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Abstract: In this study, an experimental method is developed to
measure the Wall-Plug efficiency of white LED modules without using
any apparatus or sensors to measure the intensity of light. The tested
LED module consists of a white LED chip-on-board affixed on a
heatsink. The proposed method is mainly based on thermal and
electrical models of the LED module. Measurements of thermal and
electrical power are implemented instead of optical power. The
presented method is not intended to replace the existing conventional
techniques used to obtain optical and thermal characteristics of LEDs,
but it provides a simplified way to evaluate the Wall-Plug efficiency of
white LED modules under pragmatic operational conditions. In this
method, the parameters of the wall-plug efficiency model of an LED-
heatsink module are identified. Then, the model is applied to evaluate
the efficiency at operating conditions of different heatsink temperature
and input current. A 9 W Cree© XLamp white LED was tested at an
ambient temperature of 23°C+1. Experimental results revealed that the
parameters of the efficiency model can be extracted using the proposed
method without measurement of optical power.
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requirements, (100, 75, 60 and 40) Watt incandescent
bulbs have been gradually phased out between Jan 1st,

Introduction

Lighting loads consume about 20% of the total
electric power generated in the U.S. (Azevedo et al.,
2009) and 5% of the average of households electric
energy consumption comes from lighting (“Tips:
Lighting,” 2014). Therefore, the efficiency of electric
light sources represents a crucial factor that significantly
affects the efficiency of the power system and impacts
the assessment of households’ energy bills. Accordingly,
careful consideration should be taken in choosing an
energy efficient light bulb among the vast selections of
the existing lighting technologies including incandescent
bulbs, fluorescent lamps, High Intensity Discharge
(HID) lamps, Compact Fluorescent Light (CFL) bulbs as
well as Solid State Lighting (SSL) using Light Emitting
Diodes (LEDs). In 2007, the U.S. Department of Energy
(DoE) issued new energy conservation standards by the
Energy Independence and Security Act (EISA-2017) that
imposes on the incandescent bulbs to be more efficient
and consume 30% less energy. According to the new
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2012 and Jan 1st, 2014 (Lippert, 2009). Moreover,
General FElectric, one of the world’s largest lighting
manufacturers, has recently announced that it would
discontinue manufacturing and marketing CFL bulbs by
the end of 2016 (Cardwell, 2016). Therefore, more
attention has been focused on LED lights as a
competitive alternative technology owing to their
attractive advantages. In particular, high power LEDs are
supposed to dominate the lighting technologies by 2025
(Xiong et al., 2009; Azevedo et al., 2009). The recent
two decades have witnessed vast improvements in LED
manufacturing technology such as the development of
new semiconductor materials and advanced fabrication
techniques to produce high luminous efficacy devices for
white illumination applications (Narendran et al., 2005).
Since then, the LED efficiency has increased
considerably. The U.S. DoE has reported an increase in
the efficiency of commercial LED products to three
times between 2005 and 2013 (USDEBTP, 2013).
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The LED’s Wall-Plug (WP) efficiency or the power
efficiency (these two terms will be used interchangeably
in the sequel) represents a clear performance index that
describes the energy conversion in the LED and it can
be used as a selective parameter to compare LED
devices. The WP efficiency provides a comprehensive
definition of how much optical power the device can
radiate when it is supplied with a certain electrical
power (Heikkild et al., 2010). However, it does not
detect fluctuations in the light wavelengths due
temperature shifts and aging that are only possible to
measure with spectral measurements to check fluctuation
in color coordinates according to CIE 1931 and
chromaticity of white light. In fact, information about the
WP efficiency is not very well stated in an LED
datasheet. Manufacturers usually provide technical
information about the LED luminous intensity, current
and voltage ratings and thermal resistance at typical
temperature conditions (ATAN, 1999). Therefore, to
evaluate the power efficiency; the optical power (in
Watt) of the LED needs to be measured using a special
optical equipment (Park and Lee, 2005; Raypah et al.,
2016). Besides, the power efficiency of an LED is
significantly affected by the junction temperature
(Poppe and Lasance, 2009). As a result, the
measurement of the junction temperature is a major
obstruction in modeling the power efficiency due to the
device packaging (Qin and Hui, 2010). However, many
indirect methods to measure junction temperature have
been presented in the literature such as the calibration
method wusing a temperature sensitive parameter
(Roscam Abbing and Pertijs, 2011). Other indirect
methods were also listed in (Chen ef al., 2012). All of the
introduced  techniques  necessitate  sophisticated
apparatuses to  provide thermal and  optical
characterization of the LED. In (Chen et al., 2012), a
serious effort has been made to come up with a simplified
procedure to estimate a model of the WP efficiency in
terms of the heatsink temperature and the electrical input
power. However, it requires preliminary optical and
electrical tests using a special measuring system.

In this study, we present a novel method to estimate
the parameters of the LED WP efficiency model by
measuring external electrical and thermal parameters.
Without the need to measure optical output power, the
model was practically verified to conveniently calculate
the power efficiency at different points within the device
operating range.

The rest of the paper is organized as follows. In
section 2, the considered model for WP efficiency is
discussed. Section 3 describes the tested module, the
experimental testing setup and the applied procedures.
Then, in section 4 the experimental results and the
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extracted model parameters are shown and finally, the
main results and conclusion for this work are shown
in section 5.

WP Efficiency Model

The WP efficiency of an LED describes how much
optical power can be obtained from the device when it is
fed with a certain input electrical power. It is the ratio of
the output optical (P,,) and the input electrical (P;,)
powers (Ching et al., 2012), as shown in (1):

P
o =2 x100% (1)

in

The input electrical power is simply the product of
the diode voltage (V,) and the current crossing it (/,),
so P, = V1, For white LEDs, electrical input power
is mainly transformed into optical power and thermal
dissipation (Pgy,,) (Poppe et al., 2006; USDEBTP,
2007). Figure 1 shows the structure of a white LED-
heatsink module and its power conversion process.
Therefore, the WP efficiency can be expressed in
terms of thermal power as:

Vd .Id _Rﬂm XIOO%
VdId

2)

My =

According to (2), the WP efficiency for a LED-
heatsink module can be determined by measuring V,
1, and P, In other words, it is possible to estimate
the optical output power by indirect measurements; it
is not mandatory to directly measure the optical
power.

Basically, the WP efficiency depends on two
parameters; the device heatsink temperature 7, and
input power P;,. The effect of each parameter on the
WP efficiency can be investigated separately with the
other parameter maintained constant. There are linear
and quadratic decreasing relations between WP
efficiency and heatsink temperature and input power,
respectively. The WP efficiency model of an LED-
heatsink module used in this study was proposed by
(Chen et al., 2012) as:

2
UW(TWPM) _ (aThS +b)(AZ.n + BP, +C)%

3

where, T), is the heatsink temperature and a, b, 4, B, C
and u are parameters to be experimentally identified.
Equation 3 shows that 77, depends on both the heatsink
temperature and the LED input power. Fortunately, both
magnitudes can be directly measured.
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Fig. 1. The structure of the Module under Test and Energy Conversion Process in the White LED

Experimental Method and System

The proposed experimental method to identify the
parameters in the adopted model takes two steps:

Step 1. By keeping the LED input power constant
P, = P;, 0, we set different heatsink temperatures
and measure P, for each temperature setting.
Next, Equation 2 is used to obtain 77yp(Ths, Pino)-
And finally, the parameters a and b are obtained
through Equation 4:

MTwp (ThsaPin,o) =al, +b

(4)

Step 2. By keeping the heatsink temperature constant
Ts = Thsp (that is, keeping constant P ), we set
several input powers and by using Equation 2 we
get 7yp(Thso,Pin). And finally, through Equation
5 we obtain parameters 4, B and C:

Myp(Tos Py ) = APy + BB, +C

)

By combining Equation 4 and 5 together to form
Equation 3 and calibrating at the test point.
Nwp(Thso, Ping) to find g, the parameters of model
Equation 3 can be identified.
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The key factor in the experimental procedure is to
be able to measure P It is done by using the
differential method presented in our previous work
(Zurfi et al., 2014), where two exactly equal heatsinks
are used. The temperature of both heatsinks are
controlled by an Automatic Temperature Controller
(ATC) and the LED to be tested is installed on one of
them. The LED is supplied with monitored input
power and the ATC is used to set the temperature of
both heatsinks to the same target value. Heating of
standalone heatsink is caused only by ATC. However,
LED power dissipation is added to the effect of ATC
in the other heatsink. This way, the difference
between powers applied by ATC to both heatsinks
provides Py, of LED for that target temperature. The
procedure of the measurement of P, is shown in Fig.
2 and explained in the following paragraphs.

More than 90% of thermal power losses generated
in a high power LED device are dissipated to ambient
through heatsink where it is attached (Christensen and
Graham, 2009). Therefore, in this study, the amount
of heat generated in the device is estimated by
measuring only on the heatsink. In steady state,
thermal models of the two mentioned systems are
described as follows (Poppe and Lasance, 2009).

System A: The temperature of heatsink A is:
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T,

hsA

=T

amb

+R, ( P+ Riiss) (6) yvhere, Ry is the therma1 resistance of heatsink B anq P
is MOSFET B conduction loss. For the same heatsinks,
R, = Rp. When balance between the temperature of
heatsink A and heatsink B, T4 = T, is achieved by the
ATC, it signifies that the heat dissipation in both systems
is equal. Therefore, the thermal power dissipation of the
LED can be calculated as:

where, R, is the thermal resistance of the heatsink A,
T.mp 1s the ambient temperature and P, is the conduction
loss of the power MOSFET A

System B: The temperature of the heatsink B is:

T,

15 =T+ RyPy (7) FPis = B = By (®)

amb

Ty=Tp= Pgiss=Ppp — Ppa
Nwp(Ths) =aTys + b

we(Pin) = A.an+ BPy, +C

The Automatic Temperature Controller (ATC)

Fig. 2. Measurement of the thermal power dissipated in the LED using the differential method
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Fig. 4. Photograph of the test platform

An ATC with three power control channels was
developed based on a TMS320F2813 microcontroller
from Texas Instruments, Inc. The purpose of the ATC
is to control the LED input power and the power
injected into heaters installed on both heatsinks.
Heaters are power MOSFETs (model IRFPF40,
Vishay Siliconix) which work in turn-on state with a
turn-on resistance of 2.5 ohms. Figure 3 shows the
block diagram of the experimental setup. System A
consists of the LED under test and the power
MOSFET, both mounted on the heatsink. System B
consists simply of MOSFET and the heatsink. Sensors
to measure temperature on heatsinks and voltage-
current on LED complete the setup. Also, a LabVIEW
program for real-time data acquisition and human-
machine interface was developed in a workstation with
a LabVIEW data acquisition board PCle-6259. Figure 4
shows a photograph of the developed test platform.

Experimental Results

A 9 W Cree Xlamp white chip-on-board LED
mounted on a heatsink was tested. Thermal paste was
used to assure good thermal conductivity between the
LED package and the heatsink. Tests were performed at
uncontrolled ambient temperature of 234+1°C. No means
to control ambient temperature were applied to mimic
the real operating conditions.

In order to extract the parameters of the WP
efficiency defined in Equation 2, first the relation of

Table 1. WP Efficiency extracted coefficients

the efficiency with heatsink temperature needs to be
obtained. At constant LED power input of P;,, = 6.3
W, the temperature of heatsink A is increased in
different steps by changing the power supplied to
heater A. At each temperature step; the efficiency is
evaluated by Equation 2 in the proposed method.
Then, the coefficients @ and b are identified by using
Matlab fitting function. Figure 5 shows the measured
relation between WP efficiency and heatsink
temperature. It can be observed that the WP efficiency
decreases linearly with the heatsink temperature.
Then, the relation between the WP efficiency and
power input was obtained heatsink temperature of
Thso = 58°C and the coefficients 4, B and C were
identified in the same procedure. Figure 6 shows the
measured WP efficiency versus power input. It can
also be noticed that the efficiency decreases in a
quadratic fashion with power. To obtain the complete
model, the parameter u must be evaluated from the
obtained results by matching the WP efficiency
Nwp(Ths0, Pinp) calculated in Equation 3 with the
measured value. All the model coefficients of WP
efficiency in Equation 3 were listed in Table 1.

Then, the extracted model has been validated under
different conditions of power input and heatsink
temperature. Figure 7 shows a 3-D graph of the
calculated efficiency versus both temperature and power
within the device operating range.

a b

-0.1818 35.157 -0.0564

-1.3638 34.847 24.6
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Conclusion

This paper presents an experimental method to
identify the parameters of the WP efficiency model of a
white LED-heatsink module without measuring optical
power output directly. With such a model, the WP
efficiency of an LED-heatsink model can be evaluated
under any operating conditions, which will be helpful for
the design of an LED-heatsink module. In the presented
method only heatsink temperature, LED voltage and
current are measured and controlled during the
experiments. Therefore, such an experimental method
can be completed in any conventional laboratory for
electrical engineering.

The key of the proposed method is to estimate the
thermal power loss of an LED in the operation. A
differential method was developed, in which two exact
the same heatsinks with controlled heaters are used. By
measuring the power required to keep the both heatsinks
at the same temperature in steady state, the LED power
loss can be estimated.

To confirm the effectiveness of the proposed method,
a 9-Watt Cree Xlamp white LED mounted on a heatsink
was used in the experiment. The experimental results are
used to identify the parameters of WP efficiency of the
LED-heatsink model.

It was obvious that the proposed method does not
require optical measurements, but it has the disadvantage
of requiring multiple voltage and current measurements
at different temperatures making it less immediate than
the optical measurements in an integrating sphere.
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