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Absraci—A circuit is presented for the on-line measurement
of the junction temperature (Tg of power LED:. The circmit is
imtegrated with, and makes nse of, an off-the-shelf LED driver,
3¢ that the proposed architectore can be easily made compatible
with existing high-end lnminaire platforms. The measurement
technique, based on the linear junction voltage vs. temperature
relationship, shows zood precizion and repeatability among
devices with the same part number, with an absolute error
below 3 2C.
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I INTRODUCTION

Light emithng diodes (LED:) are the most efficient and
durable light sources. Their efficiency and service hife cutclass
other light sources as incandescent or fluorescent bulbs the
place of which thev are ramdly taking over. However, LED=
can safely operate only at a lomted maxmmum temperature,
after which thewr expected service life 15 drastically reduced
and the emitted Light 15 imeversibly degraded as well [1]-[4].
It 15 therefore necessary to keep the operating temperaturs
under control.

Temperature can be measured with different techniques
[5]-[5]. but some of these techmiques [6]-[8] are of difficult
mnplementztion. The device junchon temperature (I} can be
estimated by wusmmg the thermal datz provided by the
mamifactured, such as the die-to-case thermal resistance, and
measing the package (or heat-zmk) temperature and the
dissipated power [10], [11]. However, this approach gives
only an approximative value of Ty and if does not allow to
detect fast temperature vanations. Other techmiques to
measure the LED junchon temperature leverage on the
dependence of some electrical parameters from the
temperature, g.g. the reverse saturation cwrent s [12] or the
forward voltage drop Fe [13], [14].

The high hneartty of the Fevs. I relationship i 2 proper
current range has already been demonstrated mm a previous
work [15]. There, obtzined results have been used fo measure
directly the LED} temperature, without the use of external
temperature sensors, with a sumple pre-calibraton procedure
to determune the coefficients of the linear relationship.

In this work, the same method has been applied to measure
the temperature of the LED= m a sting usng a commercial
off-the-shelf power LED driver to demonstrate the apphcaton
of the techmique m a practical ewemit, easily deployable m
high-end luminaires. The drover, which is able to drve several
LEDs m senes, 15 paired with 2 microcontroller that sets the

dnver workmgy mode and performs the temperature
measurement at regular infervals m such a way that it does not
affect the light perceived by the buman eve.

The paper 1z orgamized a= follows: Section II desenbes the
qunction temperaturs mezsurement theory and the wsed
techmique; Section I describes the LED droving and
measwrement ciwcuit; Section IV and V' present the
expenimental resulis and conchisions, respectrvely.

I. LED JUNCTION TEMPERATURE MEASUREMENT
As for any other solid-state junction device, there exists a
relationship between the voltage across a junchon and the
qunction temperature, allowing an ndwect temperature
measurement. The electnical characteristic of a LED 15 in fact

similar to that of a standard diode and 1f can be expressed with
the equation:

q¥
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where Iy 15 the LED current, Fy 1s the LED forward veltage, n
is the ideality factor, I, is the saturation cwment, k is the
Boltzmann constant, 1= the janehon temperature, and g 15 the
electron charge. Meglechng the wmity, the relattonship can be
simplified as:

Ve = ﬂ’;—r{:n.r; — Inly). 2
The apparent hnear dependence of Fr on temperature of

{2} 13 unfortunately compromised by the temperature
dependence of In [16]. [17]. ie.

Fg
Izp=CT g &, (3)

where  and a are constants, and Ej 15 the energy bandgap
caleulated at 0 E. Therefore, (2) can be written as:

Ve = n%[!ﬂf; — InC — o InT] + %E‘g_ 4

This equation shows a nearly linear dependence of the
voltage from the temperature as the InT term changes by a
small amount 1n the fypical operating temperature range for
LED:z as shown i [18]-{22]. Consequently, the previous
expression can be approxmmated as:

Ve=5-T+4, (3



where 5 and { are current-dependent coefficients, extracted
for a certain device model From (3), T can be caleulated by
simply measunng the veltage across the LED at a known
current [13]. [22]. The 5 and @ values for two group of
commercial power LED modsls were extracted as reported in
[15].

The techmque can be apphied also to a LED sinng; m such
case, (5) can be expressed as:

Ve*=n-(§-T"+ @), (6}

where n 15 the number of LEDs connected in series, I is the
overall voltage of the sertes, and I'* 15 the average junchon
temperature of the devices.

Therefore, by mposing a precize probe current fo the
group of LE]:L. and measunng the voltage drop at thewr
terminals, 1f 15 possible to caleulate the I'* from (6) once the
prapa'ffa.nd (! values are chosen for the apphed cuwrrent.

IO LEDS DRIVING AND MEASUREMENT CIRCUIT

The measurement cwemt 15 mspred by that presented m
[15]. based in tum on studies camed out on several junction
devices [18]. [22]. The new mmplementaton makes the
measurement fully companble with exizhng duving curcwmts
and allows to measure the average junction temperature of the
LEDs in a stnng. In particular, it byvpasses the needs of the
fixed-cwrrent approach [14], [1€]. [18], [21]. [22] by relying
mstead on the zpplicaton of random cwrents Jwy, which are
however precisely measured in order to determine the correct
S{Tm) and O(Iwi) values to be used m (5} or (6). The probe
cwrrent 15 generated by properly seting the mput parameters
of the commercial LED dnver ADPE140 [23], wihuch 15 a
4-Channel dover wath adaptable power control, able to smk an
adjustable current from 125 pd& to 500 mA for each channe].
Thus highly integrated driver operates from 3 V to 30V, wath
LEDY anode supply veltages up to 100 V. The maximum
current 13 set by an external resistor Hur, according to the
equation:

Rypr = ﬁ- (7}

We zet Ror="7.32 k% so that, by combinng two current
sink channels, up to 700 mA are delivered. The dnver
regulates the voltage at the LED:s anode by controlling a
PMOS trapzistor. It also allows to dom the LED current down
to very low values, through an anzlog or pulsed wvoltage
control. In particular, an analog voltage betwreen 0 Vand 2V
hnearly scales down the output current.

The dmving and measurement cireunt 15 desenbed by the
block scheme mn Fig. 1. The LED sinng, composed of 5 white
Lght power LED [24], 15 connected between the FMOS dram
and the LED dnver sink pms. A resistor of 100 mf 15 placed
m senes with the cathode to measuwre the LED cument. A
current sense amplifier (Texas Instroment INAZ2ES [25]) wath
a gam of 1000 V/V 15 used to read the cwrent, while two
veltage dividers scale the anode and catheode voltages with a
factor of 0.067 V/V. Finally, a omcrocontroller reads the LEDs
voltages apd cwrents, confrols the drover dimpmng, and
implements the measurement technique.

The microcontroller 1= a SAM C21, 32-but ARM
Cortex-M0+ [26], mounted on SAMC?] MplainedPro board

Fig. 2. Picrure ofthe LED)s doving and measurement Cirouit, comprising the
microcontroler development board (A), the ATPE140 LED dniver (B). and
the LEDs siming board (C) which also incndes the analop front-end for
meaxsurement of the sirmz volage and cumrent.

[27]. It offers helpful features for the measurement techmaque,
in parficular up to two 12-bit and one 16-bit Analog-to-Dhzital
Comverters (ADN <), and a 10-bit Dhzital-to-Analog Converter
(DAC). One 12-bat ADC 15 used to read the LED current,
whereas the 16-bit differenhial ATV 15 used to read the overall
LED zenes voltage. The DAC 1= used to impose and regulate
the znalog voltage to the LED dnver dommimg mnput. The use
of low-power microcontroller and compenents, makes the
addifional energy consumption of the measurement circuit
neghizible compared to the energy requmed to power the
LED:.

Fiz. 2 shows a picture of the development board, the
driver, and the LED sting. The same corewmt can be obwiously
used for the monitoring of just one LED. Measuring instead
the temperature of each single device 15 also posable, but
requires a multple-mput AT and a proper redesign of the
PCE.

The mucrocontroller routne consists of tero phases: the
LED sting mormal working phase and the temperature-
sensmg phase. Dunng the former phase, the LED cwrrent 15 set



at about 700 mA, imposmg a smtzble analog voltage to the
dimming pan of the drrver through the DAC perpheral. The
temperature-senzing phase starts every 5 seconds, by seffing
the DAC to the lowest value, which allows to flow a fixed
current through the LED of about 2 mA . Therefore, the LEDs
stay m fact off for a few mulliseconds, during the voltage and
cwrent asgusition and conversion fime (zbout 1.4 ms). Then,
the LED 1= tumed back on, mn this way there 15 ne sigmficant
mnpact on the bnghiness of the LED=_ At each step, the DAC
oufput 1= modifisd to mpose a new cwrrent (Jaw), anvhow m
the range 2-10 mA. Measured cuments and comespondmg
voltages are stored m fwo amray: mm the mucrocontroller.
Afterwards, 5Ty and (Y Ims) are extracted, at the measured
Iins , from the linear interpolations of the § and O data taken
from [15], and finally the average junction temperature of the
LEDs m the stning 15 caleulated from (8.

IV. RESULTS

The charactenishics of the measurement cireurt desenbed
in the previous section were assessed by performung several
testz. The mvestigation was performed by heating the devices
in a temperature-controlled oven. To prevent sélf-heaﬁng
effects, the charactenization tests were made by munning onlby
the temperature-sensing phase at low cwrents while disabling
the normal working phase when the LEDz are fully on. The
actual LED temperatwre was measured through a 1.1 °C
accuracy thermocouple, placed in tight contact with the LEDs
board. At each temperature increase, a sufficiently long time
delay 15 waited m order to get the devices stabilize at the oven
temperature. This way, we can be sure that the PCB and the
Junchons are m 1sothermal condrhon

The temperatures estimated by the cirourt were compared
with the actuzl temperatures. Fig. 3 shows the emor ccommng
n the I measurement at various actual temperatures. In order
to assess the repeatabulity of the technique, several current-
voltage acquisitions and up to ten Iy extractions were repeated
at each =et-up temperature, with random probe currents mn the
range from 2 mA to 10 mA. The comespondmg values are
shown i the graph with different colors.

The grey lme 13 a3 gude-to-the-sve represenﬁng the
average emror. LThe overall average absolute emor 15 1.7 °C
with 3 maxmmum ervor of 3.0 *C at 135 °C, and 3 maximum
standard deviation of 0.5 °C; the peak-to-peak emmor 1= 4.9 °C.
Several error sources contnbute to this emror, inchiding sensor
accuracy, measured cwrent and voltage accuracy, nowse, and
how well the mterpolated values of 5 and } represent the
LED!s m the sting.

V. CONCLUSION

A errcurt for measunng the junction temperature of a sting
of power LEDs used for sohd-state hghting in luminaire
platforms= 15 presented. The circut uses an off-the-shelf LED
drover that can be found m commercial platforms. The
measurement technique 15 based on the hnear relationship
between the junchion temperature and veltage drop at a
certam cwrent value. The F-T) relahionship, which 1s
predetermined and vahd for all the LEDs with the same part
oumber, 15 used by the microcontroller to calculate the
average Junchon temperature of the LEDs m the strmg.

Experimental tests on samples of a commercial ngh-power
LEDs show an absolute ervor below 3 *C for the typacal
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Fiz. 3. hnction temperabure measurement emar for the LED sining af t=n
different measuremesnt routimes; the contimuous line is a uids-to-the-sye of
the averags arror calonlated over all the alzorithm executions.

temperzsture working range. The measurement reutine takes
few milhseconds and does not affect the normal operation of
the LED=.
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