all combinations of

one or more of the associated listed items.

[0044] 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 inter-
vening elements present. When a third element “couples” first
and second elements, additional intervening elements may be
present between the third element and the respective first and
second elements. It will be further understood that elements
“coupled in series” or “serially connected” may be directly
coupled or may be coupled via intervening elements.
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[0045] The expression “lighting apparatus”, as used herein,
is not limited, except that it indicates that the device is capable
of'emitting light. For example, lighting apparatus can include,
but is not limited to, devices that illuminate areas or volumes
(e.g., structures, vehicles, signage, vessels, electronic
devices, aircraft, landscape elements, topographic and geo-
logical features, etc.), bulbs and bulb replacements, outdoor
and security lights, residential lights, commercial lights,
industrial lights, task lights, specialty lights and any other
light emitting devices or systems.

[0046] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same meaning
as commonly understood by one of ordinary skill in the art to
which this present inventive subject matter belongs. It will be
further understood that terms used herein should be inter-
preted as having a meaning that is consistent with their mean-
ing 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.
[0047] The corresponding structures, materials, acts, and
equivalents of any means or step plus function elements in the
claims below are intended to include any disclosed structure,
material, or act for performing the function in combination
with other claimed elements as specifically claimed. The
description of various embodiments of the inventive subject
matter herein has been presented for purposes of illustration
and description, but is not intended to be exhaustive or limited
to the forms disclosed. Many modifications and variations
will be apparent to those of ordinary skill in the art without
departing from the scope and spirit of the disclosure.

[0048] In the drawings and specification, there have been
disclosed typical embodiments 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
disclosure being set forth in the following claims.

What is claimed is:

1. An apparatus comprising:

a plurality of series-connected current control circuits con-
figured to control a current therethrough responsive to at
least one current reference signal and to be coupled in
parallel with a load; and

a voltage control circuit configured to control respective
voltages across respective ones of the current control
circuits.

2. The apparatus of claim 1, wherein the voltage control
circuit is configured to individually adjust responses of the
current control circuits responsive to the voltages across the
current control circuits.

3. The apparatus of claim 2, wherein the current control
circuits comprise respective current control loops and
wherein the voltage control circuit comprises a current refer-
ence adjustment circuit configured to generate adjusted cur-
rent reference signals for the current control loops from the at
least one current reference signal responsive to the voltages.

4. The apparatus of claim 3, wherein the current reference
adjustment circuit is configured to nonlinearly map the volt-
ages to the adjusted current reference signals.

5. The apparatus of claim 1, wherein the voltage control
circuit comprises respective voltage limiters coupled across
respective ones of the current control circuits.

6. The apparatus of claim 5, wherein the voltage limiters
comprise respective diodes coupled across respective ones of
the current control circuits.
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7. The apparatus of claim 1, wherein at least one the current
control circuits comprises:

a buck current regulator circuit; and

a pulse width modulation (PWM) control circuit config-
ured to pulse-width modulate a switch of the buck cur-
rent regulator circuit responsive to a current reference
signal and a voltage across an output of the buck current
regulator.

8. The apparatus of claim 1:

wherein the buck current regulator comprises:

a freewheeling diode having a first terminal coupled to a
first power supply node;

a switching transistor having a first terminal coupled to
a second terminal of the freewheeling diode and a
second terminal coupled to a second power supply
node; and

a capacitor having a first terminal coupled to the first
power supply node; and

an inductor having a first terminal coupled to a second
terminal of the capacitor and a second terminal
coupled to the first terminal of the transistor; and

wherein the PWM control circuit is configured to drive a
third terminal of the switching transistor responsive to a
voltage across the capacitor and a current through the
switching transistor.

9. The apparatus of claim 8, wherein the at least one of the
current control circuit further comprises a current sense resis-
tor coupled in series with the switching transistor and wherein
the PWM control circuit is configured to drive the third ter-
minal of the switching transistor responsive to a voltage
across the current sense resistor.

10. The apparatus of claim 1, further comprising at least
one light emitting device coupled in parallel with the plurality
of series-connected current control circuits.

11. The apparatus of claim 10, wherein the at least one light
emitting device comprises at least one LED.

12. The apparatus of claim 11, wherein the at least one LED
comprises a string of LEDs.

13. A lighting apparatus comprising:

a plurality of current source circuits coupled in series and
configured to receive at least one current reference sig-
nal and respective individual current reference adjust-
ment signals, each of the current source circuits further
configured to control current passing therethrough
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responsive to the at least one current reference signal and
the current reference adjustment signal associated there-
with;

a current reference adjustment circuit configured to gener-
ate the current reference adjustment signals responsive
to voltages across respective ones of the current source
circuits; and

at least one light emitting device coupled in parallel with
the plurality of current source circuits.

14. The apparatus of claim 13, wherein the current source
circuits comprise respective current control loops and
wherein the current source circuits are configured to generate
adjusted reference signals for the current control loops
responsive to the at least one current reference signal and the
current reference adjustment signals.

15. The apparatus of claim 13, wherein relationships of the
adjusted reference signals to the voltages across the current
source circuits is nonlinear.

16. The apparatus of claim 13, wherein the current refer-
ence adjustment circuit acts to limit the voltages across the
current source circuits.

17. The apparatus of claim 13, wherein the at least one light
emitting device comprises at least one LED.

18. The apparatus of claim 17, wherein the at least one LED
comprises a string of LEDs.

19. A method of operating a lighting apparatus, the method
comprising:

coupling a plurality of series-connected current sources in
parallel with at least one light emitting device; and

limiting respective voltages across the current sources.

20. The method of claim 19, wherein limiting the respec-
tive voltages comprises modifying current references of the
current sources responsive to the voltages.

21. The method of claim 19, wherein modifying the current
references comprises nonlinearly mapping the voltages to the
current references.

22. The method of claim 19, wherein limiting the respec-
tive voltages comprises limiting the voltages using respective
clamping circuits coupled across respective ones of the cur-
rent sources.

23. The method of claim 19, wherein the at least one
lighting device comprises at least one LED.

24. The method of claim 23, wherein the at least one LED
comprises a string of LEDs.
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