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FIG.1

(57) Abstract: A thermal management system for reducing or eliminating heat-mediated degradation of LED performance and/or
operating life. The system may include a thermal controller arranged to respond to an LED operating condition, and to responsive-
ly limit temperature in the LED. The thermal controller in one implementation includes a bypass circuit containing a bypass con-
trol element, such as a varistor, Zener diode, or antifuse device, and arranged to divert current from flowing to the LED so that the
LED remains in a cool state, e.g., below 75°C. The system may be arranged to (I) at least partially attenuate the power supplied to
an LED so as to reduce heat generation in such LED and maintain the LED below a threshold temperature and/or (II) remove heat
from the LED to maintain temperature of the LED below a threshold temperature.
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LED THERMAL MANAGEMENT SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The priority of U.S. Patent Application 12/325,208, which was filed on November 30, 2008,
is hereby claimed. The disclosure of such U.S. patent application is hereby incorporated herein by

reference in its entity, for all purposes.

FIELD OF THE INVENTION

[0002] The present invention relates to LED devices and assemblies comprising same. Various
aspects of the invention relate to an LED assembly having thermal management capability to protect
the LED component(s) of the assembly from overheating. Other aspects of the invention relate to
methods of thermal management of LED(s) to at least partially eliminate the occurrence of excessive
temperature in LED(s) that are susceptible heat-mediated degradation of performance and/or

operating life in use.

DESCRIPTION OF THE RELATED ART

[0003] Inrecent years, LED(s) have increasingly been employed as light sources in a variety of
appliances, illumination products, instrumentation and display applications.

[0004] LED(s) have long operating lifetimes in relation to conventional incandescent and
fluorescent light sources, and are susceptible to electronic control in multi-LED arrays that afford a
wide variety of light outputs, color temperatures and light intensities.

[0005] Despite their advantages and increasing use, LED(s) at elevated temperatures are susceptible
to degradation of performance and/or operating life. For example, an LED, having a given light output
at ambient temperature (~25°C), at elevated temperature (e.g., 80°C and above) can experience
significant degradation of the LED itself and associated phosphors, so that the LED assembly
becomes less emissive and the light intensity is significantly attenuated. Temperature degradation in
some instances can involve quantum well failure, and render the LED assembly deficient or even
useless for its intended purpose.

[0006] Thermally-mediated LED degradation increases with increasing temperature. There is a
strong correlation between temperature and the rate and extent of LED degradation above specific
temperature levels. The temperature threshold at which LED performance and operating life become
severely impacted by thermal effects varies according to the specific type of LED that is involved, but

generally such threshold temperatures are on the order of 75°-95°C.
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[0007] Below such threshold temperature, the LED performance and operating life are generally
satisfactory, but above such threshold temperature, the LED is increasingly adversely affected by
thermally-induced degradation and can rapidly experience failure. For such purpose, failure of an
LED can be specified as a diminished lumen output that is less than 70% of the lumen output at 25°C
at the same current operating conditions.

[0008] LED(s) thus have a maximum operating temperature that when exceeded will result in
relatively rapid and progressive degradation of LED performance and/or operating life. Excessively
high LED operating temperatures may result from a variety of causes, including poor mounting of
LED elements, unexpectedly high ambient temperatures, poorly designed drive circuitry, transient
“spikes” or other systemic occurrences of high power input to the LED, as well as intentional
“overdriving” of the LED.

[0009] Excessively high temperature operation of LED(s) is therefore pernicious, resulting in heat-
mediated degradation of LED(s) that may involve adverse chemical changes, physical deterioration
manifested by resin hardening, discoloration and embrittlement, precipitous decline in phosphor
response to incident radiation from the LED, and quantum well failure.

[0010] It would be a significant advance in the art to provide LED assemblies and arrangements in

which such heat-mediated degradation is ameliorated or eliminated.

SUMMARY

[0011] The present invention relates to apparatus and method for thermal management of LED(s)
that in use are susceptible to heat generation causing heat-mediated degradation of performance
and/or operating life.
[0012] In one aspect, the invention relates to an LED assembly, comprising:

one or more LED(s); and

a thermal controller arranged to respond to an LED operating condition, and responsively
limit temperature in said one or more LED(s).
[0013] In a further aspect, the invention relates to a thermal control system adapted for operation
with one or more LED(s), such thermal control system comprising a thermal controller arranged to
respond to an LED operating condition, and responsively limit temperature in the one or more
LED(s).
[0014]  Another embodiment of the invention relates to an LED thermal management system for an
LED, such system comprising:

a thermal protection assembly including a bypass circuit coupleable with a main circuit
including the LED; and

the bypass circuit including a bypass control element arranged to maintain the bypass circuit

in a current non-flow condition when the LED is energized and at temperature below a threshold



WO 2010/063025 PCT/US2009/066081

temperature, wherein the threshold temperature is in a range of from 75" to 95°C, and to at least
partially re-route current in the main circuit through the bypass circuit around the LED and back to the
main circuit, to an extent maintaining said LED below said threshold temperature when current flow
through the LED in the main circuit would otherwise cause the LED to operate at or above said
threshold temperature for an extended period of time.

[0015] In another aspect, the invention relates to a method of extending operating life of an LED
that is susceptible to thermally mediated degradation at temperature above a threshold temperature,
when power supplied to said LED would otherwise cause said LED to generate heat that would raise
temperature of the LED above said threshold temperature, said method comprising at least one of the
techniques of (I) at least partially attenuating said power supplied to said LED so as to reduce heat
generation in said LED and maintain the LED in operation at or below the threshold temperature and
(II) removing heat from said LED to maintain the LED in operation at or below the threshold
temperature.

[0016] In a further embodiment, the invention relates to a thermally controlled LED assembly,
comprising:

one or more LED(s); and
a thermal management system arranged to respond to at least one LED operating condition

that if unresponded to would produce heat damage to said one or more LED(s), said thermal
management system in the absence of said at least one LED operating condition being inactive, and
upon occurrence of said at least one LED operating condition being activated to reduce or prevent said
heat damage.

[0017]  Other aspects, features and embodiments of the invention will be more fully apparent from

the ensuing disclosure and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a thermal management circuit according to one embodiment of the invention, for
thermal management of an LLED that is susceptible to heat-mediated degradation of performance
and/or operating life in use.

[0019] FIG. 2 is a graph of voltage as a function of temperature, for an LED with no thermal
management elements associated therewith.

[0020] FIG. 3 is a graph of voltage as a function of temperature, for a circuit of the type shown in
FIG. 1, showing temperature as being controlled within a predetermined operating range below an
upper temperature limit.

[0021] FIG. 4 is an LED assembly including a thermal management circuit, according to another

embodiment of the invention.
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[0022] FIG. 5 is an LED assembly including a thermal management arrangement according to yet
another embodiment of the invention.

[0023] FIG. 6 is a schematic representation of an LED device operatively arranged with a
thermoelectric cooler and control elements, for maintaining temperature of the LED below a

predetermined limit in use.

DETAILED DESCRIPTION

[0024]  The present invention relates to thermal management of LED(s) that are susceptible to heat-
mediated degradation of performance and/or operating life in use, and more specifically to apparatus
and methods for thermal management of LED(s) to at least partially attenuate heat-mediated
degradation of performance and/or operating life of such LED(s).

[0025] In one aspect, the invention contemplates an LED assembly, including at least one LED
susceptible in use to heat generation causing heat-mediated degradation of performance and/or
operating life, and a thermal controller operative to control heat generation in such one or more
LED(s) so that the heat generation does not exceed a predetermined limit.

[0026] The predetermined limit of heat generation can comprise a predetermined LED temperature
limit, a permissible thermal flux limit, a radiative emission of heat energy limit, or other limit measure
of heat generation in the LED device. The predetermined limit may even be associated with a related
parameter such as, for example, the resistance of the LED in steady state operation. As the
temperature increases, the steady state resistance of the LED will increase.

[0027] The thermal management system utilized with the LED may be of any suitable type. In one
embodiment, the thermal management system may include a controller that is operable to remove heat
from the LED, and may for example include a heat sink structure that removes heat from the LED by
conduction, radiation, convection or other heat transfer mechanism and thereby serves to reduce heat
build-up in the LED and to maintain heat generation below the predetermined level, e.g., below a
predetermined temperature limit. The heat sink structure in such embodiment may be formed of
metal, ceramic, composite material or other substance having a high specific heat rendering it suitable
as a heat sink medium.

[0028] The thermal controller in another embodiment comprises heat transfer surfaces arranged for
convective cooling of the LED. Such heat transfer surfaces may for example include fins or other
extended surface area structure, which is arranged with respect to a convective cooling device, e.g.,
fan, blower, eductor or other arrangement by which heat is transferred from the extended heat transfer
surface to an ambient gas, e.g., air, in the environment containing the LED.

[0029] In still another embodiment, the LED may be arranged with a thermal controller comprising

a thermoelectric cooler, which is adapted to thermoelectrically remove heat from the LED device.
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[0030] A further embodiment of the invention involves use of a thermal controller including a
bypass circuit that is actuated to divert current flow away from the LED upon occurrence of
conditions that would otherwise cause heat generation in the LED to exceed the predetermined limit,
so that the current flow to the LED does not reach a level that would allow heat generation to exceed
the predetermined limit. The bypass circuit, as described hereinafter in greater detail, may contain a
bypass control element, such as a Zener diode, varistor or antifuse device. The predetermined limit
may be associated with a circuit parameter such as, for example, the resistance of the LED in steady
state operation, thereby taking advantage of the fact that as the temperature of an LED increases, the
steady state resistance of the LED will increase.

[0031] The LED assembly may be arranged so that the thermal control is adapted to limit power to
the LED to a predetermined level upon occurrence of power conditions that would cause heat
generation in the LED to exceed the predetermined limit, e.g., overload power conditions, transient
surges, or the like.

[0032] The thermal management system that is utilized to thermally manage [LED operation can be
of varied type, arranged to respond to at least one LED operating condition that if unresponded to
would produce heat damage to the one or more LED(s) that may be present. The thermal
management system can be arranged to respond to one or more LED operating condition(s), with the
thermal management system in the absence of such operating condition(s) being inactive, and upon
occurrence of one or more of such operating condition(s) being activated to reduce or prevent heat
damage to the LED(s).

[0033] One embodiment of the invention utilizes a thermal controller including a thermocouple that
is adapted to monitor temperature of an LED and responsively generate a signal indicative of LED
temperature. An actuator coupled in signal receiving relationship with the thermocouple then operates
to receive the signal indicative of temperature, and responsively modulates operation of a cooling
device, e.g., a thermoelectric cooler, so that heat generation in the LED does not exceed a
predetermined limit.

[0034] The invention relates in one embodiment to a thermal control system adapted for operation
with one or more LED(s) susceptible in use to heat generation causing heat-mediated degradation of
performance and/or operating life, in which the thermal control system includes a thermal controller
that is operative to prevent excessive heat generation in the LED so that heat generation does not
exceed a predetermined limit. The thermal controller in such arrangement may comprise a bypass
circuit that is actuatable to divert current flow from the LED upon occurrence of conditions that
would otherwise cause heat generation in the LED to exceed the predetermined limit, so that the
current flow to the LED does not allow heat generation to exceed such limit. The bypass circuit as
mentioned may contain a bypass control element such as a Zener diode, varistor, or antifuse device, or
a combination of one or more of such devices or combinations of any of such devices with other

bypass control elements.
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[0035] The invention relates in a further aspect to an LED thermal management system for an LED
susceptible to thermally mediated degradation at temperature above a predetermined temperature. The
system comprises a thermal protection assembly that under conditions effecting thermally mediated
degradation is operative to at least partially attenuate power to the LED, to correspondingly reduce
heat generation in the LED and maintain it at or below the predetermined temperature in operation.
Such thermal protection assembly can include a bypass circuit of the type previously described, with
the bypass circuit being coupled with the main circuit including the LED. The bypass circuit can
include a bypass control element arranged to maintain the bypass circuit in a current non-flow
condition when the LED is energized and at a temperature below the predetermined temperature, and
to at least partially re-route current from the LLED through the bypass circuit and back to the main
circuit when the LED is energized and would otherwise generate heat that would raise its temperature
above the predetermined temperature. The current re-routing thus is carried out to an extent that
maintains the LED at or below the predetermined temperature when current flow through the LED in
the main circuit would otherwise cause the LED to operate above the predetermined temperature.
[0036] In another embodiment, the invention relates to a thermally controlled LED assembly,
comprising:

one or more LED(s); and

a thermal management system arranged to respond to at least one LED operating condition
that if unresponded to would produce heat damage to said one or more LED(s), such thermal
management system in the absence of said at least one LED operating condition being inactive, and
upon occurrence of the at least one LED operating condition being activated to reduce or prevent such
heat damage.
[0037] In such thermally controlled LED assembly, the at least one operating condition can include
any of current, voltage, power, resistance, and/or temperature conditions, e.g., a temperature in the
one or more LED(s) above a threshold temperature in a range of from 75° to 95°C. For example, a set
point temperature condition of 80°C may be employed, as programmed in an actuator device that is
arranged to actuate an active cooling apparatus when such set point temperature is reached. The
active cooling apparatus is active when turned on by the actuator and is otherwise inactive. Active
cooling apparatus useful in such practice of the invention can be of any suitable type, including fans,
blowers, thermoelectric coolers, etc.
[0038] The thermal management system in such embodiment can be configured with a bypass
circuit arranged to at least partially divert energy from the one or more LED(s) in response to the at
least one LLED operating condition.
[0039] The at least one LED operating condition that is used to trigger the thermal management
action can include a set point operating condition, as previously described, or such operating

condition can include a range or regime of operating conditions that if unaddressed by thermal
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management action, would result in excess heat buildup or other thermal degradation of performance
and/or operating life of the affected LED(s).

[0040] By arrangements such as those described above, the invention provides an effective method
of extending the operating life of an LED that is susceptible to thermally-mediated degradation at
temperature above a predetermined temperature, by at least one of the techniques of (I) at least
partially attenuating power to the LED to correspondingly reduce heat generation in said LED and
maintain it at or below the predetermined temperature in operation, and (II) removing heat from the
LED to maintain the LED at or below the predetermined temperature in operation.

[0041] It will be apparent that the invention contemplates a variety of arrangements and techniques
for thermal management and control of LED devices. While the invention is described hereinafter
with reference to illustrative circuitry including single LED elements, it is to be appreciated that the
thermal management systems and methods of the present invention can be implemented in
arrangements comprising a multiplicity of LED devices, such as in multi-LED displays, interior
lighting arrangements, exterior lighting assemblies, personal lighting products, etc. It will also be
recognized that the LED(s) utilized in the practice of the present invention may be arranged in
assemblies with single or multiple phosphor elements for up-converting and/or down-converting of
emitted light from the LED. It will also be appreciated that the techniques and approaches of the
invention may be utilized to provide thermal management of more than one LED with a same thermal
management arrangement or device.

[0042] For example, the bypass circuit, such as a bypass circuit containing a Zener diode bypass
control element, can be used across multiple LED(s) arranged in series or parallel, so that one bypass
circuit containing one bypass element serves a multiplicity of LED devices. As another example, a
thermoelectric cooler can be associated with multiple LED devices. In other embodiments the LED
assembly can be arranged to that each LED is protected with a single dedicated thermal management
component or component arrangement for that single LED device.

[0043]  As used herein, the singular forms "a", "and", and "the" include plural referents unless the
context clearly dictates otherwise.

[0044] The invention in one embodiment utilizes a device in parallel with one or more LED(s), in
order to responsively reduce the current through the LED(s) in an “overload” circumstance. The
invention also contemplates utilization of active controls and feedback for reducing heat generated by
a LED, or for carrying out heat extraction from the LED using a device such as a thermoelectric
cooler. A thermoelectric cooler uses the Peltier effect to create a heat flux across the junction of two
different types of materials. Such devices are well known to those of ordinary skill in the art.

[0045] Referring now to the drawings, FIG. 1 depicts an LED assembly including a thermal
management circuit according to one embodiment of the invention, as arranged to thermally manage
an LED that is susceptible to heat-mediated degradation of performance and/or operating life in use.

In distinction to the use of Zener diodes for surge protection, the Zener voltage in this embodiment is
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selected to be within 50% of low-current, room temperature (e.g., 25°C) operating voltage of the LED.
In various embodiments, the selected Zener voltage is within 25%, 10% or even 5% of such operating
voltage, for effecting thermal management of LED operation.

[0046]  As shown, the assembly 10 includes an LED 12 coupled in circuit relationship with a power
supply 16. The LED assembly 10 is arranged with a Zener diode 14 in branch line 22, with the voltage
of the Zener diode selected so that the Zener diode acts as a current shunt under circumstances in
which power to the LED 12 would otherwise cause the LED to overheat and degrade in illumination
output and/or performance life. It is understood that for protective purposes the voltage should be
chosen to prevent excessive temperature, but it cannot be so low that the LED is prevented from
turning on when power is supplied to the circuit.

[0047] FIG. 2 is a graph of voltage as a function of temperature, for an LED with no associated
thermal management.

[0048] In the FIG. 2 graph, representing voltage performance of an LED, point A of the graph
represents the actuation of the power supply to energize the light emitting diode for light emission. As
the light emitting diode warms (point B), the voltage drops, and then rises with increasing temperature
(point C). If the diode then is driven by excessively large current or experiences a power surge, the
temperature and voltage will rise (point D) and the LED will be correspondingly adversely impacted
by the excessive heat generation.

[0049] FIG. 3 is a graph of voltage as a function of temperature, for an LED circuit of the type
shown in FIG. 1, showing temperature as being controlled within a predetermined operating range and
below a predetermined temperature limit.

[0050] The voltage-temperature curve in FIG. 3 shows the performance of the circuit of FIG. 1 with
a bypass line 22 containing a Zener diode in parallel with the LED 12.

[0051] The turn on voltage again is indicated at point A, and the curve experiences a similar
development as in FIG. 2, with the voltage dropping (point B) as the diode warms in operation, and as
the voltage and temperature further rise, the Zener diode 14 is actuated and limits voltage and
temperature (point C). Thus, the Zener diode acts as a current shunt and serves to thermally manage
the LED 12 so that it does not experience increase in temperature beyond point C. The point C
temperature is a predetermined temperature at or below which heat-mediated degradation is
minimized or otherwise contained within an acceptable limit. The voltage point C, however, must be
above the voltage A to enable turn on of the LED.

[0052] FIG. 4 is an LED assembly including a thermal management circuit, according to another
embodiment of the invention.

[0053] The thermal management circuit in FIG. 4 represents another arrangement in which a
thermal control device is arranged in parallel with the LED. In this circuit 40, LED 42 is in a main
circuit 44 including power supply 46. The LED 42 is arranged in parallel with bypass line 48

containing a resistor 50 and switch 52. The switch can be of any suitable type and may for example
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comprise a metal (bi-layer) switch that is arranged to open when temperatures are below a certain
value, and when temperature rises above such value, the switch will close to effect bypassing of
current through the bypass line 48 so that current flow through LED 42 is reduced. The switch
alternatively can be constituted by a semiconducting layer that is heat-responsive to permit or prevent
current flow, depending on the specific temperature, so that temperature rise in the LED triggers
bypass current flow through the bypass circuit, with the switch being otherwise open to allow full
current flow through the LED device. The switch may for example be constructed using a wide
bandgap semiconductor with a deep level dopant, with the switch and the LED being attached to a
mounting plate. Atroom temperature few, if any carriers are activated and the semiconductor switch
is open. When the mounting plate heats up, the carriers become thermally activated and current may
be shunted along this alternative path until the mounting plate temperature drops. If the
semiconductor switch is chosen with appropriate values, it may act as both a switch and the resistor
48.

[0054] Another LED assembly arrangement is shown in FIG. 5, which includes a thermal
management system according to yet another embodiment of the invention.

[0055] In LED assembly 60, the main circuit 64 contains LED 62 coupled with power supply 66. A
thermal controller 70 is disposed in bypass line 68. The thermal controller can be of any suitable type
and can for example include materials, components, and/or sub-assemblies that in response to
conditions that would otherwise result in undesired heat generation in the LED, e.g., LED temperature
above a predetermined level, causes current to the LED to be reduced, or otherwise diverted through
the bypass line 68 and the thermal controller. The thermal controller can be constructed and arranged
to pass current, wholly or partially, through the bypass line 68, so that the LED does not overheat and
is maintained at a temperature below the threshold at which degradation becomes unacceptably high
in rate and/or extent.

[0056] The thermal controller 70 may employ any suitable construction, and may for example
include a temperature controller embedded in a modular board and arranged to control current flow
and/or to provide heat sink capability, or to otherwise thermally control the LLED so that it does not
heat beyond the desired predetermined level.

[0057] In other embodiments, some or all of the thermal controller structure may be embedded in a
lamp or module as a part of the LED assembly. The thermal controller in still other embodiments may
be positioned across multiple LED(s) configured in series and/or in parallel. The thermal controller
can be variously arranged to control current to the LED so that the current is modulated under variable
power conditions, to maintain the LED within a desired envelope of operating current conditions.
[0058] FIG. 6 is a schematic representation of an LED device operatively arranged with a
thermoelectric cooler and control elements, for maintaining operating temperature of the LED below a

predetermined limit.
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[0059] The LED assembly 80 shown in FIG. 6 includes LED 82 coupled to a power supply 88 by
leads 90 and 92. The LED is reposed on a thermoelectric cooler 84 having cooling fins 86 depending
downwardly from the bottom surface thereof, as illustrated.
[0060] The LED assembly further includes a thermocouple lead 96 arranged to sense temperature
of the LED and responsively generate a signal that is transmitted to the feedback actuator 94. The
feedback actuator 94 is coupled by power line 102 with a power supply 100, so that the actuator is
arranged to modulate the power transmitted in power transmission line 98 to the thermoelectric cooler
84, in response to the temperature signal transmitted by the thermocouple lead 96 to the actuator.
[0061] In this manner, the power sent to the thermoelectric cooler is modulated to vary the heat
removal duty of such cooler, in response to temperature sensed by the thermocouple that is attached in
signal transmission relationship to the actuator.
[0062] The LED 82 thereby is maintained in a temperature operating range that is consistent with
good illumination performance and long operating life, so that any conditions that would otherwise
result in excess heat generation in the LED are avoided.
[0063] It will be appreciated that power monitoring and control arrangements may be employed,
utilizing variable resistance control elements to maintain power at a predetermined level, so that the
LED is energized without overheating, in circumstances in which the supplied current may be highly
variable in character. Such power monitoring and control arrangements are useful to maintain the
LED in a desired “cool” operating regime under variable current conditions, to prevent uncontrolled
variations in power level that would occur if changes of the resistance of the control elements in the
thermal control assembly were not employed to compensate for the current variations.
[0064] Thus, the invention contemplates a thermally-controlled LED assembly, comprising:

one or more LED(s); and

a thermal controller arranged to respond to an LED operating condition, and responsively
limit temperature in such one or more LED(s).
[0065] The LED operating condition(s) for such purpose can be of any suitable character and can for
example be selected from among: current flow to the one or more LED(s), voltage applied to the one
or more LED(s), power supplied to the one or more LED(s), temperature in the one or more LED(s),
and temperature of an ambient environment of the LED assembly. It is to be appreciated that these
parameters may be adjusted in value, or they may be modulated temporally, with the duty cycle being
adjusted. The LED(s) may for example be switched on and off as necessary to keep them from
getting excessively hot.
[0066] The LEDs in such assembly may utilize the current flow to the one or more LED(s) as the
LED operating condition, and the thermal controller may be arranged to limit current flow to the one

or more LED(s) to correspondingly limit temperature in such one or more LED(s).
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[0067] In another embodiment, the LED operating condition is applied voltage to the one or more
LEDs, and the thermal controller is arranged to limit voltage applied to the one or more LED(s) to
correspondingly limit temperature in the one or more LED(s).

[0068] In still another embodiment, the LED operating condition is power supplied to the one or more
LED(s), and the thermal controller is arranged to limit power supplied to the one or more LED(s) to
correspondingly limit temperature in the one or more LED(s).

[0069] The LED operating condition can alternatively include temperature in the one or more LED(s),
e.g., a temperature above a threshold temperature in a range of from 75° to 95°C.

[0070] The thermally-controlled LED assembly can be arranged to include, as the LED operating
condition, temperature in the one or more LED(s), with the thermal controller being arranged to
responsively actuate a cooling element for cooling of the one or more LED(s) to correspondingly limit
temperature therein. The thermal controller can alternatively comprise a bypass circuit that is arranged
to at least partially divert energy from the one or more LED(s) in response to the LED operating
condition, in which the bypass circuit may contain a bypass control element that is selected from
among Zener diodes, varistors, and antifuse devices. The thermally controlled LED assembly may be
active or passive in nature. The active system may for example be actuated by set point operation
involving a particular condition correlative with thermal degradation of an LED, so that an actuating
signal is propagated by the thermal management system when the condition appears. Such active
thermal management system may be arranged with continuous or intermittent monitoring of the
condition(s) of interest, so that thermal management operation is responsively initiated when the
monitored condition(s) indicate actual adverse heating of the LED, or potential adverse heating of the
LED if uncorrected.

[0071] The thermal controller may be variously constructed, as comprising, for example, a heat sink
structure, heat transfer surface(s) arranged for convective cooling of the one or more LED(s), or a
thermoelectric cooler. In another arrangement of a thermally controlled LED assembly, the thermal
controller further comprises a thermocouple adapted to monitor temperature of the one or more
LED(s) and responsively generate a signal indicative of such temperature, and an actuator coupled in
signal receiving relationship with the thermocouple to receive the signal indicative of the temperature,
and to responsively modulate operation of the thermoelectric cooler to limit temperature in the one or
more LED(s).

[0072] The invention in another aspect encompasses a thermal control system adapted for operation
with one or more LED(s), with such thermal control system comprising a thermal controller arranged
to respond to an LED operating condition, and responsively limit temperature in the one or more
LED(s). The thermal controller may for example include a bypass circuit that is arranged to at least
partially divert energy from the one or more LED(s) in response to the LED operating condition. The
bypass circuit may for example be configured with a bypass control element selected from among

Zener diodes, varistors, and antifuse devices. More than one type of bypass control element may be

11



WO 2010/063025 PCT/US2009/066081

employed in a given LED assembly, and the bypass circuit may be across one LED element, or across
more than one LED element in such assembly.
[0073] The invention in a further aspect relates to a LED thermal management system for an LED.
The system can for example include:

a thermal protection assembly including a bypass circuit coupleable with a main circuit
including the LED; and

the bypass circuit including a bypass control element that is arranged to maintain the bypass
circuit in a current non-flow condition when the LED is energized and at temperature below a
threshold temperature, wherein the threshold temperature can for example be in a range of from 75" to
95°C, and to at least partially re-route current in the main circuit through the bypass circuit around the
LED and back to the main circuit, to an extent maintaining said LED below said threshold
temperature when current flow through the LED in the main circuit would otherwise cause the LED to
operate at or above the threshold temperature for an extended period of time. The bypass circuit may
be enabled when the LED overheats, to reduce heating in the LED, so that there is a delay in the
active thermal management, or the bypass circuit in other implementations may be arranged so that
active thermal management is initiated upon approach to such overheating.
[0074] The bypass control element in the LED thermal management system described above can be of
any suitable type, e.g., a component selected from the group consisting of Zener diodes, varistors, and
thermoelectric coolers.
[0075] The invention correspondingly provides a method of extending operating life of an LED that is
susceptible to thermally mediated degradation at temperature above a threshold temperature, when
power supplied to the LED would otherwise cause the LED to generate heat that would raise
temperature of the LED above the threshold temperature, such method comprising at least one of the
techniques of (I) at least partially attenuating the power supplied to said LED so as to reduce heat
generation in the LED and maintain the LED in operation at or below the threshold temperature and
(II) removing heat from the LLED to maintain the LED in operation at or below the threshold
temperature. Techniques (I), or (I), or both (I) and (II) can be employed.
[0076] Such method can include the step of at least partially re-routing current around the LED
through a bypass circuit and back to a main circuit containing the LED, to an extent maintaining the
LED at or below the threshold temperature. The bypass circuit may contain a bypass control element,
e.g., Zener diodes, varistors, and/or antifuse devices. The method may also comprise use of a heat
sink structure arranged to remove heat from the LED, the use of a thermal controller including heat
transfer surface(s) arranged for convective cooling to remove heat from the LED, or the use of a
thermoelectric cooler arranged to remove heat from the LED.
[0077] The method in a further variant may include monitoring temperature of the LED, responsively

generating a signal indicative of such temperature, transmitting the signal to an actuator that is
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arranged to responsively modulate a cooler, e.g., a thermoelectric cooler, arranged for cooling the
LED, to maintain the LED at or below the threshold temperature in operation.

[0078] The invention, as variously described herein in respect of features, aspects and embodiments
thereof, may in particular implementations be constituted as comprising, consisting, or consisting
essentially of, some or all of such features, aspects and embodiments, as well as elements and

components thereof, in various further implementations of the invention.

INDUSTRIAL APPLICABILITY

[0079] The thermal management system and method of the invention enable thermal management
of LED(s) that are susceptible to heat-mediated degradation of performance and/or operating life in
use, to at least partially attenuate such heat-mediated degradation. By controlling heat generation so
that it does not exceed a predetermined limit, significantly improved performance of LEDs can be
achieved in the implementation of the invention. This in turn enables corresponding improvement to
be realized in the performance of devices comprising such thermally managed [LEDs as components,

e.g., the achievement of substantially extended operating life.
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THE CLAIMS

What is claimed is:

1. A thermally-controlled LED assembly, comprising:
one or more LED(s); and
a thermal controller arranged to respond to an LED operating condition, and responsively

limit temperature in said one or more LED(s).

2. The thermally-controlled LED assembly of claim 1, wherein the LED operating condition is
selected from among current flow to said one or more LED(s), voltage applied to said one or more
LED(s), power supplied to said one or more LED(s), temperature in said one or more LED(s), and

temperature of an ambient environment of said LED assembly.

3. The thermally-controlled LED assembly of claim 1, wherein the LED operating condition is current
flow to said one or more LED(s), and the thermal controller is arranged to limit current flow to said

one or more LED(s) to correspondingly limit temperature in said one or more LED(s).

4. The thermally-controlled LED assembly of claim 1, wherein the LED operating condition is
applied voltage to said one or more LED(s), and the thermal controller is arranged to limit voltage

applied to said one or more LED(s) to correspondingly limit temperature in said one or more LED(s).

5. The thermally-controlled LED assembly of claim 1, wherein the LED operating condition is power
supplied to said one or more LED(s), and the thermal controller is arranged to limit power supplied to

said one or more LLED(s) to correspondingly limit temperature in said one or more LED(s).

6. The thermally-controlled LED assembly of claim 1, wherein the LED operating condition is

temperature in said one or more LED(s).

7. The thermally-controlled LED assembly of claim 1, wherein the LED operating condition is a
temperature in said one or more LED(s) above a threshold temperature in a range of from 75° to 95°C.
8. The thermally-controlled LED assembly of claim 1, wherein the LED operating condition is
temperature in said one or more LED(s), and the thermal controller is arranged to responsively actuate
a cooling element for cooling of said one or more LED(s) to correspondingly limit temperature

therein.

14



WO 2010/063025 PCT/US2009/066081

9. The thermally-controlled LED assembly of claim 1, wherein the thermal controller comprises a
bypass circuit that is arranged to at least partially divert energy from said one or more LED(s) in

response to said LED operating condition.

10. The thermally-controlled LED assembly of claim 9, wherein the bypass circuit contains a bypass

control element selected from the group consisting of Zener diodes, varistors, and antifuse devices.

11. The thermally-controlled LED assembly of claim 1, wherein the thermal controller comprises a

heat sink structure.

12. The thermally-controlled LED assembly of claim 1, wherein the thermal controller comprises heat

transfer surface(s) arranged for convective cooling of said one or more LED(s).

13. The thermally-controlled LED assembly of claim 1, wherein the thermal controller comprises a

thermoelectric cooler.

14. The thermally-controlled LED assembly of claim 13, wherein the thermal controller further
comprises a thermocouple adapted to monitor temperature of said one or more LED(s) and
responsively generate a signal indicative of said temperature, and an actuator coupled in signal
receiving relationship with the thermocouple to receive the signal indicative of said temperature, and
to responsively modulate operation of the thermoelectric cooler to limit temperature in said one or

more LED(s).

15. A thermal control system adapted for operation with one or more LED(s), said thermal control
system comprising a thermal controller arranged to respond to an LED operating condition, and

responsively limit temperature in said one or more LED(s).

16. The thermal control system of claim 15, wherein the thermal controller comprises a bypass circuit
that is arranged to at least partially divert energy from said one or more LED(s) in response to said

LED operating condition.

17. The thermal control system of claim 16, wherein the bypass circuit contains a bypass control

element selected from the group consisting of Zener diodes, varistors, and antifuse devices.
18. An LED thermal management system for an LED, said system comprising:
a thermal protection assembly including a bypass circuit coupleable with a main circuit

including the LED; and
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said bypass circuit including a bypass control element arranged to maintain the bypass circuit
in a current non-flow condition when the LED is energized and at temperature below a threshold
temperature, wherein said threshold temperature is in a range of from 75° to 95°C, and to at least
partially re-route current in the main circuit through the bypass circuit around the LED and back to the
main circuit, to an extent maintaining said LED below said threshold temperature when current flow
through the LED in the main circuit would otherwise cause the LED to operate at or above said

threshold temperature.

19. The LED thermal management system of claim 18, wherein the bypass control element comprises

a component selected from the group consisting of Zener diodes, varistors, and thermoelectric coolers.

20. The LED thermal management system of claim 18, wherein the bypass control element comprises

a Zener diode.

21. The LED thermal management system of claim 18, wherein the bypass control element comprises

a varistor.

22. The LED thermal management system of claim 18, wherein the bypass control element comprises

a thermoelectric cooler.

23. A method of extending operating life of an LED that is susceptible to thermally mediated
degradation at temperature above a threshold temperature, when power supplied to said LED would
otherwise cause said LED to generate heat that would raise temperature of the LED above said
threshold temperature, said method comprising at least one of the techniques of (I) at least partially
attenuating said power supplied to said LED so as to reduce heat generation in said LED and maintain
the LED in operation at or below the threshold temperature and (II) removing heat from said LED to

maintain the LED in operation at or below the threshold temperature.

24. The method of claim 23, comprising technique (I).

25. The method of claim 23, comprising technique (II).

26. The method of claim 23, comprising techniques (I) and (II).

27. The method of claim 23, comprising at least partially re-routing current around the LED through a

bypass circuit and back to a main circuit containing the LED, to an extent maintaining the LED at or

below the threshold temperature.
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28. The method of claim 27, wherein said bypass circuit contains a bypass control element selected

from the group consisting of Zener diodes, varistors, and antifuse devices.

29. The method of claim 23, comprising use of a heat sink structure arranged to remove heat from the

LED.

30. The method of claim 23, comprising use of a thermal controller including heat transfer surface(s)

arranged for convective cooling to remove heat from the LED.

31. The method of claim 23, comprising use of a thermoelectric cooler arranged to remove heat from

the LED.

32. The method of claim of claim 23, comprising monitoring temperature of the LED, responsively
generating a signal indicative of said temperature, transmitting the signal to an actuator that is
arranged to responsively modulate a cooler arranged for cooling the LED, to maintain the LED at or

below said threshold temperature in operation.

33. The method of claim 32, wherein said cooler comprises a thermoelectric cooler.

34. A thermally controlled LED assembly, comprising:

one or more LED(s); and

a thermal management system arranged to respond to at least one LED operating condition
that if unresponded to would produce heat damage to said one or more LED(s), said thermal
management system in the absence of said at least one LED operating condition being inactive, and
upon occurrence of said at least one LED operating condition being activated to reduce or prevent said

heat damage.

35. The thermally controlled LED assembly according to claim 34, wherein said at least one operating

condition comprises a current, voltage, power and/or temperature condition.
36. The thermally controlled LED assembly according to claim 34, wherein said at least one operating

condition comprises a temperature in said one or more LED(s) above a threshold temperature in a

range of from 75° to 95°C.

17



WO 2010/063025 PCT/US2009/066081

37. The thermally controlled LED assembly according to claim 34, wherein said thermal management
system comprises a bypass circuit arranged to at least partially divert energy from said one or more

LED(s) in response to said at least one LED operating condition.
38. The thermally controlled LED assembly according to claim 34, wherein said thermal management

system comprises an active cooling apparatus arranged to cool said one or more LED(s) in response to

said at least one LED operating condition.
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