I*I Innovation, Sciences et Innovation, Science and CA 2910222 C 2022/08/30

Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 2 9 1 0 222
12y BREVET CANADIEN
CANADIAN PATENT
13 C
(86) Date de dépo6t PCT/PCT Filing Date: 2014/04/30 (51) ClInt./Int.Cl. HO5B 45/34(2020.01),
(87) Date publication PCT/PCT Publication Date: 2014/11/06 A47F 3/04(2006.01), GOSF 1/10(2006.01)
" . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2022/08/30 JOHNSTON, SCOTT D., US:
(85) Entrée phase nationale/National Entry: 2015/10/23 ELLEDGE, CHRISTOPHER, US;
®6) N° demande PCT/PCT Application No.: US 2014/035990 MEDAL, HUGH, US;
L L MORGAN, FREDERICK M., US;
(87) N° publication PCT/PCT Publication No.: 2014/179379 EGAN JOHNFE. US

(30) Priorité/Priority: 2013/04/30 (US61/817,671) (73) Propriétaire/Owner:

DIGITAL LUMENS INCORPORATED, US
(74) Agent: SMART & BIGGAR LLP

(54) Titre : FONCTIONNEMENT DE DIODES ELECTROLUMINESCENTES A BASSE TEMPERATURE
(54) Title: OPERATING LIGHT EMITTING DIODES AT LOW TEMPERATURE

300 310a 310b 310c¢ 310(n-1)  310n

L1 C0oQ 1P| 11
Bypass
Circuit
380
L — _._.[
370
Constant FLJHIJHL.JHLJ"LJF}
Voltage Linear Driver |
Supply circuit | '
Micro
330 x1> processcr @
350 —S 360
340 _J_ ‘
- Memory
352

(57) Abrégé/Abstract:

Light-emitting diodes (LEDs) generate light more efficiently than high-intensity discharge lamps or high-intensity fluorescent lamps.
Driving a series of LEDs with a constant-voltage primary supply and a low- voltage LED driver keeps efficiency high. Unfortunately,
LED forward voltage varies as a function of temperature: at low temperature, the forward voltage rises. Placing the LEDs in series
maghnifies the forward voltage increases. This makes it difficult to drive a series of LEDs at low temperature with a constant-voltage
supply because the forward voltage can exceed the power supply voltage. To account for this behavior, an exemplary LED lighting
fixture includes a "bypass"” circuit that, when engaged, effectively removes at least one LED from each series string of LEDs to bring
the total forward voltage below the power supply voltage. The low-voltage driver circuit monitors temperature, and engages the
"bypass” circuit when necessary to ensure that DC voltage is not exceeded.
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(57) Abstract: Light-emitting diodes (LEDs) generate light more efficiently than high-intensity discharge lamps or high-intensity
fluorescent lamps. Driving a series of LEDs with a constant-voltage primary supply and a low- voltage LED driver keeps efficiency
high. Unfortunately, LED forward voltage varies as a function of temperature: at low temperature, the forward voltage rises. Placing
the LEDs in series magnifies the forward voltage increases. This makes it difficult to drive a series of LEDs at low temperature with
a constant-voltage supply because the forward voltage can exceed the power supply voltage. To account for this behavior, an exem-
plary LED lighting fixture includes a "bypass" circuit that, when engaged, etfectively removes at least one LED from each series
string of LEDs to bring the total forward voltage below the power supply voltage. The low-voltage driver circuit monitors temperat -
ure, and engages the "bypass" circuit when necessary to ensure that DC voltage is not exceeded.
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OPERATING LIGHT EMITTING DIODES AT LOW TEMPERATURE
FIELD

[0001] This disclosure relates to lighting fixtures, and more particularly lighting fixtures

including light emitting diodes in series.
BACKGROUND

[0002] Compared to traditional lighting systems such as high intensity discharge (HID), high
intensity fluorescent (HIF), and high pressure sodium (HPS) lightings that are used in a variety
of settings, including large scale facilities such as warehouses, light emitting diodes (LEDs)
provide superior performance. Some of the advantages include low energy consumption (with

excellent lighting levels), fast switching. long lifetime, etc.
SUMMARY

[0003] Embodiments of the present invention include a lighting fixture comprising: a plurality of
light emitting diodes arranged in series, the plurality of light emitting diodes comprising at least
one first light emitting diode; a constant-voltage power supply, operably coupled to the plurality
of light emitting diodes, to provide a constant voltage across the plurality of light emitting
diodes; a sensor, in electrical communication with the plurality of light emitting diodes, to
measure a decrease in temperature of the plurality of light emitting diodes, the decrease in
temperature of the plurality of light emitting diodes causing an increase in series voltage across
the plurality of light emitting diodes; and a bypass circuit, operably coupled to the sensor, to
short-circuit the at least one first light emitting diode in response to the increase in the series
voltage so as to reduce the series voltage below the constant voltage provided by the constant
voltage power supply, wherein: the bypass circuit is configured to enable the at least one first
light emitting diode for a predetermined period after disabling the at least one first light emitting
diode in response to the increase in the series voltage; and the sensor is configured to measure a
change in the temperature of the plurality of light emitting diodes while the at least one first light

emitting diode is enabled.
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[0003a] In another embodiment, a method of operating a plurality of light emitting diodes
arranged in series at low temperature, the method comprising: (A) providing, via a constant-
voltage power supply operably coupled to the plurality of light emitting diodes, a constant
voltage across the plurality of light emitting diodes; (B) measuring, with a sensor in electrical
communication with the plurality of light emitting diodes, a decrease in the temperature of the
plurality of light emitting diodes, the decrease in temperature of the plurality of light emitting
diodes corresponding to an increase in series voltage across the plurality of light emitting diodes;
(C) short-circuiting, with a bypass circuit operably coupled to the sensor, at least one first light
emitting diode in the plurality of light emitting diodes in response to the increase in the series
voltage so as to reduce the series voltage below the constant voltage provided by the constant-
voltage power supply; (D) enabling, with the bypass circuit, the at least one first light emitting
diode; and (E) measuring, with the sensor, a change in the temperature of the plurality of light

emitting diodes while the at least one first light emitting diode is enabled.

|0004] In some examples, the bypass circuit enables the short-circuited LED for a
predetermined period. While the LED is re-enabled, the sensor measures a change in the LEDs'
temperature. e.g., for a period of 20 ms or less. If the temperature change indicates that the series
voltage remains high, the bypass circuit short-circuits the LED again. Otherwise, the bypass
circuit leaves the LED enabled until the temperature drops again. The bypass circuit can also

short-circuit at least one LED if the series voltage exceeds a threshold voltage.

[0005] Another embodiment comprises an apparatus for illuminating an environment at cold
temperature. An exemplary apparatus includes at least one LED, a linear driver circuit operably
coupled to the LED, a sensor in electrical and/or thermal communication with the at least one
light emitting diode, a processor operably coupled to the to the sensor, and a switch (e.g., one or
more transistors) operably coupled to the processor and to the linear driver circuit. In operation,
the linear driver circuit provides a drive current to the LED. The sensor detects a variation in the
drive current from a predetermined drive current caused by a decrease in temperature of the
LED, e.g., based on the LED's temperature. The processor generates a drive current control
signal, such a pulse-width modulated digital signal, based on at least in part on the variation

measured by the sensor. And the switch controls the drive current provided to the LED by the
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linear drive circuit in response to the drive current control signal from the processor. The

processor may also dim the LED by varying the drive current control signal.

[0006] It should be appreciated that all combinations of the foregoing concepts and additional
concepts discussed in greater detail below (provided such concepts are not mutually inconsistent)
are contemplated as being part of the inventive subject matter disclosed herein. In particular, all
combinations of claimed subject matter appearing at the end of this disclosure are contemplated
as being part of the inventive subject matter disclosed herein. it should also be appreciated that
terminology explicitly employed herein that also may appear in any disclosure incorporated by
reference should be accorded a meaning most consistent with the particular concepts disclosed

herein.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the inventive subject matter described herein.
The drawings are not necessarily to scale; in some instances, various aspects of the inventive
subject matter disclosed herein may be shown. exaggerated or enlarged in the drawings to
facilitate an understanding of different features. In the drawings, like reference characters

generally refer to like features (e.g., functionally similar and/or structurally similar elements)

2a
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{B008]  FIG. 1A shows a plot of the dependence of forward voltage on tomperature for an

exemplary light emitting diode.

{6609 FIG. 1B shows the current versus voltage diagram of an LED.

10010} FIG. 2A shows an exemplary LED lighting system in a cold-storage facility.

{B011]  FIG. 2B shows an exemplary lighting system in the freezer section of a supermarket,

18012) FIG. 3A shows an exemplary bypass cireutt regulating, in response to a drop in
fomperature as measurcd by scusor, the voltage availuble (o a plurslity of LEDs by short-
gircuiting one of the LEDs in the plurality of LEDs.

{8013} FIG. 3B shows an exemplary lighting fixture that includes several LED light bars
connected to a direct current (DC) power supply through respective low-voltage drivers and a
bypass circuit,

{0614} FIG. 4 shows an cxcmplary bypass circuif regulating the voltage available to a plurality
of LEDS in rosponse 1o an increasc in scrics voltage duc to a drop in temperature by short-

circuiting an LED in the plurality of LEDs,

{B6015]  FIG. 5 shows an exemplary bypass cireuit regulating, in response to a drop in
temperature as measured by a sensor, the veltage available to a plurality of LEDs by short-
circuiting any mumber of LED< in the plurality of LEDs.

%

{0016} FIG. 6 shows an exemplary bypass circuit regulating the amount of voltage available 1o
a plurality of LEDSs in response 1o an increase in serigs voltage due to a drop in temperature by

short-circuiting any number of LEDs in the plurality of LEDs.

{80171  FIG. 7 shows an exomplary bypass circutf regulating, in response fo g drop in
temperature, the amount of drive cmrrent avatlable to a plurality of LEDs by switching a
transistor using a drive current control signal,

{8018}  FIG. K shows a flow diagram of an exemplary process for managing the voltage across
LEDs operating in a low tomperature environment.

18819} FIG. 9 shows a flow diagram of an cxemplary process for managing the curromt
supplied to a plurality of LEDs operating in a low temperature environment,

1036346432 w1
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[0026] FIG. 10 18 a circuit diagram that shows an exerplary byvpass circuit.

{0021} FIG. 11 s a circuit diagram that shows an exemplary temperature sensor.
DETAILED DESCRIPTION

{B022] For the cold storage industry, facility lighting bas been a significant challenge owing to
the subpar performance in refrigerated environments of the main industrial lighting choices, high
intensity discharge (HID) and high intensity fluorescent (HIF) lighting fixtures. In general, these
lighting systems consume too much energy, generate too nwch heat, and are expensive to

maintain. And low-temperature environments, such as those in cold-storage facilitics, cxacerbaie

the disadvantages of HID and HIF lighting,

{8023} In condrast, an exemplary smart Hight-emitting diode (LED) Hghting fixture offers
consistent performance and durability in all temperature environments. For cxample, an LED
lighting system can frequently cyele on/off without impacting the longevity of the lamp source or
fixture, instantly return to full intensity when activaied, cven in ~40eF chillers, and generate

minimal heat during operations, significantly reducing refrigeration loads.

{6024} However, an LED s forward voltage has a significant variation with temperature. For
example, as shown in FIG. 1A for the specific example of a GalnN LEDS the forward LED
voitage to maintain constant current increases with falling ambient temperatures. Over a
temperature range of ahout 273 K 1o about 300 K|, the forward voltage for a single LED increases
by about 3.1 V. For sirings of LEDs arranged in scries, the total fluctoation in forward voltage
gan reach scveral volts, depending on the murnber of LEDs in series, their tomperature
performance, and the total temperature drop. Unfortunately, for LED drivers supplied by
constant voltage sources, which tond to be more cfficient and loss expensive than other power
supplics, 1 may not be possible to increase the voltage to compensate for inereases m LED
forward voltage at low temperature. In other words, a linear LED driver supplied by an efficient
constant-voltage power supply might not provide enough voltage to drive LEDs arranged in
series at extremely cold temperatures |, such as typical cold-storage facility temperatures that run

from ~40°F (-40°C} to -4°F (-20°C).

1036346432 w1
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{00257 LED drive current also varies with forward voltage as shown in FIG. 18, which is a plot
of forward current versus forward voltage {an -V curve} for an LED st tomperature of 25°C. For
an LED to omit an gpprecisble amount of light, the forward voltage should exceed a
characteristic on~voltage value, which typically is in the range of abont 2-3 volts at room
temperature as shown in FIG. 1B, Changing the LED temperature causes the curreni-voltage
relationship to vary, in effoct increasing or decreasing the LED voltage according to the
relationship depicted in FIGS. 1A and 18, But becanse an LEDY s voltage, current, and
temperature are interrelated, knowledge of any two of these quantities makes it possible to wolve
for the thivd quantity. For example, if the current is fixed {can be assumed to be fixed}, a

temperature measarernent can be used to find the voltage, or vice versa,

{0026] FIG. 2A shows LED-based lighting fixtures 210a and 210b {collectively, lighting
fixtures 218) that uses the relationship among LED current, voliage, and temperature to operate
in ¢cold environments {¢.g., environments at temperatares of 0° C, -53°C, -14° C, 157 C, -20° C,
-280C, -30° C, -35° C, -4 C, ete.). For instance, the fixture such as a refrigerated storage
warchouse 200, with constant-voltage power supplies (not shown). Smaller fixtures 260 can be

used in smaller cold environments, such as the refrigerators 250 shown in FIG. ZB.

{88271 As cxplained in greater detail below, cach fixtare 210 includes a sensor that measures
{decreases in) temperature. Hach fixture 210 also inchudes a processor or other circuitry that
predicts the corresponding (increase in} LED forward voltage vsing the LEDS” tomperature-
voltage relationship at a given current. To compensate for changes in LED forward voitage, the
lighting fixtures 210 and 260 include bypass circuits that short ¢ircuit one or more of the LEDs
in the lighting fixture 218 to reduce the overall forward voltage of the plurality of LEDs. Further,
since LEDs are more efficient at producing light at low temperatures {e.g., below (°C), so short-
circuiting onc or more LEDs may not significantly reduee the fixture’s light output. In some
cases, the bypass circuit may short-circuit the LED(s} to reduce power consumption for a given

light output level at a given tomperatire,

{8028} In other cases, the LED fixtures may regulate the current supplied by the driver

circuit{s} to the LEDs, For instance, an exemplary LED fixture may include a microcontroilor or
other processor that determines fluctuations in the LED drive current, possibly by measuring

temyprerature or the current iiself. The microcontrolier may modulate the drive current by applying
106546432 v1
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a drive current control signal (e.g., a pulse-width modulated signal) to the gate of a bipolar
transistor that conducts current from the power supply to the driver or from the driver to the

LEDs.

[0029] In addition, the LED-based lighting fixtures 210 can deliver light where and when
needed, unlike HID and HIF fixtures, in part because of LEDs' fast response times. For instance,
the LED fixture 210 may include a processor that increases light output when there is activity
220 in the area 200 and dims the lights when the area 200 is unoccupied as indicated by a signal
from an ambient light sensor (not shown). The processor 200 may also brighten or dim the lights
in response to a signal from an ambient light sensor to save energy in a process known as
"daylight harvesting." For more information on occupancy- and daylight-based LED control, see,
e.g., the following patent documents: U.S, Patent No. 8,536,802; U.S, Pre-Grant Publication No.
2012/0143357 Al; U.S. Pre-Grant Publication No. 2012/0235579 Al; U.S. Pre-Grant Publication
No.2014/0028199 Al; and International Patent Application No. WO 2013/067389.

[0030] Bypass Circuits to Reduce LED Forward Voltage

[0031] FIG. 3A shows a lighting fixture 300 that includes a plurality of LEDs 310a-310n
(collectively, LEDs 310) that are in series with each other. For instance, the fixture 300 may
include 10, 11, 12, 13, 14, 15, or more LEDs 310 in series depending on the available voltage,
which is supplied by a constant-voltage power supply 330 via a non-switching linear driver 340.
If the power supply 330 provides 60 V or less (e.g., 42 V with a tolerance of + 0.5 V), it may be
considered by Underwriters' Labs to be a Class 2 Power Unit and thus subject to slightly less

rigorous design constraints than certain other power supplies.

[0032] The linear driver 340 may be optimized for a given temperature (e.g., room-
temperature), but fluctuations in ambient temperature may reduce the efficiency of the driver 340
and the LEDs 310. The lighting fixture 300 also includes one or more sensors 360 capable of
measuring temperature, voltage overhead, and/or LED current drive may sense the voltage
provided for driving the LEDs 310. And the fixture 300 includes a microcontroller 350 or other

processor, that determines, based on the sensor measurements, whether there is sufficient voltage
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to drive the LEDs 310, A bypass circuit 378, shown in FIG. 3A as a switch, that short-circuits the

first LED 310a if the voltage is too low to drive all of the LEDs 310,

{6033}  For example, the seosor 360 may be implomented as a fully-integrated digital
temperature sensor like the one shown in FIG. 11 and described below. The sensor 360 can also
be implemented using other components, inciuding but not limited to thermistors,
thermocoupies, and so forth. In operation, the sensor 360 measures a decrease in temperature and
predict an assoctated voltage increase by using a relationship, such as a look-up table stored in
memory (not showny, that relates voltage with temperature. As an alicrnative cmbodiment, the
sensor 360 may measure a decrcase in temperature and fransmil a signal representing the
measurement to a microcontroller 350 that uses the relationship relating LED forward voltage
with temperature to determine the change in LED forward voltage at the lower ternperature. For
Cree LEDs, the conversion is about -2.5mV/"C; for other LEDs, the conversion may be higher or
lower. In this case, the microcontroller 350 looks up the voltage-temperature conversion in a
memory 352, which stores these characteristics in a look-up table or other representation of the
LEDg temperaturg-dependent current-voitage (1-V} characteristics. {In other embodiments, a
voltmeter may be used to measire the voltage across the series, as discussed in more detail with

respect to FIGS. S and 6.3

{8034] I the sensor 360 and/or processor 350 determine that there 13 not sutficient voltage
and/or there is a requirement that the forward voltage should not exceed a preseribed amount
{e.g., to protect the integrity of the LEDs), the first LED 310a {or, equivalently, the last LED
310n} may be “bypassed” {¢.g., short-circnited) to reduce the overall forward voltage of the
LEDs 310, Bypassing one or more of the LEDs reduges the total forward voitage and makes it

possibie to drive at lcast some of the LEDs 310 at full current.

{00353]  In some implementations, the microcontroller 350 may apply a “bypass-circuit” control
signal {e.g., a pulse-width-modulated (PWM) digital signal) 380 to a bypass circuit 370 to effeet
the bypassing of the first LED 310a (or the last LED 310n} in the serics 310, This bypass circuit
370 may inchude a ficld-cffect transistor or switching componcent in addition to various support
components, ¢.g., as deacribed below with respect to FIG. 18, 1t can be implomented separately
from the linear driver circuit 340 or located on the same circuit board as the hinear driver circut
340. Upon receiving the control signal 380, the bypass-circuit 370 short-circuits the first LED

1036346432 w1
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310a and conseguently reduce the overall forward voltage needed for the plurality of LEDs. (dn
alternative implementations, the biypass circuit 370 may be included in the lincar driver 344, and

the processor 350 may transmit the control signal directly to the Linear driver 344, )

{8836] Once the first LED 3102 has been electrically removed (short-circuited) from the series
of LEDs 310, it may be checked perindically to detorminge if there is sufficient voltage available
to drive all the LEDs 310, For example, if the teroperature has increased, the power supply DC
voltage may be adequate to provide a lower forward voltage to drive the LEDs 310, In such
crobodiments, the microcontroller 350 and bypass-circuit 378 may periodically enable the first
LED 310a to check whether normal, un-bypassed operation has bocome possible. This periodic
disabling of the bypass ¢ircuit may be performed at a rate too fast to observe with the naked eve,
e.g., at a speed of 100 Hz or faster (1.e., a period less than about 20 milliseconds). The fast
switching speed leads to an imperceptible flicker of the first LED 310a and possibly of the other
LEDs 310 as well, If the measurement shows that the forward voltage has dropped below the
supply voltage (e.g., because the temperature has risen}, then the bypass ¢ircnit may re-enable
the first LED 310, Otherwise, the bypass circuit may disable the first LED 310a after the
meastrement and check the voltage again later {e.g., every 30 seconds, 60 seconds, five minutes,
ten minutes, etc.).

{80371 FIG. 3B shows how multiple “bypass civcuits™ 378a-370c¢ (collectively, bypass circuits

i
]

3783 may be coupled to the LEDs 310 to allow for individual “bypassing™ of some or all of the
LEDs. For example, the bypass circuits 370 may comprise respective transistors, €.g., as shown
in FIG. 10, Upon receiving a signal 380 from the microcontrolier 350, some or all of these
transistors may short out a respective LED 318, For example, in FIG, 3B, bypass circuit 378b is
associated with LED 310b, bypass circuit 37¢c is associated with LED 310c¢, cte., and cach
bypass circuit 370 is connected to the microcontroller 358, As such, the microcontroller 330 can
switch on or disable the bypass circuits 370 individually and consequently can control the overalt
total voltage across the LEDs 310 more finely, This may allow the LEDs 310 to iHluminate the

gnvironment over a wider range of voltage swings {and a wider range of temperatures).

{B038]  With reference to FIG. 4, a lighting fixture 400 may inchude light bars 490a-4%0¢
{collectively, light bars 490} that cach comprise several LEDs 410a-410n {collectively, LEDs

410} in serics. Each Hght bar 490 may be connected to a constant-veltage power supply 430
1055465432 v1
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through a respective low-voltage driver 440a-440c (collectively, drivers 440). In some
embodiments, the constant-voltage power supply 430 and low-voltage drivers 440 may be

commonly available modular power supplies and drivers, respectively.

[0039] As explained above, the combined forward voltages of the LEDs 410 in each light bar
490 may exceed the available DC voltage as the ambient temperature drops. In some
implementations, the low voltage drivers 440 of some or all of the light bars 410 may serve as
sensors that measure the temperature and/or voltage to determine if the forward voltage exceeds
the DC voltage available for each light bar 490. For example, if the same amount of forward
voltage should be available to each light bar 490 in the lighting fixture 400, the voltage drivers
440 may check to determine if the total forward voltage at each light bar 490 exceeds the total
available DC voltage divided by the number of light bars 490 in the lighting fixture 400.

[0040] In some embodiments, the lighting fixture 400 includes a digital light agent (DLA)
module 450, which may be implemented as a processor, that may determine, upon receiving the
sensing measurements from the voltage drivers 440, if the total forward voltages for the light
bars 490 have exceeded the apportioned DC voltages. In other embodiments, the voltage drivers
490 may have made such determinations and may transmit the result to the DLA module 450.
Once it has been determined that the forward voltages at one or more of the light bars exceed the
available DC voltage, and/or the total combined forward voltage of all the LEDs 410 exceeds the
power supply DC voltage, the DLA module 450 may signal the voltage drivers to engage bypass
circuits 420a-420c (collectively, bypass circuits 420) included in each light bar 490. In some
embodiments, when engaged, the bypass circuits 420 may short-circuit at least one LED 410 in
each light bar 490 (FIG. 4 as shown depicts the short-circuiting of the first LED of the light bar).
For example, the number of LEDs short-circuited by different bypass circuits may be the same

and/or different.
[0041] Voltage Monitoring for Low-Temperature Operation

[0042] FIG. 5 shows a circuit 500 including a plurality of LEDs 510a-510n (collectively, LEDs
510) in series with each other and connected to a DC voltage power supply 530 via a non-
switching linear driver 540. The linear driver may be optimized for operation at a given
temperature (e.g., room-temperature), but fluctuations in ambient temperature may render the

operation of the driver and
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the LEDs less efficiont than the optimal casce. In embodiments similar to those discussod with

i

b
o

g
-

refercnge . 3A, a sensor 560b moeasures the ambient fomperature 560a and detormines
whether there s sufficient voliage to drive the plurality of LEDs. In alternative embodiments, the
sensor may relay the roeasurements o the microconiroller 5536 which may then look up, ina
memory 352, a relationship that relates LED forward voltages with temperature to determine

whether there is sufficient voltage to drive the plorality of LEDs.

{80431  In other cmbodiments, a voltmeter 590 measures the voltage overhead across the
plurality of the LEDs and may determunc i the forward voltage of the plurality of LEDs exceeds
the available DC voltage, and provide the microcontrolier with the result, In some embodiments,
the sensor 390 may measure the forward voltage of the plurality of LEDs and relay the measured
data to the microconirolier 558 for the microcontroller to determine if the DC power supply
provides sufficient voltage to drive the LEDs 5190, Upon determining that the forward voltage
has exceeded the power supply DC voltage and/or another presceribad voltage threshold, the
microcontrolier 358 applies a “bypass-circuit” control signal 588 (e.g., a pulse-width-modulated
{(PWM) digital signal) to the bypass circuit 370, This causes the bypass ¢irenit 378 to short-
cireuit the first LED $10a {or last LED, as an alternative example} in the series as shown in

FIG. 3. As explained above, short-circuiting the first LED 510a reduces the overall forward

voltage needed for the series of LEDs.

{8044]  After the first LED 510a has been short~circnited and the total forward voltage of the
remaining plurality of LEDs reduced to or below the BC voltage from the power supply 330, the
microcontroller S50 may disable the bypass switch 570 and bring the shorted LED 510a back
oniing periodically to check if there is encugh forward voltage to drive all the LEDs 510, For
example, the ambient tomperature may have increased and the required total forward voltage for
the plurality of LEDs inchuding the shorted-out LED may have been reduced to below the DO
voltage. In such embodiments, the microcontroller 550 may periodically disable the “bypass
circuit” {¢.g., switch off the bypass circuit 570} to check whether un-bypassed operation has
become possible by, for example, measuring the total forward voltage again with the voltmeter
590, This periodic disabling of the bypass circuit may be performed at a rate too fast 10 observe

with the naked cye, ¢.g., at a specd of 100 Hz or faster (i.c., 4 period less than about 20

1036346432 w1

16



milliseconds). For example, the bypass circuit may be disabled for a period less than about 20

milliseconds, 10 milliseconds, 5 milliseconds, etc.

[0045] FIG. 6 shows a fixture 600 that includes multiple bypass circuits 670a through 670(n-1)
(collectively, bypass circuits 670), each of which is coupled to a different LED 610 in the series
of LEDs 610a-610n (collectively, LEDs 610). The LEDs 610 are driven by a linear driver circuit
640 that receives power from a constant-voltage power supply 630. As in FIG. 5, a processor 650
determines the temperature by measuring the forward LED voltage with a voltage sense circuit
690 (e.g., a voltmeter) and looking up the temperature 660a corresponding to the measured
voltage and drive current in a look-up table or other representation stored in a memory 652. (The
processor 600 may also measure the temperature 660a using a temperature sensor 660b and
determine the LED forward voltage based on the temperature 660a). If the processor 650
determines that the forward LED voltage has risen above the power supply voltage or another
threshold, the processor generates one or more control signals 680a and 680b for actuating the

bypass circuits 670, only some of which are Shown for clarity.

[0046] Upon receiving the control signals 680a and 680b from the microcontroller 650, the
bypass circuits 670 may short-circuit the associated LED(s). For example, in FIG. 6, bypass
circuit/switch 670a 1s associated with LED 610a, etc. As such, the microcontroller 650 can
switch on or disable the bypass circuits 670 individually and consequently can. control the
overall total voltage across the LEDs 610 more finely. This may allow the LEDs 610 to
illuminate the environment over a wider range of voltage swings (and a wider range of
temperatures). This, for example, may also allow for the wear that ensues from the switching

on/off of LEDs to be distributed evenly amongst some or all the LEDs in the series.

[0047] If desired, the processor 650 may actuate the bypass circuits 670a through 670(n-1)
independently. That is, in FIG. 6, the processor 650 can switch on or disable the bypass circuits
670a through 670(n-1) individually, and consequently would be able to control the voltage across
each LED 610a, 610c separately. This, for example, may allow for the wear that ensues from the

switching on/off of LEDs to be distributed evenly amongst some or all the LEDs in the series.

11
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[0048] Current Monitoring for Low-Temperature Operation

[0049] FIG. 7 illustrates an LED lighting fixture 700 with a processor 750 that controls the
current supplied by power supply 730 to LEDs 710 in response to changes in temperature. The
LEDs 710 are connected to a power supply (not shown) via a linear driver 740 and a bypass
circuit 770, which may also be part of the linear driver 740. In this case, the linear driver 740 can
be an inexpensive device, e.g., a driver that does not provide or use a precision current reference
for controlling the current supplied to the LEDs 710. And the bypass circuit 770 can be a
transistor-based device like the bypass circuits shown in FIGS. 3A, 3B, 5, 6, 7 and 10. It can also
comprise one or more bipolar transistors whose base-emitter voltage drop may be used to set a
desired drive current for the LEDs 710. In operation, the processor 750 and the transistors

manage the level of the drive current supplied to the LEDs 710.

[0050] As shown in FIG. 7, a current sensor 790 coupled in series with the LEDs 710 may
measure the LED drive current. The current sensor 790 provides this measurement to the
processor 750, which determines whether the drive current has deviated from a desired set-point
based on values stored in a memory 752. The processor 750 may also determine the voltage or

temperature based on the current measurement.

[0051] In other embodiments, a temperature sensor 760b may provide a measurement of the
temperature 760a to the processor 750, which determines if the drive current has deviated from
the desired drive current set-point based on the temperature measurement based on values stored
in the memory 752. For example, the sensor and/or the microcontroller may use a relationship
that relates current with temperature, and based on a temperature measurement from the sensor

760b may be able to determine the drive current at the plurality of LEDs 710.

[0052] Upon determining the deviation of the drive current from the drive current set-point, in
some embodiments, the processor 750 may apply a drive current control signal (e.g., a pulse-
width-modulated (PWM) digital signal) 780 to the bypass circuit 770 to adjust the drive current
to the desired value. For example, if the ambient temperature drops and the output current
exceeds the desired value, the processor 750 may apply a PWM signal to the transistor 770 in

order to reduce the driver current to the set-point level. In some embodiments, the same PWM

12
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signal can also be used to dim the LEDs 710, e.g., in responsc to an occupancy ovont or a change

in the ambiont light level.
{8053} Compensation for Temperature-Induced LED Drive Veltage Fluctuation

{0054) FIG. § shows an exemplary process for managing the voltage across LEDSs operating in
a low temperature environment. In some embodiments, at step 801, a phurality of LEDs are
connected to a constant voltage source. For example, the voltage source may be a DC voltage
source power supply connected to a Hncar driver. At step 802, one may measure physical
quantitics such as ambicnt teraperature of the plurality of the LEDs, and deterraine, at step 803,
the forward voltage of the LEDs by using a rclationship that relates temperature to forward
voltages. In other erobodiments, one may measure the voltage overhead and/or LED current

drive and determine the forward voltage,

[B0SS] At step 804, the measured drive voliage is compared to a threshold amount {e.g., the
DC voltage provided by the voltage source). If the measured drive voliage is under the threshold,
the temperature may be periodically monitored to check if the forward voltage remains under the
threshold. If the measured forward voliage exceeds the threshold, af step 803, a processor {e.g., a
microcontrolier) may cffectuate the bypassing of at least one of the LED«s in the plurality of
LEDs using a bypass eircuit. In some embodimeunts, the bypassing/short-circuiting may
electrically isolate the LED and bring the overall forward voliage across the plurality of LEDs

under the threshold.

{80561 At step 806, the microcontroller may disable the bypass circuit to determine if the LED
forward voltage has dropped. For example, the temperature may have increased and the forward
voltage required to drive the LEDs at the desired drive current may have decreased below the
threshold. In some embodiments, the switching on/off of the bypass circuit may be undertaken at
an imperceptible rate to humans. If a measurement of the forward voitage at step 807 shows that
the forward voltage still exceeds the threshold, the bypass cirenit is re-engaged and at least one
LED is short-circuited at step 808, I, on the other hand, the forward voitage has fallen under the
threshold, the bypass circuit is left disabled and the ambient temperature is montiored to check

the forward voltage remains below the threshold.
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[0057] FIG. 9 shows an exemplary process for managing the drive current supplied to a
plurality of LEDs operating in a low temperature environment. At step 901, a constant voltage
supply is connected to a plurality of LEDs via, a linear driver to maintain a given drive current
through the plurality of LEDs. At step 902, physical quantities such as ambient temperature of
the plurality of the LEDs are measured., and based on the measurements, at step 903, the drive
current at the LEDs, and the variations due to fluctuations in temperature may be determined.
For example, a drop in temperature may result in an increase in the drive current, and such a
change in the drive current may be determined at step 903. In some embodiments, the
fluctuations in drive current may also be determined by measuring the current itself and/or

voltage overhead using a sensor.

[0058] At step 904, if the drive current is determined to be acceptable (e.g., the drive current
variations are within some acceptable bounds of the desired drive current set- point), the
temperature may be periodically monitored to check if the drive current variations remains
within the bounds. If on the other hand, the current variations are not acceptable, a
microcontroller may apply, at step 905, a drive current control signal to a transistor and/or a
linear driver circuit to keep the current at the desired level of drive current. For example, if a
drop in temperature has resulted in an increase of the drive current, the microprocessor may
signal the transistor and/or the linear driver to reduce the drive current to the desired level. At
step 906, one may determine if the drive current has attained the desired level, and if so, at step
907, the temperature may be periodically monitored to check the drive current maintains at the
desired level. If, on the other hand, the drive current has not reached the desired level, the
microcontroller may apply additional signal to the transistor and/or linear driver to adjust the

drive current at the plurality of LEDs to the desired level.

[0059] Bypass Circuits

[0060] FIG. 10 shows a circuit diagram of an exemplary bypass circuit 1000. The bypass circuit
1000 includes a metal-oxide-semiconductor field-effect transistor (MOSFET) 1020 that is
connected to a DC voltage power supply 1030. For example, the voltage supply 1030 may be a
constant-voltage source (e.g., 42V). The MOSFET 1020 is also connected to a bipolar junction
transistor 1070 whose base is connected to a microcontroller or other processor (not shown). In

some embodiments, the bypass circuit 1000 also contains several resistors, which may be
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connected to the transistors in series and/or parallel for use in, amongst other things, monitoring
and/or testing the bypass circuit 1000. For example, the MOSFET 1020 may be connected to a
resistor R1 in parallel, and the transistor 1070 may be connected to a smaller resistor R37 in
series. In some embodiments, a much higher resistor R33 may be placed between the gate of the
MOSFET 1020 and the collector of the transistor 1070. In some embodiments, the monitoring
and/or testing may be conduct at several points throughout the circuit. For example, in the
embodiments depicted in FIG. 10, several test points (TPs), such as TP23, TP24, TP21, TP28

and/or TP27 are used to determine voltage and/or current in the bypass circuit.
[0061] Temperature Sensors

[0062] FIG. 11 shows a circuit diagram of an exemplary temperature sensor. In some
embodiments, the temperature sensor 1100 comprises a thermal sensor 1120 capable of
measuring its own internal temperature and the temperature of a remote/external component such
as a transistor, diode, LED, etc. In this case, the thermal sensor 1120 comprises a digital
temperature supervisor;, in other examples, the thermal sensor 1120 may comprise a
thermocouple, thermistor, or other suitable temperature-sensitive device or component. In some
embodiments, the thermal sensor 1120 may measure the temperature using a transistor 1130.
Such a thermal sensor may have an effective capacitance C14. The measurements of the
temperature sensor 1100 may be communicated to a microcontroller 1120 via a suitable

electrical connection as depicted in FIG. 11.
[0063] Conclusion

[0064] While various inventive embodiments have been described and illustrated herein, those
of ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive

teachings is/are used. Those skilled in the art will recognize, or be able to ascertain using no
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more than routing cxperimentation, many cquivalents to the specific inventive embodiments
described herein. 1t is, therefore, to be understood that the foregoing embodiments are presented
by way of example only and that, within the scope of the appended claims and equivalents
thereto, inventive embodiments may be practiced otherwise than as specifically described and
claimed. Toventive erabodiments of the present disclosure are divected to cach individual feature,
system, article, material, kit, and/or method deseribed herein, In addition, any combination of
two or more such features, systems, articles, matertals, Kits, and/or methods, if such features,
systems, articies, materials, kits, and/or methods are not mutually meonsistent, is included within

the nventive scope of the present disclosure.

18065}  The above-deseribed embodiments can be implomented in any of numerous ways, For
example, embodiments of designing and making the coupling stroctures and diffractive optical
elements disclosed herein may be tmplemented using hardware, software ot 4 combination
thereof, When implemented in software, the software code can be executed on any snitable
processor or collection of processors, whether provided in a single computer or distributed

among mutltiple computers.

{60661 TFurther, it should be appreciated that a compuier may be embodied in any of a number
of forms, such as a rack~-mounted computer, a desktop computer, a laptop compuier, or a tablet
computer. Additionally, a computer may be embedded in a device not generally regarded as a
compuier but with suitable processing capabilitics, inchuding a Personal Dhgital Assistant (PDA),

a smart phone or any other suitable portable or fixed electronic device.

{8067 Also, a computer may have one or more input and output devices. These devices can be
used, among other things, to present a user interface. Examples of ouiput devices that can be
used fo provide a user interface include printers or display screens for visual presentation of
output and speakers or other sound gencrating devices for audible presentation of output.
Examples of input devices that can be used for a user interface include kevbeards, and pointing
devices, such as mice, touch pads, and digitizing tablets. As anothor example, a computer may

rgecive input information through speech recognition or in other audible format,

{8068} Such computers may be interconunected by one or more networks in any suitable form,

including a local area network or a wide arca network, such as an enterprise network, and
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imtelligent network (IN) or the Internet. Such networks may be bascd on any suttable technology
and may opcrate according to any suitable protocol and may include wireless networks, wired

networks or fiber optic networks,

18869} The various methods or processes {e.g., of designing and making the coupling

f
stryctures and diffractive optical elements disclosed above) outlined herein may be coded as
software that is executable on one or more processors that employ any one of a variety of
operating systems or platforms, Additionaily, such software may be writien using any of a
aunther of suitable programuming languages and/or programming or scripting tools, and also may
be compiled as excoutable maching language code or intermediate code that is executed on a

framework or virtual machine.

{8078]  In this respect, various inventive concepts may be embodied as a computer readable
storage medium (or multiple coraputer readable storage wedia) {e.g., a cornputer memory, one or
more floppy discs, compact discs, optical dises, magnetic tapes, flash memories, circuit
configurations jo Field Programmable Gate Arrays or other semiconductor devices, or other non-
transitory medivm or tangible computer storage medium} encoded with one or more programs
that, when executed on one or more computers or other processors, perform methods that
implement the varicus embodiments of the invention discussed above. The computer readable
medium or media can be transportable, such that the program or programs stored thercon can be
loaded onto one or more different computers or other processors to implement varions aspects of

the present invention as discussed above.,

{8071} The terms “program™ or “software” are used herein in a generic sense to refer to any
type of computer code or set of computer-executable instroctions that can be emploved o
program a computer or other processor to tmplement various aspects of embodiments as
discossed above. Additionally, it should be appreciated that according o one aspect, onc or
more computer programs that when executed perform methods of the present invention need not
reside on a single computer or processor, but may be distributed in a modular fashion amongst a
aumber of differont compuicrs or processors to implement various aspoets of the prosent

mvention.
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{80721  Computer-cxecutable instructions may be in many forms, such as program modules,
gxecuted by one or more computers or other deviees. Generally, program modules inchude
routines, programs, obiccts, components, data structures, etc. that perform particular tasks or
implement particular abstract data types. Typically the functionality of the program modales may

be combined or distributed as desired in various embodiments.,

{80731 Also, data structures may be stored in computer-readable media in any suitable form.
For simplictty of illustration, data stractures may be shown fo have ficlds that are related through
location in the data structure, Such relationships may hikewise be achieved by assigning storage
for the ficlds with locations in a compuicr-readable mediur that convey relationship between the
ficlds. However, any suitable mechanism may be used io cstablish a relationship between
information in fields of a data structure, including throogh the use of pointers, tags or other

mechanisms that establish relationship between data elements,

{8674]  Also, various inventive concepts may be erabodied as one or more methods, of which
an example has been provided. The acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed in which acis are performed in an
order different than iltustrated, which may include performing some acts simultancously, even

though shown as sequential acts in lustrative embodiments.

{80751 All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents ncorporated by reference, and/or ordinary

meanings of the defined terms.

{80761  The indefinite articles “a” and “an,” as used herein in the specification and in the

claims, anless clearly indicated to the contrary, should be nnderstood to mean “at least one.”

{80771 The phrase “and/or.” as used herein in the speeification and in the claims, should be
understood to mean “cither or both” of the cloments 50 conjoined, i.¢., clemoents that are
conjunchvely present in some cases and disjunciively present in other cases. Multipie eloments
fisted with “and/or” should be construed in the same fashion, i.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the “and/or” ¢lause, whether related or unrelated to those clements specifically
identified, Thus, as a non-Hmiting example, a reference 1o “A and/or B”, when used in
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conjunction with open-ended language such as “comprising” can refer, in onc cmbodiment, to A
only {opticnaily including clements other than BY; in another embodiment, to B only {optionally
including eloments other than A); in yvet another embodiment, to both A and B {optionally

including other elements); lc.

{8078]  As used herein in the specification and in the claims, “or” should be understood to have
the same meaning as “and/or” as defined above. For example, when separating itermns i a list,
“or” or “and/or” shall be interpreted as being mnclusive, Lo, the inclusion of at least one, but also
ncluding more than oneg, of a number or hst of clements, and, optionally, additional unlisted

[

itoms. Only torms clearly indicated to the contrary, such as “only onc of” or “cxactly one of)” or,
when used w the clamms, “consisting of,” will refer to the inclusion of exactly one cloment of a
munber or list of elements, In general, the term “or” as used herein shall only be interpreted as
indicating exclusive alternatives {i.¢. “one or the other but not both™} when preceded by terms of
exclusivity, such as “either,” “one of,” “only one of,” or “exactly one of.” “Consisting
essentially of)” when used in the claims, shall have its ordinary meaning as used in the field of

patent law,

{80791 Asused herein in the specification and in the clatms, the phrase “at least one,” in
reference to a list of one or more cloments, should be understood to mean at ieast one cloment
selected from any one or more of the clements i the Hist of clements, but not necessarily
inciuding at least one of cach and every element specifically Listed within the list of clements and
not exchuding any combinations of elements in the list of elements. This definition also allows
that elements may optionally be present other than the elements specifically identified within the
list of clementis to which the phrase “at least one™ refers, whether related or unrelated to those
clements specifically identified. Thus, as a non-limiting example, “at least one of A and B {or,
equivalently, “at {east one of A or B,” or, equivalently “at least one of A and/or B} can refer, in
ong emrbodiment, to at least one, optionally inchuding more than one, &, with no B present {and
opticnally including elements other than B}, in another embodiment, 1o at least one, optionally
including more than one, B, with no A present (and optionally including elements other than A);
in yet another embodiment, to at least ong, optionally including more than one, A, and at least

one, optionally including more than onc, B (and optionally including other elements); cte.
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[0080] In the claims, as well as in the specification above, all transitional phrases such as

"comprising," "including,

carrying," "having," "containing," "involving," "holding,"
"composed of," and the like are to be understood to be open-ended, i.e., to mean including but
not limited to. Only the transitional phrases "consisting of" and "consisting essentially of" shall

be closed or semi-closed transitional phrases, respectively.
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CLAIMS

1. A lighting fixture comprising:

a plurality of light emitting diodes arranged in series, the plurality of light emitting diodes
comprising at least one first light emitting diode;

a constant-voltage power supply, operably coupled to the plurality of light emitting
diodes, to provide a constant voltage across the plurality of light emitting diodes;

a sensor, in electrical communication with the plurality of light emitting diodes, to
measure a decrease in temperature of the plurality of light emitting diodes, the decrease in
temperature of the plurality of light emitting diodes causing an increase in series voltage across
the plurality of light emitting diodes; and

a bypass circuit, operably coupled to the sensor, to short-circuit the at least one first light
emitting diode in response to the increase in the series voltage so as to reduce the series voltage
below the constant voltage provided by the constant-voltage power supply,
wherein:

the bypass circuit is configured to enable the at least one first light emitting diode
for a predetermined period after disabling the at least one first light emitting diode in
response to the increase in the series voltage; and

the sensor is configured to measure a change in the temperature of the
plurality of light emitting diodes while the at least one first light emitting diode is
enabled.

2. The lighting fixture of claim 1, wherein the predetermined period is less than about 20

milliseconds.
3. The lighting fixture of claim 2, wherein the bypass circuit is configured to short-circuit the at
least one first light emitting diode after the sensor has measured the change in temperature of the

plurality of light emitting diodes.

4. The lighting fixture of claim 1, wherein the bypass circuit is configured to short-circuit the at

least one first light emitting diode when the series voltage exceeds a threshold voltage.
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5. A method of operating a plurality of light emitting diodes arranged in series at low
temperature, the method comprising:

(A) providing, via a constant-voltage power supply operably coupled to the plurality of
light emitting diodes, a constant voltage across the plurality of light emitting diodes;

(B) measuring, with a sensor in electrical communication with the plurality of light
emitting diodes, a decrease in the temperature of the plurality of light emitting diodes, the
decrease in temperature of the plurality of light emitting diodes corresponding to an increase in
series voltage across the plurality of light emitting diodes;

(C) short-circuiting, with a bypass circuit operably coupled to the sensor, at least one first
light emitting diode in the plurality of light emitting diodes in response to the increase in the
series voltage so as to reduce the series voltage below the constant voltage provided by the
constant-voltage power supply;

(D) enabling, with the bypass circuit, the at least one first light emitting diode; and

(E) measuring, with the sensor, a change in the temperature of the plurality of light

emitting diodes while the at least one first light emitting diode is enabled.

6. The method of claim 5, wherein (D) comprises enabling the at least one first light emitting

diode for a period less than about 20 milliseconds.

7. The method of claim 5, further comprising:
(F) short-circuiting, with the bypass circuit, the at least one first light emitting diode after
measuring the change in the temperature of the plurality of light emitting diodes.

8. The method of claim 5, comprising:

disabling the at least one first light emitting diode when the series voltage exceeds the

constant voltage provided by the constant-voltage power supply.
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Provide a constant voliage o a plurality of light emitting diodes
(LEDs) 801

'

—> Meazure ambient temperature of the plurality of LEDs 802 o E—
Determine expecied change in voltage based on measursd
temperature 803

Voltage above
thrashold? 804

Use bypass circull 1o short-circuit at least one LED 805

l

Disable the bypass clrcuit for a predetermined time periad;
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Supply constant current to a plurality of light emitting dindes
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