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Abstract. Monitoring the thermal regime of the high power LEDs used in
lighting applications and in optical communications is nowadays a must. The
paper presents our studies and experimental results concerning the transient,
continuous and pulsed regimes of high power LEDs, based on a method for
temperature measurement that makes use of the protection diode embedded in
the LED package. The method proved to be consistent with the exponential law
describing the transient regime and with the mathematical relation between
continuous and pulsed regimes, qualifying thus as a potential monitoring tool for
LED-based systems.
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1 Introduction

The increased interest of the industry for applications using IR and also visible light
communications called for attention on monitoring the thermal regime of LEDs. Main-
taining the LED temperature in the safety area is an essential condition for the reliability
of LED-based communication systems. A method for measurement of LED temperature
that makes use of the embedded protection diode has been proposed in [1]. In the present
paper we apply the method to the study of the variation of the LED temperature under
various working conditions. The principles of the method are briefly recalled in Sect. 2.
The transient regime, that is the transitions from unpowered to continuously powered and
from continuously powered to unpowered, is considered in Sect. 3, where itis shown that
a one-exponential law is a reasonable approximation for the temperature variation.
Finally in Sect. 4 we study the pulsed regime and we show how it can be used for
predicting the steady-state temperature in the continuously powered regime.

2 The Method for Temperature Measurement

The power LEDs we have used in our experiments have embedded in their package a
protection diode, reverse connected in relation to the LED anode-cathode, in order to
suppress the reverse voltages that may occur accidentally and damage the LED. The
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method relies on the assumption that we may find the junction temperature of the LED
by measuring the junction temperature of the protection diode. For measuring the latter
the procedure described in [2] was followed. Namely, the forward voltage V- of a diode
is related to the forward current /- through the diode via the relation

Ic —Is(exp<anF) - 1) (1)

where I is the reverse saturation current, n is the ideality factor and V= kT/q is the
thermal voltage. Provided that Vp >> nV7, the product nV; may be determined by
measuring Vry; and Vi, at two values Iy and I~ of the forward current at the same
temperature T and then using the relation

nVp = —— = )

obtained from (1) by neglecting the term —1. The measurements are done by inter-
rupting the direct current through the LED, sourcing reverse currents through the LED
terminals that provide the direct currents I-; and I~ through the protection diode,
taking voltage measurements and averaging in order to find Vg, Vg, Ic; and I, and
using (2) for determining nV7. For finding the temperature T a calibration procedure is
needed, consisting of recording the value (nVy)ggr of the product nV; at a known
temperature Trgr (usually the ambient temperature). Then any other temperature T is
determined from the formula

i’lVT

T=Tgrgr—
KEr (nVT)REF

3)

in which nV7; has been computed with (2). The procedure is entirely automated and fast
enough in order that the momentary interruption of the direct current through the LED
has not an observable effect on its temperature. Details of the procedure and the
schematic have been given in [1].

3 Transient and Continuous Regimes

In our experiments we have used four power LEDs of type SFH 4232 with embedded
protection diodes, of which one mounted on a Bergquist thermal clad square footprint
acting as a radiator and the rest unmounted.

The purpose of the experiments of this section was to establish whether a one-
exponential law for the temperature evolution of the form

T(1) = To+ (T — To) (1 — exp(—1/7)) 4)

was adequate enough for describing the transient thermal regime of the LEDs. In (4) T
is the temperature at r = 0 and T is the limiting temperature as ¢ approaches infinity.
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To this purpose the LEDs, initially at ambient temperature, were powered with a
current of 0.5 A and allowed to heat for a time Ar, after which the current was
interrupted and the LEDs were allowed to cool for the same time Az. We chose
At = 10 min for the unmounted LEDs and Af = 15 min for the LED with radiator.
During the heating time the current was interrupted every one second and a mea-
surement of the temperature was taken according to the method described in Sect. 2;
each current interruption lasted for only 4 ms, meaning that the LED was almost
continuously powered. During the cooling time, a measurement of the temperature was
taken every 10 ms. The parameters T, Too and T from (4) were determined from the
measurements via a best-fit procedure applied separately to the heating and to the
cooling processes. Specifically, if 7,, was the sequence of measured temperatures, then
in a first step the time constant T was estimated as the inverse of the slope a of the
straight line b — at that gave the best fit in the least square sense to the sequence of data
In|T,, — T,.| where k is a conveniently chosen constant (large enough in order that the
argument of the logarithm is not too small). In a second step, the parameters T, and 7o
were chosen in such way that the right side of (4) in which the already estimated t has
been used gave a best fit to the data T,, in the least square sense.

The estimates from the experimental data are presented below, together with the
RMS error between data and estimated laws of the form (4).

Table 1. Heating transient regime

LED T (seconds) | T (°C) | Teo (°C) | RMS error (°C)
Radiator | 132.35 31.4 51.8 0.14

1 34.33 36.6 100.3 0.69
2 32.14 37.5 111.5 0.62
3 28.11 349 974 0.38

Table 2. Cooling transient regime

LED T (seconds) | Ty (°C) | Too (°C) | RMS error (°C)
Radiator | 124.26 52.6 |31.9 0.57
1 31.62 97.6 |31.9 0.92
2 32.37 109.5 |[32.1 0.87
3 29.21 95.7 |31.9 0.63

In all graphs below the horizontal units are seconds and the vertical units are °C. In
Fig. 1 the experimental curves are in blue and the one-exponential curves with esti-
mated parameters are in black; at the scale of the figure they are hardly distinguishable.
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Fig. 1. Heating curve (left) and cooling curve (right) of LED 2 superimposed over one-
exponential curves with parameters from Tables 1 and 2.

In Fig. 2 we take magnified views of parts of the heating curve of Fig. 1, which
show that the one-exponential is a good approximation at the beginning of the time
interval but not so good on the final part on the interval where curve and the data
approach their asymptotic values.

Fig. 2. Heating curve of Fig. 1 restricted to the first 100 s and to the last 500 s.

4 Pulsed Regime

Based on the results of Sect. 3, we shall assume that the one-exponential law (4) is a
reasonable approximation of the transient thermal regime of the LED. Let us consider a
time interval of length Az and let Ty and T, be the LED temperatures at the beginning and
at the end of the interval. Assume that the LED is turned on at the beginning of the
interval and is turned off after a time of dAt, with O < d < 1.1If T, is the LED temperature
by the time the LED is turned off, then according to (4) T and T, are related by

Ty =T+ (Tc — T1) (1 — exp(—dAt/7)). (5)

where we have replaced To, with T, the steady-state temperature of the LED when
continuously powered. Also according to (4), T, and T, are related by

Ty = Ty+(Tx — Ta) (1 — exp(—(1 — d)At/7)). (6)
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where we have replaced T with the ambient temperature T, the final temperature
reached during cooling. Substituting (5) into (6) we find that 75 is related to T} by

T2 = ClTl +b (7)
where

a = exp(—At/1), ®)
b =exp(—(1 —d)At/7) (1 —exp(—dAt/1)) Tc + (1 — exp(—(1 — d)At/7)) Ta.

Now assume that at time 7 = 0 we start with the LED at temperature T and we
submit it to a pulsed regime so that on every time interval [(n — 1)At, nAf] the LED is
turned on at the beginning of the interval and is turned off after a time of dAt, d being
the duty factor. By repeated application of (7), the temperature 7,, at time point
nAt equals

n—1
; 1 —-a
_n i__ o n
Tn—aTO—I—bigOa—aTo—i-bl_a. 9)

Since 0 < a < 1 it follows from (9) that the steady-state temperature Tp reached
during pulsed regime (that is, the limit of 7,, as n grows to infinity) is given by

b
l1—a’

Tp = (10)

Substituting (8) into (10) we arrive at the final expression

_ exp(—(1 —d)At/7) (1 — exp(—dAt/1)) Tc + (1 — exp(—(1 — d)At/7)) Ts .

Ir 1 —exp(—At/1)

(11)

In the case that the switching period At is much smaller than the time constant T we
may obtain a simpler form of (11) by approximating exp(x) with 1 + x,

Tp = (1 — (1 — d)At/7) dTc + (1 — d)Ty. (12)

Because we have already assumed A#/t << 1 we may omit this number and obtain
the final approximation

Tp = dTc+ (1 —d)Ty. (13)

In the experiments reported in Table 3 the LED was submitted to a pulsed regime
with At = 1 ms and a current of 0.5 A. The temperature was measured every second
with the method of Sect. 2. The measured steady-state temperature was compared with
Tp computed with (13), where we took for T the continuous regime temperature of
87.92 °C and for T, the ambient temperature of 30 °C.
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Table 3. Pulsed regime

Duty factor | Tp measured | 7p computed
0.75 73.9 73.4
0.5 57.9 58.9
0.25 44.1 44.5

Table 3 shows a quite satisfactory agreement between the measured and computed
temperatures. Based on this, one can propose the following application of formula (13).
We have seen from Table 1 that a LED without any special means for heat dissipation
may reach temperatures over 100 °C when continuously powered. Therefore it is not
always safe to submit the LED to the continuous regime without knowing in advance
what steady-state temperature would be reached. Instead, one may submit the LED to
the pulsed regime during which lower, hence safer temperatures would be reached.
Then, based on the measurements of Tp and of T4, one can use (13) for predicting the
steady-state temperature T of the continuous regime without actually submitting the
LED to that regime.

5 Conclusions

We have shown that a one-exponential law is a reasonable approximation, although not
the most precise, for both the heating curve (transition from unpowered to continuously
powered) and the cooling curve (transition from powered to unpowered) of the LED
obtained from experimental data. We may conclude that, at least for the purposes of
monitoring the thermal regime of the LED, the one-exponential law is a reasonable
approximation; according to Tables 1 and 2, it is also reasonable to assume that time
constants of the heating and of the cooling curve are the same. The approximation is
quite good at the beginning of the time interval and somewhat less precise on the rest of
the interval. In Sect. 3 we saw how these conclusions may be used in the study of the
pulsed regime. A more precise approximation might use two-exponential laws as
proposed in [3].

Another significant conclusion concerns the influence of the radiator on the thermal
regime. From Tables 1 and 2 we observe that the radiator reduced in half the maximal
temperature reached by the continuously powered LED and at the same time increased
the time constant four times.

Finally the method for temperature measurement proved to be consistent with the
physical reality and therefore may be used for monitoring the thermal regime of LEDs
with embedded protection diodes.
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