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Abstract: Nowadays, signal lights are made using light-emitting diode arrays (LEDs). These de-
vices are extremely energy efficient and have a very long lifetime. Unfortunately, especially for
yellow/amber LEDs, the intensity of the light is closely related to the junction temperature. This
makes it difficult to design signal lights to be used in naval, road, railway, and aeronautical sectors,
capable of fully respecting national and international regulations. Furthermore, the limitations
prescribed by the standards must be respected in a wide range of temperature variations. In other
words, in the signaling apparatuses, a system that varies the light intensity emitted according to
the operating temperature is useful/necessary. In this paper, we propose a simple and effective
solution. In order to adjust the intensity of the light emitted by the LEDs, we use an LED identical to
those used to emit light as a temperature sensor. The proposed system was created and tested in the
laboratory. As the same device as the ones to be controlled is used as the temperature sensor, the
system is very stable and easy to set up.

Keywords: light emitting diode (LEDs); LED temperature dependency; light signals; temperature
control; flexible electronics

1. Introduction

Currently, road, airport, nautical, and railway infrastructures tend to use signaling
lights made with light emitting diodes (LEDs). In fact, LED signaling lights offers innu-
merable advantages compared with traditional lamps. LED employment allows for the
realization of devices that are long and energy efficient. Therefore, you can make signals
with greater reliability and lower maintenance costs.

In road and railway infrastructures, signs use red, yellow/amber, and green lights
(sometimes white and blue are also used). The color of the signal lights must be perceived
individually. For this reason, various government agencies have defined the light intensity
and the chromatic quality of the light source [1]. For applications in the automotive, aero-
nautical, railway, and naval sectors, different colors are defined in terms of the Commission
Internationale d’Eclairage (CIE) chromaticity coordinates [2].

The chromatic regions within which the aspects of the Italian railway signals must
be placed (UNI9296—UNIFER standard) are shown in the CIE diagram (Figure 1) [3].
Observing Figure 1, one immediately notices that the chromatic limits for red and yellow
are very stringent. The classic signals obtain the correct chromaticity using appropriate
optical filters, which lower the energy efficiency of the system. By using LEDs with a
sufficiently narrow emission line, it is possible to avoid the use of optical filters, which
increase production costs and make the system less robust.
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Figure 1. Commission Internationale d’Eclairage (CIE) chromaticity areas for red, yellow, and green
aspects of the Italian railway signaling.

Looking at the high-power LED technology currently available, it is easy to see that
red, amber, and yellow LEDs are made of aluminum indium gallium phosphide (AlInGaP).
For shorter wavelength, (green, blue, and white LEDs) the material used is indium gallium
nitride (InGaN). Using these materials, LEDs with luminous efficiency (lumens per watt)
suitable for signaling have been developed [4,5].

These semiconductors have an adjustable energy gap by varying the mole fractions.
In the InGaN alloy, increasing the mole fraction of InN results in a decrease in the energy
gap. Consequently, there is an increase in the wavelength of the emitted light. In InGaN
LEDs, the emitted light is tunable from UV-A (~360 nm) to yellow/green (~580 nm). Using
AlInGaP instead, the emitted color can be changed by varying the mole fraction of AlInP,
and colors ranging from yellow (~580 nm) to deep red (~650 nm) can be obtained [6]. For
InGaN and AlInGaP, Figure 2 shows how the emitted color changes as a function of the
molar fractions.
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Figure 2. Typical external quantum efficiency and relative emission spectrum vs. molar fractions for
indium gallium nitride (InGaN) and aluminum indium gallium phosphide (AlInGaP) light-emitting
diode arrays (LEDs). Here, external quantum efficiency is a fraction of the number of photons emitted
outside of the semiconductor with respect to those generated overall within it.
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Considering the performance of InGaN and AlInGaP LEDs, it is possible to understand
the difficulties associated with the yellow color. As already mentioned, in InGaN LEDs,
it is possible to shift the light emitted towards longer wavelengths (smaller energy gap),
increasing the concentration of Indium within the active layer. On the other hand, the
greater concentration of Indio causes, within the lattice, a greater fluctuation of the gap,
with consequent widening of the emitted spectral line (lower color purity). Generally, if
the color of the radiation is not sufficiently pure, it moves away from the edge of the CIE
diagram and goes outside the limits established by the standards [7]. Figure 3 shows the
typical emission spectrum of a yellow INGaN LED. For comparison, the spectrum of a
yellow AlInGaP LED is also shown.
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Figure 3. Typical emission spectra of yellow InGaN and yellow AlInGaP.

Unfortunately, LEDs with a low mole fraction of AlInP (those emitting at a low
wavelength—yellow LEDs) have a strongly temperature-dependent emission intensity
and wavelength. Figure 4a shows the output power of blue/green InGaN and yellow /red
AlInGaP LEDs as a function of the temperature. Figure 4b shows the variation of the
wavelength and intensity vs. temperature of a typical AlInGaP LED. These behaviors of
InGaN and AlInGaP make it difficult to design the yellow aspect in signal lights.

Currently, LED devices specifically made for signaling are commercially available.
Although the standards prescribe a wide range of temperature variations (generally —25 °C
to 80 °C) for the red and green aspects (as well as blue and white), there is no problem in
producing signals that are fully compliant. On the contrary, the realization of the yellow
aspect is critical. When LED light signals operate in climates with high temperature varia-
tions without a mechanism capable of compensating for these variations, it is impossible to
manufacture devices with a yellow color light that comply with regulatory requirements.

The problem of yellow LED light signals is well known. In fact, some companies
produce LEDs that emit yellow light by coupling LED blue with special phosphors. With
this expedient, it is possible to achieve LEDs with stable photometric characteristics [8].
Although blue LEDs have a high reliability, many studies have shown that phosphors can
degrade severely over the life of the device. This is mainly due to the high temperature
levels reached by the LED during operation [9-11].

To use phosphor-free AlInGaP LEDs, several solutions have been implemented [12-17].
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Figure 4. (a) Output power of blue/green InGaN and yellow /red AlInGaP LEDs as a function of temperature. The output

power of each LED was normalized to 1.0 at 25 °C. (b) Variations of the wavelength and intensity vs. temperature of a

typical AlInGaP LED.

All of these systems work well. Unfortunately, they increase the complexity of the sys-
tems. Consequently, with the same reliability there are higher production and maintenance
costs. It should also be noted that many standards for “critical applications” of light sig-
nals require non-programmable electronic solutions (microprocessors or microcontrollers
cannot be used) [3].

In this paper, we will propose a new simple and effective solution. To adjust the
intensity of the light emitted by the LEDs, we will use an LED identical to those used to
emit light as a temperature sensor. With this solution, a relatively simple system is obtained.
Furthermore, it is an apparatus that is simple to adapt to the required operating conditions.

2. Light Signals: Thermal Effect

By studying the behavior of the LED parameters as the temperature changes, it is
possible to trace the analytical equations that allow for obtaining a nearly invariant light
intensity as the temperature varies [18].

Currently, LED devices specifically designed for light signal applications are commer-
cially available. One example is the LY E6SF- DA-6-5A LED manufactured by OSRAM Opto
Semiconductors GmbH [19]. This device is available in various dominant wavelengths (see
Figure 5).

‘dom-min }"dom-max
3 583 nm 586 nm
4 586 nm 589 nm
5 589 nm 592 nm
6 592 nm 595 nm

Figure 5. Wavelength groups of LY E6SF LEDs. These wavelengths are relative to the bias current
ir = 50 mA and temperature T = 25 °C. The wavelength is typically measured at a current pulse of
25 ms, with an expanded uncertainty of +1 nm [19].

In this article, to investigate the yellow aspect of light signals, we used the LY E6SF-
DA-6-5A model. This type of LED exhibits a dominant wavelength variation that changes
relatively little with temperature (see Figure 6).
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Figure 6. LY E6SF LEDs: changes in dominant wavelength as a function of temperature [19].

Figure 7 shows, for the LY E6SF-DA-6-5S LED, how the chromatic coordinates vary
with the temperature changing.
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Figure 7. CIE chromaticity areas for yellow aspects of the Italian railway signaling and chromatic
coordinates vs. temperature of LY E6SF-DA-6-5A. The chromatic coordinates were calculated using
the software LED ColorCalculator [20].

Figure 7 shows how by choosing the device with a dominant wavelength at 25 °C (in
our around 593) centered on the chromatic area defined by the standard, you have an LED
capable of maintaining the prescribed color over the entire prescribed temperature range.

Unfortunately, this type of LED, as well as all those made of AlInGaP, has a strongly
temperature-dependent intensity of the light emitted (see Figure 8).

The variation of the light intensity with the temperature is not linear. However, it can
be considered as almost a straight line in the range of interest (—25 °C to 80 °C). With this
approximation, we can write the normalized intensity at 25 °C, as follows:

Iy(T)/Iy(25 °C) = —0.0107-(T — 25) + 1.01 (with T in °C). 1)

Using a second-degree polynomial fit, you get a perfect overlap between the regression
curve and the real one.

IW(T)/Iy(25 °C) = —8:106-(T — 25)2 — 0.0117-(T — 25) + 1.01 (with Tin °C).  (2)

In this case, the improvements obtained with a polynomial regression (see the coeffi-
cients of the Equations (1) and (2)) do not justify the complication of the model.
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Figure 8. LY E6SF LEDs: temperature dependence of intensity. The linearization line is also shown.
Iy represents the light intensity emitted by the LED and the T; junction temperature. The light
intensity is normalized to 1 when the bias current is 50 mA.

The luminous intensity of an LED, in addition to external parameters, mainly depends
on the bias current. Figure 9 shows how the intensity changes as a function of the bias
current for the LY E6SF LED.
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Figure 9. LY E6SF LEDs: intensity vs. bias current when the temperature of the soldering point is
25 °C. Iy represents the light intensity emitted by the LED and i bias current. The light intensity is
normalized to 1 when the bias current is 50 mA.
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Although this function is not linear, it can be considered to be a straight line around
the bias current of 50 mA. Therefore, we can write the following:

Iy(mA)/Iy(50 mA) = (1/50)-if = i = 50-[Iy(mA)/I(50 mA)]. 3)

Considering the variations of intensity accepted even by the most stringent regulations,
the linearization carried out with Equations (1) and with (3) are more than adequate;
intensity variations of the order of £25% with respect to the normal one are generally
accepted [3,21,22].

By combining Equations (1) and (3), we obtain the following;:

ir = 0.535-(T — 25) + 50.5 (in this equation T is °C and i is mA). 4)

Equation (3) represents the analytical form of the current, which makes it possible to
compensate for variations in the efficiency of LEDs with temperature.

It is important to note that, for the current flowing through the LEDs to have a
compensatory effect on the variation of efficiency, it must behave in an opposite way,
that is, an increase in temperature must correspond to an increase in the bias current
(for this reason, in the Equation (3) the slope constant was switched from a negative to
positive value).

To make the intensity of the LED independent of the temperature, it is essential to
have a sensor that reads the temperature and provides this information to the appropriate
circuit. In principle, various types of temperature sensors could be used. Unfortunately,
not all of these sensors have the same thermal trend as the LEDs that must be compensated
for. Furthermore, it is not easy to correlate the measured temperature with that of the LED
junction; the latter affects the performance of the LEDs.

As diodes are an excellent temperature sensor, at a constant bias current, the forward
voltage vs. temperature is linear [23-25]. Therefore, a LED identical to those used to emit
light can be used as a temperature sensor. Furthermore, this LED can be driven with a
current equal to that used to drive the LEDs used for signaling. If the signaling LEDs and
the one used as a sensor are mounted on the same cooling plate, they have very similar
junction temperatures.

Figure 10 shows the forward voltage vs. temperature for LY E6SF LEDs. Forward
voltage vs. temperature is not linear. However, it can be considered as almost a straight
line in the range of interest (—25 °C to 80 °C). With this approximation, we can write the
normalized intensity at 25 °C as follows:

VE = —0.0027-T + 2.68 (T in °C and V¢ in volt) = T = (2.68 — Vf)/0.0027. (5)

Using a second-degree polynomial fit you get a perfect overlap between the regression
curve and the real one.

Ve=-910"%T? — 0.0033-T + 2.68 (T in °C and VF in volt). (6)

In addition, in this case, the improvements obtained with the polynomial regression,
(see the coefficients of Equations (5) and (6)) do not justify the complication of the model.
Taking into consideration Equations (4) and (5), we have the following:

i = 0.535-[((2.68 — VF)/0.0027) —25] + 50.5 = 568 — 198.15-Vf (ir in mA and Vf in volt). @)

By driving the LEDs with the bias current established with Equation (6), there is an
emission of light almost independent of the temperature.
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Figure 10. LY E6SF LEDs: forward voltage vs. temperature (current 50 mA).

3. Circuit Solution

Our aim was to design a driver for LEDs able to compensate for intensity variations
related to temperature changes.
The implemented circuit is illustrated in Figure 11.

Vi (48 V) W J ‘f pl-o-b » §'|-< y
" _L 2.74Q : K Window
1uF I | comparator

Vin Vieos | >0 Alarm
LfI Lf] ;rI ;rI i Bl
1L/ S SRR SR S ]

Vees L T3590

} GND Verre 470 uH

—1<

Isothermal plate

Figure 11. Schematic of the circuit solution. The cluster’s current is defined by a classical integrated power-switch in a
constant current mode configuration.

Our circuit was designed to drive a cluster of 12 LY E6SF LEDs. In our work, we used
LEDs with a forward voltage between 2.5 and 2.65 V. A 5 V Zener diode was placed in
parallel to each LED. If the LEDs were working correctly, the Zener diodes were irrelevant.
If an LED was interrupted, it became an open circuit, and the Zener went into conduction.
This allowed for the other LEDs to function correctly. The Zener conduction increased the
difference of potential present on the LED cluster. The difference of potential across the
cluster increased by over 2 V. This voltage increase was detected by the window comparator,
which provided a malfunction alarm. The window comparator could also detect if a diode
was shorted. In this case, the remaining LEDs continued to function correctly, but the
voltage across the cluster decreased by about 2 volts. The window comparator also detected
this voltage variation. In a critical signal light, the alarm signaling was important, just as it
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is important that, as far as possible, the system continued to operate if maintenance was
not carried out.

In our circuit, to drive the LEDs, we used a commercial integrated circuit LT3590 [26].
It was a fixed frequency buck mode converter. This component, specifically designed to
drive LED clusters, had a control terminal (Vctry) that allows for adjusting the current to
be sent to the cluster. Using a resistor of 2.74 () (as shown in Figure 11), in conformity with
the specifications of LT3590, we have the following:

il: = 58-4'VCTRL = VCTRL =0.017 ip (ip in mA and VCRT in VOlt). (8)
Taking into consideration Equations (7) and (8), we have the following:
Verrr =9.7 — 3.4 Vi (Vi and Vegr in volt). 9)

Equation (9) allows for adjusting the control voltage of the buck converter in order to
obtain the light intensity independent of the temperature.

Therefore, by using an LED equal to those used to emit the light positioned on the
same heat sink of the LEDs, it was possible to read the junction temperature.

A current generator bias with 50 mA was used as the LED thermometer; the same
nominal current flowed through the light emitting diodes. In our case, we use another
LT3590 configured to supply a fixed current of 50 mA by means of an instrumentation
amplifier (INA 122 [27]). This amplifier was adjusted to amplify 3.4. The output of the
instrumentation amplifier was sent to the inverting input of a differential amplifier with
unity gain. On the other hand, a reference voltage of 9.7 V was sent to the non-inverting
input. In this way, the correct voltage VcTRry necessary to drive the LEDs was obtained.
The correct reference voltage was obtained via an adjustable reference voltage circuit [28].
This circuit made use of a precise voltage reference and an operational amplifier.

4. Experimental Results

To verify the effectiveness of the proposed system, an experimental set-up was im-
plemented. The LEDs, both used for signaling and one used to measure the temperature,
were soldered onto an isothermal plate. Afterwards the LEDs and the plate were mounted
on a temperature-controlled appliance. The temperature of the plate was controlled by a
PID-controller combined with the Peltier element. The spectral power distribution was
measured from 380 nm to 780 nm with the spectrometer. The schematic of experimental
set-up is shown in Figure 12.

heat sink Alblock shutt{r spectrometer
Leo |© -
T Optical bench E
fan Peltier b Computer
element

Figure 12. Outline of the measurement structure.

In our experiment, we varied the temperature of the isotherm plate. For six different
temperatures, we obtained the intensity and the emission spectrum. Figure 13 shows the
data obtained without the stabilization system.

Then, we activated the temperature variation compensation circuit. Figure 14 shows
how light intensity changes for temperature variations in the 5 °C-55 °C range.

Figure 14 shows that the proposed system worked very well. The residual change in
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intensity was widely acceptable; it was much lower than that tolerated by even the most

restrictive regulations.
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Figure 13. Characterization of the optical properties of the LY E6SF LED as the temperature varies. (Left) Emission spectrum

vs. temperature. (Right) Emission efficiency vs. temperature.
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Figure 14. Stabilization of intensity as the temperature changes: experimental results.

Figure 15 shows how the chromatic coordinates of the LEDs varied when they were
driven through our temperature compensation system.
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5. Conclusions

Light emitting diodes (LEDs) are currently the most widely used technology in the
field of signaling. Unfortunately, light sources made with this technology have photometric
characteristics dependent on the temperature. This makes it difficult to achieve signal
light that fully complies with regulations. In addition, in critical applications, the use of
microprocessors and /or microcontrollers is often not recommended. In this paper, we
proposed a simple and reliable system that solves this problem. An LED identical to those
used as a light source is used as a temperature sensor. The system was designed, built,
and tested in the laboratory. It was designed around the standards used for Italian railway
signals. In any case, it is easily adaptable to other types of signals and other standards.
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