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ABSTRACT 

In recent years, interest in light-emitting diode (LED) lighting has been growing because of its high efficacy, lifetime and 
ruggedness. This paper proposes a better adaptation of LED lamps to the technical requirements of photovoltaic lighting 
domestic systems, whose main quality criteria are reliability and that behave as voltage power supplies. As the key element 
of reliability in LED lamps is temperature, a solution is proposed for driving LED lamps using voltage sources, such as 
photovoltaic system batteries, with a control architecture based on pulse width modulation signal that regulates the current 
applied according to the LED lamp temperature. A prototype of the LED lamp has been implemented and tested to show its 
good performance at different temperatures and at different battery voltages. 
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1. INTRODUCTION 

Within only a few years, light-emitting diode (LED) lighting 
has gone from being a promising technology [1] to becoming 
a real alternative in general lighting. The objective of this 
paper is to improve the adaptation of LED lighting technol
ogy to photovoltaic (PV) lighting domestic systems. 

There are many inherent advantages of LEDs over 
conventional types of lighting systems such as higher 
efficacy, increased lifetime (measured in tens of thousands 
of hours), ruggedness, environmental friendliness (no 
mercury or lead), compact size and low operating voltages 
[2], which make them suitable for PV applications. The 
efficacy of current phosphor-converted LEDs has exceeded 
lOOlm/W [3]. This value of LED efficacy makes this sort 
of lamp very competitive when comparing them with other 
light sources used in PV-powered lighting systems [4]. 

The main quality criterion for PV decentralized applica
tions is reliability. In previous works [5], several technical 
specifications and testing procedures have been developed 
to evaluate the quality of lamps for solar home systems: 
lamp reliability under normal, extreme and abnormal oper
ation conditions and lamp luminosity. From this point of 

view, the main characteristic of LED lamps that has to be 
reviewed is their reliability and, consequently, their life
time. The lifetime of conventional light sources for PV 
applications is set as the number of on/off cycles that they 
support until they stop producing light. In the case of LED 
lamps, this means avoiding catastrophic failures (that 
rarely occurs in properly biased LEDs but in the associated 
electronic components) and retarding light output degrada
tion over time. There are two industry end-of-life metrics 
in terms of light degradation. One is the L70 or life to 
70% of original emission, and the other is L50 point or 
50% emission point. Typically the L70 point is used as 
the useful life of a LED lamp [3]. Narendran et al. [6] 
found that the light output decreases in an exponential 
manner as the temperature operation of LED increases. 
Figure 1 shows this relationship for a commercial LED. 
We can see that, for the nominal current of 350 mA, the life
time can be increased by 25% if the junction temperature is 
reduced from 80°C to 65°C. Furthermore, the reliability of 
the electronic components used for the LED drivers is also 
highly dependent on temperature. Therefore, we can con
clude that the thermal management is the key aspect to guar
antee the reliability of LED lamps in PV applications. In fact, 
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Figure 1. Lifetime (L70) estimation of the MX-6 white light-emitting diode by Cree (Tair = 45°C). 

the main problem found on installations with LED lamps 
related to PV rural electrification programs is the manage
ment of the heat generated inside the lamp projectors, espe
cially in outdoor, high power applications. 

Current LED lamps are based on constant current (IDC) 
sources to drive the LEDs, which do not suit PV systems 
very well due to the following reasons: 

i IDC sources reduce the reliability of LED lamps be
cause they do not control the temperature in the 
diodes and include components that are not as reli
able as the LEDs, which are usually the weakest 
points of these types of lamps, 

ii Stand-alone PV systems keep the generated energy in 
batteries. These storage equipment behave as a con
stant voltage (VDC) power supply, so, in order to 
connect a constant current LED lamp, it is necessary 
to use a DC-DC converter that provides a current-
regulated output. They, overall, reduce efficiency, 
performance and, as mentioned, reliability. 

In this paper, we propose a new LED lamp without IDC 
sources or DC-DC converters. It can be directly connected 
to the PV system batteries and implies the employment of 
one unique LED driver based on an intelligent digital con
troller that uses the LED temperature as feedback informa
tion. In this way, its reliability and efficacy are increased, 
making this LED lamp suitable for stand-alone applications. 

The main characteristics of this new driver are the 
following: 

• The control variable is the temperature of the LEDs 
instead of their applied voltage or the forward current. 

• The power regulation is based on pulse width modula
tion (PWM) that is performed by a microcontroller. 

The lamp is directly connected to the PV system bat
teries, through the charge regulator, without the need 
for a power supply or DC-DC converter. 
Special features, useful in stand-alone PV systems, such 
as a timed automatic shutdown or an efficient dimming 
of light, can also be performed by the microcontroller. 

2. OPTIMAL LIGHT-EMITTING 
DIODE DRIVING TECHNIQUES FOR 
PHOTOVOLTAIC APPLICATIONS 

The illuminance of a power LED depends basically on two 
factors: the forward current and its junction temperature. 
Given a constant junction temperature, the illuminance 
varies linearly with the forward current at small currents 
and tends to saturate at high current values [7]. However, 
if a constant current status is forced, the illuminance falls 
while the temperature increases. The I-V curve of the 
LED is exponential, and the relationship between the 
applied voltage and the LED junction temperature is 
approximately proportional (typically—3.3mV/°C). At a 
given constant luminance, the power consumption increases 
with temperature. Figure 2(a-d) shows, as an example, these 
relationships for the MX-6 model by Cree manufacturer 
(Durham, NC, USA) [8]. 

Therefore, if a constant forward current is applied to the 
LED, the increase in the junction temperature only causes a 
slight decrease in its voltage drop and in the illumination 
obtained, creating a natural mechanism of negative feedback. 
However, if a constant direct voltage is applied to the LED, 
the same increase in temperature would produce an exponen
tial increase of the forward current and finally a catastrophic 
failure of the device. This is the reason why IDC sources are 
used as the standard method of driving LEDs [9]. 
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Figure 2. (a-d) Working parameters of the MX-6 white light-emitting diode by Cree. 

However, the usage of these kinds of power supplies on 
PV autonomous systems has two main drawbacks. As 
explained, they avoid a fatal breakdown of the lamp but 
they do not have any possibility to avoid uncontrolled 
increases of the LED junction temperature, as this depends 
not only on the current driving but also on the ambient 
temperature and the heat dissipation capability of the dissi-
pater where the LEDs are placed. Because of this, it is very 
difficult to control and protect the lifetime of the LEDs, 
especially when ambient temperature is high, which is quite 
common in the places where these systems are placed. 

Batteries of PV stand-alone systems behave as a 
constant voltage power supply. A constant current output 
needs extra equipment with the consequent increment of 
cost and loss of efficiency and reliability. Consequently, 
the optimal LED driving technique would be that which 
eliminates IDC sources and directly uses the PV system 
battery as a voltage source for driving the LEDs but, 
somehow, avoids the risk of excessive temperature. 

2 .1 . Pulse width modulation regulation 
based on temperature control 

Taking into account the capacity of the LEDs to regulate 
their luminosity with high efficiency [10], we propose a 

technology for driving LED lamps using voltage sources, 
such as PV system batteries, with a control architecture 
based on a PWM signal that regulates the input current 
using the LED temperature as its criteria. The basic work
ing principle is to assure that the temperature inside the 
light-emitting semiconductor is always kept in the range 
that guarantees a maximum lifetime of the lamp, regardless 
of ambient conditions. The control architecture regulates 
the width of the active pulse of the PWM signal to adapt 
the power consumption of the LEDs to their thermal condi
tion. In this way, when the working temperature overpasses 
the level that guarantees the expected lifetime, the duty-cycle 
of the PWM is reduced. This implies reducing the heat gen
eration as well as the global brightness level of the lamp. This 
situation can be caused either by abnormal working opera
tion conditions, such as reduced radiation capability by dust 
or other external obstacles or by unusually high ambient tem
peratures. For this reason, a good design of the lamp heat 
radiator will guarantee that the working temperature of 
the LEDs will be within the required range for the external 
ambient conditions it has been prepared for. 

The power input duty-cycle signal is established by a 
microcontroller, using the information obtained by a tem
perature sensor placed inside the LED matrix and in con
tact with the heat dissipation surface of the LEDs' printed 



circuit board. Thus, the active period of the LED driving 
signal will depend on the readings of this sensor. A mech
anism of negative feedback compensates the increase of 
current produced by the increments of temperature inside 
the LEDs that are powered with constant voltage. 

A power metal-oxide semiconductor field-effect transistor 
(MOSEET) is all that is necessary as an interface to connect 
the LED matrix with the battery voltage. Its function is to plug 
or unplug the anode of the lighting diodes from the power sup
ply depending on the exact status of the PWM control signal. 
The switching commutation frequency must be high enough 
to avoid any flickering of the light that could be perceived 
by the human eye. Figure 3 shows the proposed schematic 
design of the lamp control architecture. 

The main characteristics of this control architecture are 
the following 

• It requires very little extra hardware: 
• one general purpose low-power microcontroller, 
• one temperature sensor 
• and one power MOSFET. 

All these devices are robust and low cost, and they 
present no problem working under hard ambient conditions 
with very high reliability. 

• No complex electronic circuit is necessary to provide 
a constant current flow. In this way, it is possible to 
avoid the usage of a large number of resistors, induc
tors or electrolytic capacitors that reduces the 
efficiency and reliability of the lighting equipment. 

• It offers a precise way to control the polarization level 
of the LEDs as it is possible to control the frequency 
and the duty-cycle of the PWM power supply signal 
easily and exactly. This implies an efficient and 

smooth brightness control using the information of 
the temperature on the LED matrix that shows no 
flickering or rough changes. 
It can be used with a power supply based on a 
non-stabilized constant voltage system. 

3. PRACTICAL IMPLEMENTATION 
AND EVALUATION 

3.1 . Practical implementation 

In order to evaluate the benefits of this proposal, a test LED 
lamp prototype has been set up. This equipment can be 
powered by using an adjustable IDC source connected di
rectly to the LED matrix or by the proposed control archi
tecture connected to an adjustable VDC voltage power 
supply. In this latter case, the microcontroller has been 
programmed to keep a constant working temperature. The 
purpose of this test is to compare the behavior of the lamp 
under these two different control paradigms. A switch placed 
on the LED matrix allows changing from one control to the 
other. Figure 4 shows the scheme of the bench test. 

The algorithm for temperature control in this case is 
simple. It is based on fixing a target temperature that is 
the desired constant value for the LED matrix. This value 
can be configured depending on the ambient temperature 
of the place and the physical installation of the lamp. It 
must be adequate to the expected lifetime desired and the 
illuminance values that must be achieved. The microcon
troller does a proportional-integral control routine based 
on the difference between the temperature measured and 
the desired one and implemented by the duty-cycle of the 
PWM signal that controls the power supply of the LED 
matrix. The frequency of the PWM signal has been 
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Figure 4. Scheme of the bench test. LED, light-emitting diode. 



established on 5 kHz. This value is high enough to avoid 
any flickering on the emitted light and low enough to ne
glect the switching losses in the MOSFET. 

Figure 5 shows the LED matrix of the lamp prototype. 
It contains 16 LEDs manufactured by Cree (model MX-6, 
intensity bin Q4). The LED matrix has four strings of four 
LEDs each. The heat aluminum radiator has been designed 
to work at an ambient temperature of 40°C at a duty-cycle 
of 100% (nominal conditions), whereas the LEDs are 
always at around 70°C. This temperature ensures a lifetime 
expectation of over 120 000 h [8]. Working under these 
conditions, this LED model has a light conversion effi
ciency of approximately lOOlm/W. With this value, the 
test lamp prototype must have around 1200 lm for a nomi
nal input power of 12 W. 

The inside chip LED temperature has been estimated to 
be between 3°C and 7°C above the temperature measured 
on the digital sensor placed on the printed circuit board 
where the LEDs are soldered. For this reason, the target 
temperature of the microcontroller firmware has been 
established at 65°C, which leads to a junction temperature 
between 68°C to 72°C on every working situation for 
which it has been designed. 

As Figure 5 shows, the LED matrix includes a p-channel 
MOSFET in series with a resistor (R). This circuit is in 
parallel with the four LEDs connected to the positive ter
minal of the battery. This scheme is designed to take into 
account that stand-alone PV systems have a wide range of 
voltage supply. For a system of 12 V nominal voltage, the 
voltage supply can range between 11 and 15 V. The expo
nential I-V relationship of a white LED takes the effect 
that the brightness decreases dramatically when the voltage 
is less than 12 V (3 V per diode), making the luminance 
unsatisfactory. In the proposed LED matrix structure, 
p-channel MOSFET (MP) is off in normal operation. The 
microcontroller sets MP when it detects that the voltage 
supply is less than a previously programmed threshold 
voltage. In this case, R is in parallel with the first four 
LEDs. The R is chosen so that all the current flows through 
it and the four LEDs do not stay on. Therefore, the voltage 

at these LEDs is reduced, and the voltage at the rest of the 
LEDs and its brightness are increased. 

The value of R in the lamp prototype is 2.7 Q.. It has 
been calculated so that when MP is set, the brightness of 
each one of the 12 LEDs that are on is the same as the 
brightness of each LED under nominal lamp conditions. 
In this way, when MP switches on, the brightness of the 
lamp will be 75% of the nominal. To avoid a sudden change 
in brightness, the programmed threshold voltage should be 
selected so that the MP switching that occurs for a voltage 
supply that makes the lamp's brightness is 75% of its nom
inal value. In this way, it has been set at 12.2 V. 

Figure 6 shows different details of the prototype. It 
should be noted that this design allows the lamp to be used 
in the standard sockets of fluorescent lamps. 

3.2. Evaluation 

The performance of the prototype under the two alternative 
testing control conditions has been measured inside an 
opaque-isolated camera with temperature control. To mea
sure the illuminance, we have installed inside this chamber 
a Jung WS10H model brightness sensor (Albrecht Jung 
GmbH & Co. KG, Schalksmiihle, Germany). It was placed 
at 134 cm from the middle of the lamp. 

We have controlled, besides the ambient camera tem
perature, the value of this parameter on the outer surface 
of the heat radiator of the lamp using a standard PtlOO 
probe connected to a Baumer 2201 temperature transmitter 
(Baumer Holding AG, Frauenfeld, Switzerland) configured 
on the temperature range of —10° C to 110°C. 

A first set of measurements of the lamp performance 
has been made using a constant voltage input of 
12.55 V. We have prepared the test camera to be at a 
constant ambient temperature of 40°C (lamp nominal). 
Once this temperature has been reached and stabilized, 
the lamp has been powered with the desired value and 
has been kept turned on until it reached a stationary sta
tus where the radiator temperature stays constant. At 
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Figure 5. Light-emitting diode matrix diagram of the lamp prototype. VBAT, battery voltage; R, resis 

p-channel MOSFET. 

VBAT+ 

or; MN, n-channel MOSFET; MP, 



Figure 6. Global and detailed view of the lamp. LEDs, light-emitting diodes; MN. 

that moment, the illuminance, current consumption, 
duty-cycle of the PWM signal and the temperature on 
the lamp were measured. These values will be consid
ered as the nominal working conditions for our test 
lamp. The luminance at these conditions has been esti
mated using the data provided by manufacturer. The 
relationship between luminance and illuminance has 
been used for the calculation of the luminance in the 
remaining tests performed. 

Finally, the ambient temperature of the test cabin has 
been established to two different extreme test values: 
16°C and 50°C, and the lamp prototype has been tested 
again on the same basis with the two alternative working 
methods under comparison: constant current and constant 
voltage with temperature feedback control. Complete test 
results are shown in Table I. 

The conclusions obtained from the previous results are 
at high ambient temperatures (50°C), the control system 
based on controlling the lamp temperature acts with high 
efficiency, maintaining the working temperature close to 
the target value in our design. However, when using the 
constant current control technique, the temperature mea
sured on the LED matrix is about 80°C, which means that 
the temperature on the chip of the light diodes is at least 
85°C. At this temperature, the estimated lifetime of the 
LEDs decreases by 25%. Another important advantage of 
the new controlling constant voltage PWM technique is 
that the energy efficiency of the LED lamp is improved 
by about 23% compared with the constant current test mea
surements under the same ambient conditions. The only 
drawback is that, when the lamp enters into the regulation 
process at high ambient temperature (~50°C), the 

Table I. Comparison between the two operating modes. 

Nominal Temperature regulation Constant current Temperature regulation Constant current 

values mode mode mode mode 

Room temperature (°C) 40 50 50 16 16 

Lamp temperature (°C) 59.0 65.1 78.9 25.3 28.4 

Lamp voltage (V) 12.55 12.55 12.31 12.55 12.92 

Lamp current (A) 0.98 0.42 0.98 0.80 0.98 

Lamp power (W) 12.30 5.27 12.70* 10.04 13.33« 

Illuminance (Ix) 145 72 139 129 148 

Luminance (Im) 1230 610 1174 1093 1255 

Luminance/nomina 100.00 49.59 95.45 88.84 102.07 

luminance (%) 

Duty-cycle (%) 100.00 50.13 100.00 

Efficacy (Im/W) 100.01 115.71 92.46 108.84 94.19 

Efficacy/nominal 100.00 115.70 92.45 108.83 94.19 

efficacy (%) 

* Power consumption has been calculated considering a constant voltage-constant current conversion efficiency of 95% 



luminance obtained is reduced to 52% compared with a 
non-regulated status with a constant current control tech
nique. However, the luminance level (610 lm) and the lamp 
efficacy (115.71m/W) remain high enough. 

On the other hand, when considering the results obtained 
with low ambient temperature (16°C), the temperature feed
back architecture still keeps an efficiency higher than 15% 
from the one obtained with constant current. In this case, 
the brightness is below the nominal design value (88.8%) be
cause of the smaller amount of current that can be driven via 
the LEDs under the same voltage input value at lower tem
peratures and, in the same way, the brightness. Nevertheless, 
luminance levels are still high (1093 lm), whereas the power 
consumption levels decrease significantly (18.4%). 

A second set of measurements has been made for eval
uating the performance of the proposed lamp architecture 
at a wide range of voltages that can reach a PV system with 
12 V of nominal voltage. Results are shown in Table II. 

It can be observed that the LED lamp power varies from 
12.98 W at 12.6 V (105.52% of the nominal power) to 
7.37 W at 11V (59.92% of the nominal power). This is a 
good behavior for PV stand-alone systems as the lamp con
sumption is reduced at low voltage just when the state of 
charge of the battery is also low, which contributes to a good 
energy management of the PV system, whilst maintaining a 
good level of illumination (676 lm and 91.72 lm/W). 

The LED lamp efficacy around the nominal voltage 
(12.3-12.6 V) is always over 100 lm/W and, in the worst 

Table II. Performance at the range of voltages in typical solar home systems and 40°C of ambient temperature. 

Luminance/ Efficacy/ 

nominal Efficacy nominal Duty-cycle 

luminance (%) (lm/W) efficacy (%) (%) 

Lamp Lamp Lamp 

voltage current power lluminance Luminan 

(V) (A) (W) (lx) dm) 

Nomina 12.55 0.98 12.30 145 1230 

Matrix with 12 LEDs 11.00 0.67 7.37 80 676 

on, R = 2.7fi 11.20 0.72 8.06 86 727 

11.40 0.77 8.78 91 773 

11.60 0.82 9.51 97 818 

11.80 0.88 10.38 102 864 

12.00 0.94 11.28 109 920 

12.20 1.03 12.57 119 1011 

Matrix with 16 LEDs 12.30 0.84 10.33 127 1072 

on 12.40 0.89 11.04 134 1139 

12.50 0.94 11.75 142 1200 

12.60 1.03 12.98 151 1281 

12.80 0.98 12.54 137 1164 

13.20 0.94 12.41 126 1067 

13.60 0.90 12.24 134 1133 

14.00 0.85 11.90 123 1042 

14.40 0.83 11.95 113 956 

14.80 0.81 11.99 107 910 

00.00 100.01 100.00 100.00 

54.96 91.72 91.71 100.00 

59.09 90.13 90.12 100.00 

62.81 88.01 88.00 100.00 

66.53 86.03 86.02 100.00 

70.25 83.21 83.20 100.00 

74.79 81.56 81.55 100.00 

82.23 80.49 80.48 100.00 

87.19 103.80 103.79 100.00 

92.56 103.16 103.16 100.00 

97.52 102.09 102.08 100.00 

04.13 98.69 98.68 100.00 

94.63 92.79 92.78 88.15 

86.78 86.02 86.01 73.52 

92.15 92.60 92.59 62.48 

84.71 87.56 87.55 52.95 

77.69 79.95 79.94 46.97 

73.97 75.89 75.89 41.76 

Luminance versus voltage at Tamb = 40gC 

Figure 7. Luminance versus voltage at 40°C room temperature. 



case, it is reduced to 75.89 lm/W. These levels of efficacy 
mean an increase of performance quality in the current 
state of the art of PV lighting domestic systems [11,12]. 

Figure 7 shows the fluctuation in the luminance as a 
function of supply voltage. This fluctuation ranges 
between 54.96% and 104.13% regarding nominal lumi
nance. Although this fluctuation may seem quite large, the 
luminance is always greater than 1000 lm around the nom
inal voltage. Even at low voltages, just before the charge 
regulator cuts off the service to protect the battery 
(> 11.2 V), the luminance is over 700 lm, which can be con
sidered sufficient for usual applications. 

4. CONCLUSIONS 

Light-emitting diodes are likely to become the main highly 
energy-efficient light sources used in all major lighting 
applications including PV rural electrification. However, 
in order to achieve this goal it is necessary to understand 
and assess LED quality-affecting factors and to manage 
control configuration schemes to optimize their behavior 
for the quality assurance of solar home systems illumina
tion. It has been shown that reliability is the key quality fac
tor, and this means controlling the operating temperature of 
LED lamps. 

This paper proposes a LED lamp without IDC sources 
that can be directly connected to the PV system batteries 
and whose LED driver is based on LED temperature feed
back. This architecture allows the LED lamps to be pow
ered directly via a constant voltage power supply, without 
adding a constant current driver, which makes it very easy 
to adapt to any solar home systems. 

The main conclusions of the evaluation of the proposed 
LED lamp prototype are the following. The temperature feed
back based control maintains the LED matrix always under 
65° C, whereas a constant current control increases up to 
80°C. This means an increment in lifetime expectation of 25%. 

The energy efficiency of the proposed control scheme is 
15% higher than that obtained with a constant current con
trol placed on the same lamp. 

At the wide range of battery voltages, the lamp efficacy 
is between 75.89 and 103.80lm/W and the luminosity 
between 676 and 1281 lm. This large fluctuation is not 
problematic, because both parameters are kept at high 
levels within the current state of the art. Moreover, the 
power consumption decreases significantly as the voltage 
goes down (59.92% of the nominal power at 11 V supply 
voltage), resulting in a good energy management system. 
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