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ABSTRACT

This study aims to enhance the thermal management of an LED light engine for auto-
motive exterior lighting with an advanced heat spreader. Although LEDs have many
advantages, their applications require an accurate thermal management. To house
driver electronics and LEDs in a typical automotive exterior lighting, conventionally
FRA4 based printed circuit board is usually used. Over the board, local hotspots are
observed due to low thermal conductivity of FR4 based PCB and high heat flux
caused by LEDs and electronics. LEDs in automotive back lighting units operated
with different input power for position, stop and signal lights. Moreover, in some
instances, these three lights perform simultaneously in the automobiles. Therefore,
heat flux dissipation over LEDs and electronics become abundant making thermal
performance of the FR4 board inadequate to diffuse this flux. Thus, in this study,
an advanced heat spreader board technology was investigated and compared with the
conventional FR4 based and Al metal core printed circuit boards. An experimen-
tal study was conducted via thermal imaging technique in order to inspect local hot
spots. Also, an optical performance investigation for advanced heat spreader based
LED light engine is conducted. Then, a numerical analysis is also performed in or-
der to validate experimental results. According to experimental data, advanced heat
spreader has performed 7.4% better thermal performance than Al metal core board
and 25.8% FR4 based board. Besides, when advanced heat spreader board base used
instead of FR4 board base, luminous efficacy can be improved by 25.9%.

In addition, improving thermal spreading capability of PCBs is one of the alter-
native solution in order to distribute heat from source, efficiently. Various type of

materials is investigated to improve thermal characteristics of PCBs. In this study,
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multilayer ceramic flex PCB is analyzed as alternative PCB solution to overcome
thermal problems. To analyze thermal performance of the PCB, it is compared with
that of FR4 flex PCB experimentally and computationally. While thermal perfor-
mance degrades 36.5% when FR4 flex PCB is used, radiant flux and luminous flux of
the LED light engine decrease by 13.3% and 14.6%, respectively.

Besides, there is strong dependency between photometric, electrical and thermal
properties of LEDs. Hence, while a lighting system is designed, thermal and electri-
cal parameters of the system should be considered to achieve desired performance.
Therefore, another aim of the study is to analyze dependency between photometric,
electrical and thermal parameters of the FR4 LED light engine with FR4 flex PCB
is analyzed.

On the other hand, in recent years, paradigm of Internet of Things which will
be effective in all areas of our lives is in the foreground and lighting systems with
over 500 billion fixtures globally are seen as a great opportunity for a widespread
application. In addition, automobiles may constitute a platform for IoT applications
due to their current electronics system and mobility feature. Thus, in this study,
a possible candidate automotive rear LED lighting system is evaluated in terms of
thermal performance for new generation IoT added applications. Firstly, thermal
performance of FR4 based LED engine is evaluated and it is modeled in a CFD
program. Then, computational model is solved for different cases such as; 25%,
50% and 70% power addition to electronics to determine the adverse effects due
to IOT power needs. Metal and advanced heat spreader substrate technologies are
presented as solution to overcome thermal problems. While power consumption of
electronic increases by 70%, maximum temperatures that is experienced on electronics
increase by +38.4%. Maximum temperatures of amber LEDs increased by +12.5%,
when temperature rise of +11.2% is experienced on red LEDs. As conventional FR4

substrate is not adequate for future electronic systems, advanced heat spreader board



technology which consists of vapor chamber structure can be a possible substrate

technology for new generation smart applications.
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OZETCE

Bu ¢aligma geligmis 1s1 dagitici elektronik kart kullanimi ile LED otomotiv dig aydinlatma
sistemlerinin termal yonetimini iyilestirmeyi amaclamaktadir. LED’ler geleneksel
aydinlatma sistemlerine kiyasla bir¢cok avantaj sunmasina ragmen, LED uygulamalari
da gelismis bir termal yonetim gerektirmektedir. Genellikle, otomotiv dig aydinlatma
sistemlerinde elektronik kart malzemesi olarak FR4 malzemesi kullanilmaktadir. FR4
malzemesinin sahip oldugu diigiik termal iletkenlik katsayis1 sebebiyle elektronik kart-
lar tizerinde cesitli bolgelerde kritik 1s1 yogunluklar1 olusmaktadir ve LED ve elek-
tronikler ytiksek miktarda 1s1 akisi yaymaktadirlar. Otomotiv dig aydinlatma sis-
temleri pozisyon, sinyal ve stop fonksiyonlarini gerceklestirmek ile sorumludur. Her
bir fonksiyon i¢in LED’ler farkli gii¢ degerlerinde siiriiliirler. Baz1 durumlarda, bu g
fonksiyon simultane olarak ¢aligir. Bu durum komponentlerin 1s1 akisin1 daha da kritik
hale getirir. Dolayisiyla bu caligmada, geligtirilmig bir 1s1 dagitici elektronik kart ta-
bani, FR4 ve Aliiminyum elektronik kartlar ile kargilagtirilarak analiz edilmistir. Lokal
1s1 yogunluklarinin tespit edilmesi amaci ile infrared termografi metodu kullanilmigtir.
Ayrica, LED kartlarinin optik performans analizleri de gergeklestirilmistir. Bunun
yani sira, deneysel sonuclar1 dogrulamak amaci ile hesaplamali akigskanlar dinamigi
(HAD) galigmas1 gergeklestirilmigtir. Deneysel dataya gore, geligtirilmig 151 dagitica
kart ile Aliiminyum karta gore %7.4, FR4 karta gore %25.8 gelisim elde edilmistir.
Ayrica, gelistirilmis 1s1 dagitici kart sayesinde efikasite degeri FR4 karta gore %25.9
arttirilmigtr.
Baskili devre kartinin 1s1l dagitim kapasitesini arttirmak termal yonetimi geligtirmenin

bir bagka yoludur. Bunun i¢in elektronik kart malzemesi olarak bircok farkli malzeme

cesidi denenmigtir. Bu calismada, termal sorunlar1 gidermek amaci ile ¢ok katmanlh

vil



seramik esnek baskili elektronik kart, FR4 esnek baskili elektronik karta alternatif
olarak deneysel ve sayisal olarak analiz edilmigtir. Seramik kart yerine FR4 kart kul-
lanildiginda termal performansin %36.5 distligi saptanirken, 1gimim akisinin ve 1g1k
akisinin sirasiyla %13.3 ve %14.6 azaldig1 belirlenmistir.

Ayrica, LED’lerin fotometrik, elektriksel ve termal ozellikleri arasinda giiclii bir
bag vardir. Bu nedenle, bir aydinlatma sistemi tasarlanirken tiim bu ozelliklere dikkat
edilmelidir. Dolayisiyla, bu ¢aligmanin bir diger amac1 da fotometrik, elektriksel ve
termal parametreler arasindaki iligkiyi saptamaktir ve FR4 kart bu dogrultuda analiz
edilmigtir.

Bir diger yandan, son yillarda, en az 500 milyar cihazin kullanacagi Nesnelerin
Interneti bircok uygulama icin biiyiik bir potansiyel olugturmaktadir. Ayrica, otomo-
biller hlihazirda sahip olduklar1 elektronik sistemlerden dolay1 Nesnelerin Interneti
uygulamalar1 i¢in potansiyel bir platform olarak goriilmektedir. Bu sebeple, bu
calismada, Nesnelerin Interneti uygulamalar: icin otomotiv aydinlatmasimda kullamlan
bir elektronik LED kart1 potansiyel bir aday olarak analiz edilmistir. Ik olarak, FR4
kart deneysel ve sayisal olarak analiz edilmigtir. Sonrasinda, hesaplamali akigkanlar
mekanigi modeli, elektronik komponentlere %25, %50 ve %70 daha fazla gilic ver-
ilerek Nesnelerin Interneti uygulamalarimin sonucunda olugabilecek gii¢ gereksinimi
artiglarim simule edebilmek amaciyla analiz edilmistir. Elektroniklerin gii¢ tiikketimi
%70 arttirildiginda, maksimum elektronik komponent sicakliginin %38.4, maksimum
amber LED sicakhigimin %12.5 ve maksimum kirmizi LED sicaklhiginin %11.2 arttig:
gozlemlenmistir. Dolayisiyla, ileride kullanilabilecek elektronik sistemler icin FR4
malzemesinin kart malzemesi olarak kullanilmasinin miimkiin olmadigi saptanmistir.
Gelistirilmis 1s1 dagitic kart tabakasinin yeni jenerasyon akilli sistemlerde kullanilabilecek

potansiyel bir kart tipi oldugu analiz edilmistir.
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CHAPTER 1

INTRODUCTION

In recent years, LEDs have been used in many areas because of their unique advan-
tages such as high lumen output, energy savings, exceptional color features, precise
optical control and long life span [1]. Automotive sector is one of these areas that
used LEDs in both exterior and interior lighting of vehicles during the last decade.
However, due to tight volumes and severe environmental conditions of transportation
applications, challenging thermal problems such as elevated junction temperatures
are confronted. An increase in junction temperature may cause lumen degradation,
wavelength shift and catastrophic failures in LEDs [2]. Therefore, compact pack-
aging with proper thermal management has become a required system solution for
LED lighting systems in vehicles. Moreover, automotive headlamps have been explor-
ing novel technological applications such as smart lighting and Li-Fi. For example,
with the Li-Fi technology, headlamps have been used for vehicle-to-vehicle commu-
nication (i.e. visible light communication (VLC)) [3]. Thus, with these kinds of
technological improvements, the importance of compact packaging will increase due
to crammed components into tight volumes and foot print areas. However, when
electronics are placed closely, distributing heat from surfaces of components poses
significant problems [4]. Therefore, thermal problems should be anticipated before
designing component placement over a light engine. In addition, system level cooling
technologies should be implemented so that effective heat removal is assured for her-
metically sealed automotive lighting systems. To meet system level cooling challenges,
there are a number of active cooling techniques such as rotary fans and synthetic jets

but due to their reliability and noise issues [5], passive cooling techniques are more



applicable for automotive lighting systems. Although developing a system level so-
lution is possible with known technologies, local hot spots at the double-sided PCB
populated with electronics components and LEDs are still problems that design en-
gineers face with. Conventional FR4 substrates are used in many applications due to
ease of manufacturing and low-cost. However, their poor thermal conductivity cre-
ates shortages to meet todays demanding thermal needs. Therefore, recent compact
packaged high lumen light engines require novel thermal solutions. In light com-
mercial vehicles exterior lighting system, three distinct functions are required such
called position, stop and signal. While using a FR4 based printed circuit board with
LEDs, to combine all these functions into a single PCB is not possible due to ther-
mal problems. Therefore, to improve thermal performance of PCBs, FR4 substrates
are soon expected to be replaced with high performing substrate technologies as the
cost of those substrates will shrink. Metal clad printed circuit boards (MCPCBs)
have capability of multidimensional heat transfer with a low constriction resistance;
they show better thermal performance than conventional FR4 substrates [6]. This
is particularly due to approximately a factor of three increase (200/0.2) in the ther-
mal conductivity. Therefore, metal clad printed circuit board technology may be an
option for LED automotive lamps. A further increase in the thermal performance
at the same or similar cost will extend the lumen extraction and reduce system cost
by other novel approaches. During last couple of decades, vapor chamber technology
which is capable of diffusing heat from a surface is investigated for electronic cooling
applications [7, 8]. Due to the fact that phase change heat transfer occurs in vapor
chambers, its cooling performance is reported to be over 10-100 times of copper (400
W/m-K) [9]. Therefore, vapor chamber technology may be used in printed circuit
boards as a possible substrate for LED light engines as well. While the technology is
still at the exploration phase, it is expected to offer unique performances.

For automotive exterior lighting applications, advanced vapor chamber based



board is a possible alternative. In this study, three distinct substrates for thermal per-
formances of LED boards have been studied. Technological investigation started with
FR4 based conventional board (PCB), and then extended to metal-clad board (Al)
and a further this study conducted with an advanced thin vapor chamber substrate.
Currently, single vapor chamber heat spreader has not been used as a board substrate
for exterior automotive lighting. Thus, this study aims to contribute current technol-
ogy via investigating advanced vapor chamber based board for automotive exterior
lighting systems. Both experimental and computational findings are presented and
discussions are given in the Chapter III and VI, respectively. Also, optical perfor-
mance of the light engines were tested and results were discussed in Chapter IV.

Another aim of the study is to analyze thermal performance of ceramic flex PCBs.
Therefore, in the study, two multichip LED light engines which have distinct flex
PCBs are compared in terms of thermal spreading performance. The first flex PCB
consists of one copper and one glass fiber epoxy sub layers while the other one is
composed of one ceramic-polymer blend and two copper sub layers. IR thermogra-
phy technique is used to obtain thermal performance of these two LED engines. In
order to validate experimental study, LED light engines are modeled in computa-
tional environment. Then, optical tests were conducted with an integrating sphere
on LED engines in order to understand the relation between thermal and optical per-
formances. Thermal performance tests are presented in Chapter III while results of
optical investigation is shared at Chapter IV. In addition, computational findings of
the study is given in Chapter VI.

Photometric, electrical and thermal properties of LEDs are highly dependent with
each other. Therefore, while a lighting system is designed, thermal and electrical
parameters of the system should be considered to achieve desired optical performance.
Luminous efficacy of the LED systems are highly sensitive to junction temperature of

the LEDs because optical output of the LEDs is changing with temperature. Thus, a



relationship between photometric, electrical and thermal parameters of the FR4 LED
light engine with FR4 flex PCB is investigated in Chapter V.

Another recent technological area, Internet of things (IOT) has been rapidly evolv-
ing, and lighting systems with over 550 Billion fixtures globally seen as a great oppor-
tunity for a widespread application space. Added electronics due to communication,
control, sensing and power for IOT features are expected to contribute an additional
amount of over 70 percent to overall heat generation. Therefore, a hard problem
will be harder at the same volume, footprint area and cost. This study also aims
emphasizing the severity of the anticipated thermal problems of IOT added future
lighting systems besides presenting some of the current local hot spot thermal issues
due to LED tight packaging. In Chapter VII, electronics of the LED light engines are
modeled in computational environment with higher input power in order to mimic

the same system adding IOT features.

1.1 Literature Review

This section discusses properties of light-emitting diodes, thermal management tech-
nologies for cooling of the LEDs and their place in Internet of Thing applications.
In the first part of the section, packaging development of LEDs and their advantages
over conventional light sources are mentioned. Then, historical evolution, radiative
and non-radiative recombination, junction temperature and optical properties of the
LEDs are explained. In the second part, thermal management problems of LEDs and
possible cooling techniques to solve these problems are discussed. In the last part,

importance of LEDs for Internet of Things applications is analyzed.
1.1.1 Light-Emitting Diodes (LEDs)

As it can be easily inferred from their name, light emitting diodes (LEDs) are a kind
of diodes. However, they have some properties different from regular rectifier diodes.

One of the most distinctive property of LEDs is that forward voltage of LEDs are



much higher than normal diodes due to achieve efficient light emission [10].

LED production begins with manufacturing of bare wafer such as sapphire, GaN,
GaAs, Si wafers. Then, a couple of epilayers are grown on the bare wafers. To attain
different LED colors, distinct epiwafers are using such as for green, blue and UV
range light, InGaN and AlGaN epiwafers; for red and yellow light, InAlGaP and for
red and infrared range light, AlGaAs epiwafers are used. After that, electric contact
pads are assembled with the epiwafers and epiwafers are shaped as LED die. At the
end of the manufacturing process, LED die is packaged.

LED package has complicated structure that composed of multiple components.
In Figure 1, the components of an LED are demonstrated as an example of an LED
structure [11]. The LED consists of bond wire, LED die, encapsulant, lead frame, die
attach and housing. Bond wire which provides electrical connection between LED die
and lead frame are generally made of gold. The die is made up of a semiconductor
compound. Encapsulant is formed on top of the structure as a dome and generally
silicon or epoxy resin is used as encapsulant material. Lead frame provides connection
between external power source and LED die. Die attach constitutes a medium to con-
nect LED die mechanically and thermally to lead frame. Housing forms a protected

structure for an LED [11].
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Figure 1: Cross-sectional side view of a typical white LED [11]



LEDs require proper packaging to ensure cooling, protection, optical configura-
tions and enclosing. In the early LEDs, packaging structure was quite simple with
just a couple of components whereas today, with the increasing demand to high power
LED applications, package structure become more advanced. Especially, while power
of LEDs continuously increasing, thermal management become more and more impor-
tant to provide efficient heat dissipation from the chip. Achieving advance thermal
management, there are four LED packaging types which are chip-level, frame-level,
board-level and system-level packaging [11].

Surface Mount Technology (SMT) is a novel mount technology for microelectronic.
Due to smaller volume and low thermal resistance characteristics of the SMT, it
has been also popular for LED packaging. Besides, ceramic substrates are another
packaging solution in LED industry due to its high thermal conductivity. For high-
power applications that need more than a chip, chip on board (COB) technology

offers a solution with low thermal resistance [11].
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Figure 2: Revolution of LED Thermal Resistance [11]

As it is represented in Figure 2, in early LEDs, thermal resistance of the package
reached up to 250 K/W (junction-to-ambient). However, recent developments like

COB and novel substrate technologies enable decrease in thermal resistance under



10 K/W. Moreover, with various passive and active cooling technologies, thermal
resistance can be decreased more in system-level [11].

According to Commercial Buildings Energy Consumption Survey of U.S. Energy
Information Administration [12], in 2012, lighting constitutes 17% of the electricity
consumption in buildings. Lighting has the highest share in the survey. Therefore,
energy efficiency in lighting has crucial effect to decrease electricity consumption
and provide economic contribution. In this regard, because of their high energy
efficiency, popularity of LEDs have been tremendously increasing in recent years.
While the efficiency of conventional light sources is about 5%, LEDs reaches up to
energy efficiency of 20%-30% [13, 4]. Furthermore, according to the Haitz Law, it
is predicted that luminous output of the LEDs rises 35% per year while price of the
LEDs in terms of cost per lumen decreases 20% per year [10]. Prediction trend of the

Haitz Law is represented in Figure 3 [10].
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Figure 3: Haitz Law [10]

Besides high energy efficiency of LEDs, their lifetime is about 50,000 hours which is



much higher than regular lighting fixtures. Moreover, quick response as microsecond-
level on-off switching, wide range controllable color temperatures, no low temperature
start-up problems, low ultra violet radiation and non-toxic emission are another major

advantages of LEDs over conventional light sources [11].

1.1.1.1 Ewolution of LEDs

First light emitting diode (LED) had been found by Henry Joseph in 1907. However,
the first diode is not an p-n junction diode, it is a Schottky diode. In 1936, Destriau
published first LED made up of zincblende (ZnS). III-V compound semiconductors
firstly developed by Heinrich Welker in early 1950s. The ITI-V compounds which can
not found in nature are very suitable to optical applications so development of the
[II-V compounds is a milestone for LED technology [14].

In early 1960s, I1I-V GaAs devices have begun to be investigated. First commercial
GaAs LED is developed by the Texas Instrument Corporation in early 1960s.

For achieving visible emission, GaAsP and AlGaAs were also researched. GaAsP
LEDs firstly used on circuit boards as indicator lights [14].

In 1962, Holonjak and Bevacqua declared visible light emission from GaAsP junc-
tion. This declaration is a remarkable progress as the first step of applicable p-n
junction LEDs with visible light emission [14].

In 1968, with the first mass production of LEDs by Monsanto Corporation, price
of the LEDs decreased. As a result of the price reduction, solid-state lamps entered
to the lighting market. Product portfolio of the company was consisting of GaAsP
p-n junctions LEDs grown on GaAs substrate. The LEDs were emitting visible light
in red wavelength region of the spectrum [14].

It is revealed that the external efficiency of GaAsP LEDs was limited as 0.2%
or less due to high density dislocations caused by large lattice mismatch between

the GaAs substrate and GaAsP epilayer. Also, because of direct-indirect transitions,



brightness of GaAsP LED remained low. Therefore, from 1960s to middle of 1970s,
GaAsP LEDs were used to low-brightness applications such as LED displays of cal-
culators and watches [14].

In early 1960s, GaP-based red and green LEDs were developed. Light emission
of the GaP is limited since GaP is an indirect-gap semiconductor and probability
of radiative recombination is low [14]. Over the years, to improve the efficiency of
GaP LEDs, different doping and growth techniques were investigated. Vapor-phase
epitaxy (VPE) was applied as a growth method so that it led to n-doping just in the
near of p-n junction. Consequently, less light absorption in the layers and greater
overall efficiency were achieved in 1970s [14].

Later, for low-brightness applications with green light emission, n-doped GaP
LEDs are the essential LED material [14]. During 1970s, GaP, GalnP and GaAsP
was utilizing widely in dial pads of telephones and displays of watches and calculators
[14].

At the end of 1960s, Tietjen from Radio Corporation of America (RCA) aimed to
produce flat panel televisions which required red, green and blue pixels. There were
already LED technology for green (GaP:N LEDs) and red (GaAsP LEDs) pixels.
Therefore, in 1968, in order to obtain blue pixels, he and his group began to work on
a technique for growing single-crystal films of GaN. However, they could not achieve
an efficient method. Until 1982, there were only single published paper about GaN
LEDs. Then, Mg-doping of GaN made an era for all nitride based LEDs [14].

Team of Nakamura and Mukai [14], has contributed GaN growth, LEDs and lasers,
significantly. First applicable green and blue GalnN double heterostructure LED
which reached efficiency of 10% was developed by them. After these improvements in

GaInN LEDs, they have been started to be used in high-brightness applications [14].



AlGalnP LEDs are developed in Japan at the end of 1980s. With multiple quan-
tum well (MQW) active regions, efficiency of AlGalnP LEDs were considerably im-
proved. AlGalnP material is utilized to high-brightness light emission of red, yellow

and orange applications [14].
1.1.1.2 Radiative and Non-Radiative Recombination

For semiconductors, using p-n junction diode is efficient way to generate light emis-
sion. The light emission in p-n junction diodes happens as a result of radiative
recombination. As illustrated in Figure 4, radiative recombination can be defined
as transition of an excited electron from conduction band to valance band via re-
combining with a hole in the valance band [11]. Bandgap energy is the difference of
conduction band energy and valance band energy (W, = W.W,). Frequency of the

photon is determined by following relationship [11].
Wg
=9 1
f= (1
where f is frequency of photon, W, is bandgap energy and h is Plank’s constant.
Wavelength of the photon is also determined by bandgap energy with following
equation [11]

ch
A= — = — 2
" 2)
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where c is the speed of light.
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Figure 4: Illustration of radiative recombination [11]

Characteristics of the light emission is designated by bandgap structure of the
semiconductor material. There are two classes of semiconductors which are direct
bandgap and indirect bandgap materials. In direct bandgap semiconductors, the
minimum energy level of the conduction band and the maximum energy level of the
valence band are at the same k-wavelength number. Therefore, electrons and holes
have the same momentum. However, in indirect bandgap semiconductors, the mini-
mum energy level of the conduction band and the maximum energy level of the valence
band are not located at the same k-wavelength number. In other words, momentums
of electrons and holes are different. Thus, in indirect bandgap, recombination of
electrons and holes only happens with the presence of phonons. Recombination en-
ergy of electrons is transmitted to vibration energy via phonons. As a result of the
non-radiative recombination, heat formation occurs [11].

Bimolecular recombination coefficient B depends on 7~%/2. Therefore, recombi-
nation probability is inversely proportional with temperature. As it is indicated in
Figure 5, carrier distribution in k space is more dense at low temperatures. Due to
the fact that electron and holes can recombine only if their momentums are the same,

recombination probability is higher at low temperatures [11, 14].
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(a) Low temperature (b) High temperature

Figure 5: Carrier distribution at low (a) and high (b) temperatures [14]

1.1.1.83 Junction Temperature of LEDs

Junction temperature defines the temperature of the active region crystal lattice [14].
Junction temperature is a significant characteristic of LEDs because of many reasons.
Mechanical strength of the encapsulation, internal quantum efficiency and lifetime of
the LED depends on junction temperature. Thus, measuring junction temperature of
the LEDs is essential for lighting designers. There are various junction temperature
measurement methods such as forward voltage, micro-Raman spectroscopy, microin-
frared imaging, thermal resistance methods and a method which estimates junction
temperature according to peak wavelength shift [14].

Bandgap energy is temperature dependent because of electron-phonon interactions
and lattice vibrations [15]. As a result of energy bandgap shrinking, peak wavelength
of an LED is shifted. Junction temperature method based on peak wavelength shift
uses the dependency between energy bandgap and temperature. In this method,
there are two stages: calibration measurement and junction temperature measure-
ment according to calibration data. In the first stage, LED are driven with different
pulsed currents without any Joule heating in a thermal chamber. Peak wavelength is
measured at different chamber temperatures for different current levels. As a results

of calibration measurement, a correlation between peak wavelength and temperature
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is attained for different current levels. Then, calibration correlation is used to deter-
mine junction temperatures with respect to measured peak wavelengths. Although
wavelength shift method is using to estimate junction temperature of LEDs, there
are more accurate and easier methods like forward voltage methods [14].

There is a dependency between forward voltage and junction temperature. For-
ward voltage method uses this dependency to estimate junction temperature of LEDs.
Forward voltage method is also consists of two stages: calibration measurement and
junction temperature estimation based on calibration data. In the calibration mea-
surements, LEDs pulsed with different current levels in a temperature-controlled
chamber. Forward voltage of the LED is measured at different ambient tempera-
tures. Therefore, a calibration correlation between forward voltage and temperature
for different current levels is obtained. Then, with steady state measurement, LED
drive with same current range and for each voltage level, junction temperature of the
LED is determined according to calibration correlation [14].

As it is mentioned, there are many junction temperature measurement techniques.
Tamdogan et al. presents a detailed comparison study for Raman spectroscopy, mi-

croinfrared (IR) imaging, and forward voltage methods in [16].
1.1.1.4 Photometric and Radiometric Quantities of LEDs

Optical energy generated by light is measured in Joules but it usage rate of the energy
is quantified in Watts. Radiated energy is equal to multiplication of Plank constant

and frequency of light. Therefore, energy of light is proportional with frequency [10].

E=hf (3)

In addition, frequency of light is equals to ratio of speed of light ¢ and wavelength
A. Therefore, energy of the light is inversely proportional with the wavelength. It is

defined as following equation [10].
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E=h% (4)

Radiated energy per second is described by radiant power which is radiometric
quantity. Most of the light sources emits lights which includes multiple colors. LEDs
also emits light which have wide wavelength spectrum. Therefore, radiated power of
LEDs is calculated with sum of the all powers in each frequency [10].

Radiant flux is the sum of the light in every wavelength but human eye is sensitive
only a part of the emission spectrum (about 390 to 700nm). Therefore, the term
luminous flux is derived by radiant flux according to spectral response of the human
eye as in the following equation. Due to the fact that it is weighted by eye response,

it is photometric quantity.

o0
B, = K, / d(b;)(\/\)V()\)dA (5)
0

where, K, is the maximum luminous efficacy, V() is the spectral luminous effi-
ciency function and ®.(\) is the spectral distribution of the radiant flux [11].

Various quantities are utilizing in order to evaluate optical performance of LEDs.
Primarily, efficiency of a system is one of the key performance parameters. Therefore,
to analyze optical performance of an LED, determining the efficiency is the first
goal of engineers or scientists. There are four types of efficiency which are internal,
extraction, external and power efficiency.

In active region of ideal LEDs, as a result of every electron injection, a photon
emission originates [14]. Therefore, quantum efficiency of the ideal region is equal
to unity. However, in real case, not all electron injection ends up with photon emis-

sion. Therefore, internal quantum efficiency of an LED is calculated with following

equation.
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Number of photons emitted from active region per second

(6)

int = number of electrons injected into LED per second

After the photon emission, in ideal LEDs, all photons should leave the active
region to free space but in regular LEDs, not all emitted photons can escape from
the LED die due to various failure mechanisms. For instance, reflected light can be

received by metallic surface and absorbed by it and this phenomenon is called total

internal reflection [14]. Extraction efficiency of an LED is described as

Number of photons emitted into free space per second

(7)

Nextraction = : : ;
number of photons emitted from active region per second

In order to obtain how many injected electrons results with light emission into free

space, the external quantum efficiency term calculated with the following equation

14].

Number of photons emitted into free space per second

(8)

Meat = umber of electrons injected into LED per second

Another important performance parameter for an LED is power efficiency which is
also named as wallplug efficiency. Wallplug efficiency of the LED shows that amount

of the electrical power which transfers into radiant power [14]. It is defined as

P
Tlpower = ﬁ (9)

where P is the radiant power, I is the input electrical current and V is the input

voltage.

1.1.2 Thermal Management of Exterior Automotive LED Lighting Sys-
tems

1.1.2.1 Possible Cooling Technologies for Thermal Management Problems of LEDs

In recent years, light-emitting diodes (LEDs) have been widely utilized in various

lighting applications due to high efficacy, longer lifespan and low electricity consumption[1].
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Despite low energy consumption in LEDs compared to conventional lighting, in which
about 70- 80% of the electrical energy converts into thermal energy results in elevated
junction temperatures [1, 4] which affects the optical quality and reliability of the sys-
tem [2, 17]. According to Arik et al., light output degradation, wavelength shift and
catastrophic failures are the possible consequences of elevated junction temperatures
in LEDs [2]. Especially, in automotive lighting, where LEDs junction temperature
increases, amber LEDs can emit red color light instead of amber color due to wave-
length shift [2]. Therefore, increased junction temperature is become a critical issue
for automotive lighting manufacturers. In order to control the junction temperature,
proper thermal management is required for LED based lighting systems. Thus; for
thermal management of LEDs, various active and passive cooling techniques have
been investigated such as thermoelectric, heat pipe, synthetic jets and forced air
cooling. However, due to reliability concern, undesired noise and energy consumption
problems of active cooling [6] [5], passive cooling is become more preferable method
for lighting applications. One of the most ideal passive cooling techniques is to en-
hance the heat conduction throughout the printed circuit board on which LEDs are
mounted. Selection of PCB substrate is a significant subject since thermal conduc-
tivity depends on material type. In the literature, there are some studies which focus
on replacement of low conductive FR4 based PCB with high conductive metal core
printed circuit boards (MCPCB) in order to improve heat conduction capability of
the LED boards. K. C. Yung et al. [6], concluded that metal core PCBs are more con-
venient to heat dissipation in all directions than FR4 based PCBs which permit heat
dissipation only in single direction due to its low thermal conductivity. According
to this study, difference in thermal performance directly affects the optical perfor-
mance of LEDs. Therefore, optical output efficiency of LEDs that are mounted to
MCPCB is higher than that of LEDs mounted to FR4 based PCB. In another study

of K.C. Yung et al., they claim that the most effective thermal conduction path can
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be reached by optimizing optical performance, energy consumption and cost of the
system [6]. Although MCPCBs improve thermal performance of LED applications
significantly, whether in harsh ambient conditions, there is still a need for more ad-
vanced board technology in order to achieve improved heat dissipation. Automotive
exterior lighting can also be challenging due to significant thermal problems. These
thermal problems are mainly caused by harsh ambient conditions, tight volume and
low conductive boards. Therefore, a novel approach for advanced heat spreader board
technology is required which will have better thermal performance than FR4 PCB
and MCPCB, for automotive exterior LED lighting system.

In the literature, in order to improve thermal performance of the board, heat
sink technologies have been studied. However, in high heat flux applications, heat
sink technology has become inadequate for removing heat efficiently from the heat
source. In recent years, flat plate heat pipe technology has been utilized to enhance
heat spreading capability of heat sink [7, 8]. Working principles of this flat heat pipe
which is also named as vapor chamber is based on two dimensional heat transfer [5].
Inside the vapor chamber, working fluid evaporates into hotter section via absorbing
heat from the source and evaporated fluid comes to condenser part in order to release
the heat energy [7, 8]. The intended usage of vapor chambers and heat pipes are
different. While heat pipe transports heat from one medium to another, where vapor
chamber is widely utilized to spread heat from high density place to low dense and
larger place [7]. Due to larger dimensions of heat sinks, this kind of cooling technology
is not applicable for compact systems. Thus, vapor chambers can be designed without
any heat sink assembly. Khosroshahi et al. [18] reveals that the local hot spots, which
occur on LED substrates, can be removed via embedding heat pipes into light engine
substrates. For automotive exterior lighting applications, advanced vapor chamber
based board is a possible alternative due to its compact structure and high thermal

conductivity.
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1.1.2.2 Printed Circuit Board Alternatives as Thermal Solutions

As it is mentioned in previous section, LEDs require advanced thermal management
technologies. Vapor chamber board technologies is one of the solution for thermal
problems. However, there is not proper technology to mount electronics on vapor
chamber based boards directly. Hence, a flex printed circuit board is required to
mount components and provide electrical connections of the system. Therefore, flex
circuit boards are also open to improvements in order to enhance thermal performance
of the overall lighting systems.

Only negligible amount of the heat load transferred by natural convection and
infrared radiation from side of the electronics [19]. Thus, to dissipating heat loads
from electronics through a conduction path is one of the most effective thermal man-
agement techniques for compact electronic devices [20]. In this regard, printed circuit
boards (PCBs) with thermally conducting layer provides conduction heat transfer
medium that directly contact with high heat flux electronics [21]. In order to en-
hance thermal performance of the electronic systems, characteristics of PCB can be
modified via material selection. There are some requirements that PCB material have
to meet. First of all, coefficient of the thermal expansion (CTE) have to be appro-
priate for placements of electronic components in different forms [22]. Also, PCB
material should be highly thermally conductive, robust for deformity, lightweight and
reasonably priced [22]. In the industry, due to its low cost and easy manufacturability,
FR4 material has been used generally. However, FR4 PCBs have become inadequate
since high power electronics have been introduced to the market. Therefore, to im-
prove thermal performance of the high power electronic systems, novel PCB materials
have been evaluated in different studies.

Saums et al. analyzed and compared different composite materials as candidate
PCB material such as carbon composite copper laminate and copper-graphite com-

posite in terms of CTE matching, thermal conductivity, resistance to deformity, cost
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and weight for aerospace applications [22]. Juntunen et al. reported that ceramics
such as AlyO3, AIN and BeO; metal core printed circuit boards (MCPCB) and in-
sulated metal substrates (IMS) are PCB substrates using for electronic systems and
LED modules [23]. While ceramics are suitable for multilayer structures and able
to endure difficult conditions, MCPCBs and insulated metal substrates present high
thermal conductivity with affordable cost [23]. Dieker et al. reveals that Alumina
(Al,O3) PCBs shows considerably higher thermal performance than that of FR4 PCB.
Due to low thermal conductivity of FR4 PCB, heat can only dissipate through copper
plate inside, while on the Al,O3 PCB, heat diffuses uniformly across the substrate
[19]. FR4, Copper Al,O3 and AIN substrates are compared in terms of thermal and
optical performances by Kckmann et al. Although AIN performs better than others,
due to its considerably high price and brittle structure of AIN, it is not commonly
preferred substrate type [20]. In order to enhance the thermal performance of high
power LED systems, Weilguni et al. emphasizes providing heat spreading through
copper layer in lateral direction and heat conduction through thermal vias in vertical
direction [24].

Recent years, LEDs have been used in high lumen output required applications
such as general lighting and automotive lighting. Besides, due to compact lighting
designs, heat flux densities of LEDs increase. High heat loads led to rise in junction
temperatures of LEDs. High junction temperature causes reliability issue, optical
output degradation and wavelength shift [21, 23, 24, 25]. Therefore, in order to
keep junction temperature under the critical operation temperature ( 100°C), these

different substrate technologies have been also used for LED based lighting systems.

1.1.3 Internet of Things (IOT) for Next Generation Solid State Lighting
Systems

Light emitting diodes (LEDs) bring unique advantages to a wide range of lighting

applications such as automotive lighting, security lighting and display technologies.
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Due to their various color options with high luminous efficacy, LEDs have dominated
the lighting industry. Although LEDs are considerably high energy efficient sources
compared to conventional old-fashioned systems, still 70-80% of input electrical input
power is converted to heat [13, 4]. If released heat cannot be transferred to ambi-
ent, it causes elevated junction temperatures of LEDs which lead to optical losses,
catastrophic defects and lifetime problems [2, 17]. Therefore, thermal management
is a significant concern for sustainability of LED lighting systems. Several thermal
management solutions have been studied in the literature. According to the ambient
conditions and requirements of problem, passive or active cooling technologies can be
used to overcome some of those thermal issues. Internet of things (IOT) have gained
tremendous attention during the last decade and more focus on how to utilize IOT in
LED systems for the last five years. Though smart sensors and network capabilities
are some of those first technologies in smart lighting systems, they will offer tremen-
dous opportunities in upcoming years. However, none of the current LED lighting
applications reach the dream of IOT goals yet. Therefore, it would be interesting to
see some of those high ends and high functionality features in possible LED systems.
As thermal management is still a major challenge in LED systems, more functionality
with IOT will pose substantially harder problems for scientists and design engineers.
It is important to review some of the current approaches to understand the thermal
issues in LEDs, and then attention will be turned to IOT embedded LED systems.
A current automotive rear lighting system is perhaps the closest LED technology
in a compact packaging form factor that will IOT features will pose on new systems.
A double sided LED light engine houses LEDs at the front side, while densely popu-
lated electronics and sensors are used in the backside of the board [18, 25]. A detailed
study has been presented by Uras et al [25] on the thermal management issues of an
LED automotive lighting system. The system has tight packaging problems, lim-

ited lifetime, vibration issues, aggressive power needs. It cannot easily adopt active
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cooling technologies, so they have chosen to investigate passive thermal management
solutions. As a passive thermal management technique, thermal performance of con-
ventional PCB can be enhanced via high thermally conductive PCB substrates [5].
Due to poor thermal conductivity of conventional FR4 PCBs, LEDs and electronic
components cannot diffuse excessive heat. Therefore, local hot spots occur over the
PCB and junction temperature gets higher. In this regard, metal core PCB improves
thermal performance of the system because of its higher thermal conductivity [6].
However, in compact and dense lighting engines, MCPCBs are not efficient to meet
operational requirements of LEDs as well. Thus, a novel heat spreader technology is
required.

Tamdogan et al. [26] reports that high power LEDs and electronics require novel
thermal management techniques such as micro jet, micro channel and immersion
cooling methods. They studied computationally and experimentally thermal char-
acteristics of a high-power LED light engine utilizing various cooling methods with
different coolants. Despite of the fact that multiphase liquid cooling performs bet-
ter, bubble generation around the LED chip leads to significant lumen degradation.
However, light engine with single phase liquid cooling showed efficient thermal per-
formance while enhancing light extraction by 15%. Therefore, the study reveals that
single-phase immersion liquid cooling is a possible cooling method to enhance the
thermal performance of high power LEDs. In another study, Arik et al. [27] pre-
sented synthetic jets as novel cooling devices for high power electronics. Synthetic
jets are practical for many applications due to their small sizes compared to other
forced convection devices.

[oT will bring along many sensors and communication features so electronic com-

ponent density of the PCBs, possibly light engine, will increase significantly while
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power consumption of the present electronic components rises. IOT is an environ-
ment that smart devices, sensors and actuators are connected and able to communi-
cate with each other via internet platform [28]. In recent years, IOT has been rapidly
evolving, and it is expected that in five years 50 billion smart devices will be con-
nected [29]. Smart devices will be effective in many different areas such as healthcare,
energy, lighting, automotive, smart grids and home automation [29, 30]. IoT will also
integrate these individual areas. Such as smart buildings will manage energy effi-
ciency of houses, it will also analyze comfort and health of households [30]. Although
[oT provide many benefits, it also has some challenges and concerns such as privacy,
security, openness [31, 32] and power consumption [33]. As it is mentioned, by 2020
approximately 50 billion smart devices will be connected to each other. Therefore,
number of smart sensors, communication devices and electronic components will be
considerably higher than today and their power consumption will be higher. Thus,
power will be a significant concern for the IoT applications. For IoT devices, mobil-
ity is very important so they should operate with batteries [28]. However, present
batteries have limited lifetime and energy storage problems. With the enhancing
utilities of smart devices, more power requirement will occur. In order to solve high
power consumption problem, Ju and Zhang [33] suggest that energy harvesting for
low power IoT devices with small size and proper energy storage volume is a need
and they propose Internet of Battery-less Things (IoBTs). One of the major goal of
the Internet of Things is to enhance the capacity of devices and electronics while re-
duce their energy consumption. In this regard, besides investigating novel low power
technologies, minimizing the power loss of the components is crucial. New devices
have been developed with the concept of low power consumption. However, due to
small size constraint and high usage of sensors, actuators and electronics, increase in
total heat flux of the system constitutes efficient thermal management requirement.

As it is mentioned before, even today thermal problems in electronic systems, with
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the increasing number of sensors and electronics which provide connectivity of things,
heat flux over electronics is expected to increase over 70%. Because of poor thermal
conductivity of conventional PCBs, local hot spots which affect the reliability of the
system will occur. Thus, novel PCB solutions should be improved.

Lighting systems with over 550 Billion fixtures globally are seen as a great oppor-
tunity for a widespread application. Lighting systems are used almost in all living
spaces and a large number of outdoor areas. IoT applications will also be active in
all of these places so lighting fixtures may constitute a platform. According to Lowe
[34], automobiles have a great number of microcontrollers and due to their mobility,
they can be defined as ultimate smart mobile device so automobile industry will take
a critical role in IoT conversion. Lighting fixtures of automobiles can be enhanced to
collect and sense data from the environment due to their present electronic structure
and place where they mounted on automobile. Therefore, in this study an automotive
rear lighting system is studied. Thermal challenges which are caused by the increase
of heat flux from components with [oT will also be faced in automotive lighting sys-
tems. Due to size and cost concerns, LEDs and electronics are integrated on the same
board. Moreover, all lamp functions, stop, signal and position operate on a single
PCB. Therefore, even at the present condition, complex thermal problems occur on
the selected LED lighting system. When IoT added over traditional lighting fixtures

are considered, hard problem will be harder at the same volume and footprint area.
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CHAPTER 11

SYSTEM DEFINITION AND EXPERIMENTAL

PROCEDURE

2.1 Problem Definition

Four types of lamps are used in automotive rear-lighting for position, stop, signal and
fog purposes. These types of LED lamps are placed in separate printed circuit boards.
LEDs allows utilizing all those different functions in one single board at the same time.
When all LEDs operate at the same time on a single PCB, junction temperatures of
LEDs exceed the optimal temperature which is about 100°C [2] increasing the risk of
fire and catastrophic failures. Therefore, advanced thermal management technology
is necessary for new generation of LED automotive exterior lighting systems. In this
study, investigation of conventional and advanced vapor chamber heat spreader based
double sided PCB where LEDs and electronics are mounted has been investigated in

order to resolve the thermal issues for 3-purpose LED rear lamp.

2.2 System Definition

The proposed advanced heat spreader based LED light engine is an alternative solu-
tion for enhancing thermal performance of exterior automotive lighting systems. To
analyze thermal and optical performance of the advanced heat spreader substrate, it
is compared with FR4 and Al substrates. First of all, advanced heat spreader sub-
strate is manufactured as flat plate vapor chamber with micro-channels. Then, FR4
and Al substrates are prepared to form a baseline for performance analysis of the
advanced heat spreader substrate. These three substrates are briefly explained in the

following.
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2.2.1 LED Board Substrates

Vapor chambers are cooling devices that achieves high thermal conductivity values
via phase change heat transfer. Therefore, the advanced heat spreader substrate is
designed as flat plate vapor chamber with micro-channels due to its high heat diffusion
capability.

FR4 is a commonly used electronic board substrate due to its low cost, high
machinability and high CTE matching. Thus, it is used in this study as baseline.
FR4 plate is shaped as 66x80x2.75 mm? board substrate.

Aluminum have been used in recent years in electronic industry as alternative
board material due to its high thermal conductivity. Hence, an Al board substrate is
also prepared to analyze performance of the novel board substrate. For the study, an
Al plate is formed with the same dimensions as FR4 board substrate.

After all of advanced heat spreader, FR4 and Al substrates are prepared, flex
printed circuits boards (PCB) are attached to front and back of the substrates to
provide electrical connection. In the study, two types of flex PCBs are used. These

flex PCBs are described in the following.

2.2.2 Flex Printed Circuit Boards

In the study, FR4 based and ceramic based flex printed circuit boards are utilized.
Firstly, properties of the FR4 flex PCB will be given. Then, characteristics of the
ceramic based PCB will be explained. Their thermal and optical performances are

analyzed in the following chapters.
2.2.2.1 FR4 Based Flex PCB

FRA4 flex PCB compose of two layer that are one trace of copper layer and one glass of
fiber epoxy (FR4) sub layer. Thickness of copper and FR4 layers are 40 and 160 mi-
crons, respectively. These flex PCBs are attached to front and back of the substrates

with highly conductive doubled sided tapes. Thickness and thermal conductivity of
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the tape are 100 microns and 0.6 W/m-K, respectively. The microscopic image of the

cross section of the PCB is presented in Figure 6.

| | FR4 160 pm

N
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...n... w it g Copper layer 40 um

Figure 6: FR4 based flex PCB and micrograph of its cross-section

2.2.2.2 (Ceramic Based Flex PCB

PCBs with ceramic structures like Alumina (Al1203) shows considerably higher ther-
mal performance than that of FR4 PCB. Due to low thermal conductivity of FR4
PCB, heat can only dissipate through copper plate inside, while on the Al,O3 PCB,
heat diffuses uniformly across the substrate [19]. Therefore, ceramic based flex PCB
is investigated in this study as alternative for FR4 flex PCB due to its higher ther-
mal conductivity. Ceramic based flex PCB which comprises of five layers: a copper
foils, a white solder mask (paint), a copper foil, a ceramic-polymer blend dielectric
layer (Thermal Clad HT 6), second copper foil and an adhesive layer (Bond-Ply) is
produced in Bergquist Company. As illustrated in Figure 7, thicknesses of the layers
are 50, 70, 152, 70 and 127 microns, respectively. Thermal conductivity of copper
foils, ceramic-polymer blend dielectric layer and adhesive layer are 400 W/m-K, 2.2
W/m-K and 0.8 W/m-K, respectively [35], [36].
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Figure 7: Ceramic based flex PCB and micrograph of its cross-section

While FR4 based flex PCB is attached with double sided tape, manually, possible
air gaps between substrate and tape and also between tape and flex board can be
occurred. Thus, these air gaps can cause increase in thermal resistance of the system.
However, ceramic based boards has its own adhesive so there is no possibility of air
gap presence between adhesive and flex board. In this regard, ceramic based flex

boards gain an advantage over FR4 based flex boards in terms of thermal resistance.
2.2.3 LEDs and Electronic Components

After flex PCBs were attached to substrates, LEDs and electronic components are
mounted to front and back of the flex PCBs, respectively. Types of LEDs and elec-

tronic components will be describe in following subsections.
2.2.3.1 LEDs

16 LEDs are assembled front of the PCBs. While ten of them are identical OSRAM
LR E6SF red LEDs, the other six of them are identical OSRAM LA G6SP amber
LEDs. While the red LED packages are in charge of stop and position functions
of automotive rear lighting system, the amber LED packages are in charge of signal

function. Power conditions of LEDs are demonstrated in Table 1.
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Table 1: Specifications of LEDs.

Component Package Color | Power(mW)
LED 1-10 | TOPLED OSRAM LR E6SF RED 110
LED 11-16 | TOPLED OSRAM LR G6SP | AMBER 305

Package of the LR E6SF red LEDs is white PLCC-4 package and made of sil-
icon resin. InGaAlP thinfilm which is suitable for red, yellow and amber lighting
applications due to its emission in that wavelength range (from 560nm to 630nm)
is used as die technology [11] [14] [37] [38]. Package geometry of LR E6SF LED is
presented in Figure 8. Micrograph of the LED die can be seen in Figure 9. According

to microscopic measurement, dimensions of the die is 300 microns to 300 microns.
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Figure 8: Package geometry of LR E6SF LED [37]
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Figure 9: Microscopic image of the LR E6SF LED die

Package of LA G6SP amber LED is white PLCC-6 package and made of colorless
clear resin. InGaAlP die is used in LED package [37] [38]. Package geometry of the
LA G6SP LED is presented in Figure 10. Dimensions of the LED die is measured as

500 microns to 500 microns via digital microscope.
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Figure 10: Package geometry of LA G6SP LED [3§]
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Figure 11: Microscopic image of the LA G6SP LED die

2.2.3.2 FElectronics

Multiple electronic components are attached to back of the LED light engines in order
to regulate and direct the current flow. In total, 23 resistors, 7 transistors, 4 capacitors
and 10 diodes are utilized. Most of the electronic components are SMD (surface mount

device) type components. Specifications of the components are presented in Table 2.
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Table 2: Specifications of electronic components.

Component Package | Power(mW)
R1, R2, R3, R4 1206 45
R5, R7, R11 1206 16
R6, R12 1206 13
RS, R20 1206 25
R9, R10, R14, R15 1206 3
R16, R18 1206 50
R17, R19 1206 924
R21 1206 40
R23 1206 1.8
D2, D3 SOD123F 43
D1, D5, D9 DO-214AA 0
D4, D6, D7, D8, D10 | SOD123F 0
Q1, Q3 SOT-223 480
Q5 SOT-223 442
Q6 SOT-223 530
Q2, Q4 SOT-23 45
Q7 SOT-23 7.2
C1, C2, C3,C4 1206 0

Final version of one of the LED light engine is demonstrated in Figure 12. Figure
12 a presents LEDs’ side of the light engine and Figure 12 b shows electronics’ side

of the light engine.
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(b)

Figure 12: Final version of one of the LED light engine: (a) LEDs’ side, (b) elec-

tronics’ side

Configurations of the LEDs and electronic components on the light engine can be

seen from the Figure 13.

Figure 13: Configurations of the LEDs and electronic components on the light engine
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2.3 Experimental Methods

As it mentioned in the problem definition section, there are four type of lamp func-
tions in automotive rear-lighting which are position, stop, signal and fog functions.
In this study, the LED light engines are operated for these three functions. In ad-
dition, the LED light engines are also operated while all kind of lamps are working
simultaneously. Therefore, experiments are conducted on four cases; case 1 - position

function, case 2 - stop function, case 3 - signal function, and case 4 - multi function.

Figure 14: Case 1- Position function, Case 2- Stop function,Case 3- Signal function

and Case 4- Multi-function, respectively

Case 1 represents the condition when occurs only position headlamps turned on
in automobiles. In this case, only 10 red LEDs which are placed side of the board are
operated with 10 mW per LED.

Case 2 represents the condition when happens only stop headlamps are turned
on in automobiles. In this case, again same 10 red LEDs are operated but the input
power per LED increase to 100 mW.

In Case 3, power conditions of LEDs and electronics are same as power conditions
when occurs only signal headlamps of automobile are operated. In this case, 6 amber

LEDs which are placed on the middle of the board are supplied with 305 mW power
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per LED.

In some situations; stop, signal and position headlamps operates simultaneously.

In Case 4, all LEDs on the test vehicle are turned on at the same time in order to

enable this real situation in the test environment. 6 red LEDs which used in the Case

3 are operated with 305 mW per LED and the other 10 red LEDs are worked with

110mW per LED that was summation of power amount used in case 1 and case 2.

Table 3: Corresponding driving power conditions for each LED and the LED light

engine
Case | Function Numberof Power/LED | Total Power/LED LED
LEDs (mW) Light Engine(mW) Light Engine
FR4
Case 1 | Position | 10 Red LEDs 10 288 Aluminum
Adv. Heat Spreader
FR4
Case 2 Stop 10 Red LEDs 100 2424 Aluminum
Adv. Heat Spreader
FR4
Case 3 Signal 6 Amber LEDs 305 3433 Aluminum
Adv. Heat Spreader
10 Red + 305 FR4
Case 4 Multi 6 Amber + 5953 Aluminum
LEDs 110 Adv. Heat Spreader

Cases are repeated for Al based, FR4 based and vapor chamber based boards.

Power conditions of each case is demonstrated in Table 1. Picture of each experimen-

tal case are presented in the Figure 2. In the study, to analyze thermal performance
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of LEDs, firstly, thermal experiments are conducted for each LED light engines. Sec-
ondly, optical experiments are conducted for each LED light engines. For each LED
engine, thermal and optical experiments are conducted in these four experimental

cases.
2.3.1 Thermal Experiments

Thermal experiments are conducted to analyze thermal distribution over the LED
light engines and also estimate junction temperatures of LEDs during different ex-
perimental cases. To obtain thermal distribution across an object surface, infrared
thermography is commonly used method [39] [40]. Therefore, in this study, IR ther-
mography method is used for thermal experiments. Firstly, infrared thermography

will be briefly introduced and then, experimental procedure for thermal experiments

will be defined.
2.3.1.1 Infrared Thermography

IR systems have been firstly used by Swedish Defense Department in 1950s. Working
principle of the first IR system is based on transfer incoming heat radiation to IR
sensor via multiple mirrors and optics. Detector type of the first IR system was
thermistor bolometer which is very similar to today’s technology [41].

IR systems works based on heat transfer mechanism of infrared radiation. The
infrared spectral band range is between 0.75 and 1000 microns [41]. If the tempera-
ture of an object is greater than the absolute zero, it emits electromagnetic radiation.
Thus, electromagnetic radiation emitted by an object is related to its surface temper-
ature [41]. According to Stefan-Boltzmann Law, upper limit of the emitted radiation
from a object is

W = oT*(W/m?) (10)

where W is the total radiated energy, o is the Boltzmann constant and T is the

surface temperature of the object [41][42][43]. However, this law is applicable for
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blackbodies whose emissivity is equal to 1. For the other bodies whose emissivity,
which is the ability of a surface to emit energy, is different than 1, Stefan-Boltzmann
Law is formed as

W = ecT*(W/m?) (11)

where W is the total radiated energy, € is the emissivity, o is the Boltzmann constant
and T is the surface temperature of the object [41][42][43]. Therefore, emissivity of
the object surface is very significant property for the IR thermography.

Most important part of the IR thermographic devices is the detector which absorbs
the infrared radiation emitted by an object and transform it into a signal [41]. These
transformed signals can be converted into temperature map [41]. There are two types
of detector type which are thermal and quantum detectors. Quantum detectors that
are made of InSb, InGaAs, GaAs etc. are more faster and sensitive than thermal
detectors. In quantum detectors, electrons changes their states in a crystal structure
responding to incident photon [41].

In IR thermography measurements, there are three different radiation energy
sources coming to camera lens. These are radiation from the object surface, radi-
ation from the surroundings of the object caused by reflection from the object surface
and radiation absorbed by the atmosphere [43]. In this regard, formula to calculate

total radiation coming to camera lens becomes as
Wiotat = €TWopjeet + (1 — €)TWampient + (1 — 7)Watmosphere (12)
where 7 is the transmission through the atmosphere.
2.3.1.2  Fzxperimental Procedure

As it is mentioned before, there are two sets of LED light engines and each set has
3 different LED light engines. In the first set of LED engines, there are 3 LED
light engines with FR4, Al and advanced heat spreader substrates. These LED light

engines have FR4 flex PCBs. In the second set of LED light engines, there are also
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3 LED light engines with FR4, Al and advanced heat spreader substrates but the
difference from the first set is that they have ceramic flex PCBs. Therefore, thermal
experiments conducted in two stage: first one for the first set of LED engines (which
has FR4 flex PCBs) and second one for the second set of LED engines (which has
ceramic flex PCBs).

Firstly, FR4 based LED light engine with FR4 flex PCB is connected to a holder
with a low thermal conductivity. The corresponding DC input power is supplied
according to our design of experiments (DOE) plan. LEDs continue to operate until
board temperature reaches the steady state meaning that there is no temperature
fluctuation over + 0.1 on the board in 5 minutes. Surface temperatures are obtained
by microscopic IR thermal imaging technique. As mentioned earlier, boards are
painted with a black paint whose emissivity is about 0.97. Therefore, a calibration
study has been done similar to earlier studies [39]. Thermal images of the board
are obtained in order to investigate the thermal distribution and hotspots across
the board. Ambient temperature inside the test chamber is recorded with T-type
thermocouples. Later, the same procedure is applied to back of the FR4 based LED
light engine. An experimental system has been designed and manufactured for the

current study. The setup is presented in Figure 15.
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DC Power Supply

Figure 15: Thermal experimental setup

A Keithley 2230-30-1 Multi Channel DC power supply is used during the experi-
ments. While voltage setting and voltage readback accuracy are 0.03%, basic current
setting and readback accuracy is %0.1 [44]. A FLIR SC5000 IR camera with a wave-
length range of 2.5 to 5.1 um is used to measure surface temperatures of the LEDs.
It can capture images with high sensitivity up to 20 mK. According to manufacturers
specification, under 150°C, accuracy of the camera is £1% [45]. An Agilent 34972A
LXT data acquisition with Omega T-type thermocouples are used in order to record
temperature readings. Thermocouple probe accuracy is +1.0 while probe vendor ac-
curacy is 0.4% [46]. Experiments are conducted for four different cases as given in
Table 3. Each experimental case are shown in Figure 14. Power conditions for each
case are mentioned in Table 3.

Experiments are also conducted to the Al and advanced heat spreader boards in

the first set of LED light engines as well as second set of LED light engines.
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2.3.2 Optical Experiments

In the study, optical experiments are conducted to understand effect of the thermal
performance on the optical performance of LEDs. To evaluate optical performance of
the LEDs, their radiometric and photometric properties are obtained via integrating
sphere method. In this section, first of all, integrating sphere method will be briefly

explained and then optical experimental procedure will be introduced.
2.3.2.1 Integrating Sphere Method

Integrating sphere method is most commonly used method to measure photometric
and radiometric quantities of a light source [11][10]. Integrating spheres are spheres
whose diameter is varies from couple of centimeters to couple of meters according to
dimensions of the target light source. Integrating sphere should be coated with highly
reflective material (;98%). Working principle of the integrating sphere is that light
rays coming from the source is reflected inside the sphere and collected in a detector
[11][10]. The detector should not directly receive light rays so a baffle which prevents
the direct light arrays is used in front of the detector as it is presented in Figure 17.
Shadow that created by the baffle should be cover the collector. Therefore, during

the measurement, place of the light source should be arranged accordingly [10].
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Figure 16: Schematic representation of the integrating sphere

In addition, surface of the light sources are not highly reflective so they can absorb
some light and decrease accuracy of the measurement. Thus, an auxiliary lamp whose
luminous flux is known is utilized for absorption correction [10].

As a detector, spectroradiometers are commonly used for integrating sphere sys-
tems. Spectroradiometers partitions the light by wavelength and calculate the amount
of the light at every wavelength. As a result of this calculation, spectral distribution
of the light source can be determined. According to the spectral distribution, CRI,
CCT and chromacity diagrams can be obtained [10].

In the optical measurements, dimensions of the integrating sphere is also important
for accurate measurements. One of the most significant criteria for dimensions of the
sphere is that diameter of the light source should be four times smaller than the
diameter of the sphere [10].

Consequently, with the integrating sphere system, radiometric quantities such
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as radiant flux and photometric quantities such as luminous flux can be measured

accurately.
2.3.2.2  Optical Experimental Procedure

In order to investigate the effect of elevated junction temperatures of LEDs on the
optical performance [2][6], a set of optical experiments is conducted. An integrated
sphere is utilized to measure radiometric and photometric quantities of each LED

substrate such as luminous flux and radiant flux.

(a) (b)

Figure 17: Optical experimental setup: (a) integrating sphere (b) LED light engine

inside the sphere

Firstly, FR4 substrate is placed at the center of the sphere and placed by low
conductive holder. Position of the substrate is arranged carefully. Spectrometer is
left under the shadow of the buffer in order to block direct light rays. Then, elec-

trical connections of the substrate are prepared. First calibration of the sphere with
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auxiliary lamp is completed. Agilent power supply is used to drive LEDs. A com-
puter with the LightMtrx software controls the system. A thermocouple is attached
to the point on the LED light engine to determine that system comes to steady state
or not. Luminous flux value is also checked for steady state decision. Steady state
measurements have been performed. Then, radiometric and photometric values such
as radiant power, optical spectrum and luminous flux are recorded for each substrate

and each case which is demonstrated in 3.
2.3.3 Uncertainty Analysis for Thermal and Optical Experiments

During the thermal experiments, a Keithley 2230-30-1 Multi Channel DC power sup-
ply is used. While voltage setting and voltage readback accuracy are 0.03%, basic
current setting and readback accuracy is %0.1 [44]. A FLIR SC5000 IR camera which
is used to capture images has high sensitivity up to 20 mK. According to manufac-
turers specification, under 150°C, accuracy of the camera is £1% [45]. An Agilent
34972A LXI data acquisition with Omega T-type thermocouples are used in order
to record temperature readings. Thermocouple probe accuracy is +1.0 while probe
vendor accuracy is 0.4% [46]. Each thermal experiment are conducted twice and max-
imum standard deviation of the experiments is 0.21. Mean temperatures are used in
the study. In addition, optical experiments are conducted twice, maximum calculated
standard deviation of radiant flux, luminous flux and peak wavelength are 0.01, 0.92

and 0.07, respectively.
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CHAPTER II1

THERMAL PERFORMANCE INVESTIGATION OF LED
BOARDS

Junction temperature of the LED chips depends on several physical properties of PCB
[5], ambient conditions, and heat generation. Thus, understanding of the junction
temperature is critical. The LED junction temperature is directly proportional to
LED surface temperature, which can be recorded by infrared thermography technique.

Dependency between junction and surface temperatures can be understood in detail

[9]-

T, =T, + R;,P (13)

where T and T are surface and junction temperatures of LED, respectively, R,
is thermal resistance between junction point and LED surface and P is the input
power of the LED. When surface temperature of an LED exceeds critical operating
temperature (< 100), it can be inferred that junction temperature of that LED also
exceeds the critical temperature. Therefore, in this study, surface temperatures of

LEDs are determined by means of IR images.

3.1 Thermal Analysis for First Set of LED Light Engines

Firstly, IR imaging of conventional FR4 based PCB is recorded for four distinct cases
mentioned in the experimental procedure. The Case-1 is the one in which LEDs are
driven with minimum input power and moving to Case-4 input power is increasing
from 288 mW to 5953 mW. As the input power increased, maximum temperatures

on test vehicles also elevated. At the LEDs side of the FR4 based LED light engine,
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maximum temperatures observed in each case are 34°C, 61.2°C, 92.8°C and 105°C,
while temperature gradients over the board in each case are 5.3°C, 28.0°C, 56.3°C
and 62.8°C, respectively. Temperature gradient is the difference between maximum
surface temperature and minimum surface temperature occurred in front of the light
engine. Additionally, at the back side of the FR4 based LED light engine, maximum
temperatures are 41.0°C, 72.9°C, 90.4°C and 95.9°C, respectively, in each case while
temperature gradients over back side of the light engine are calculated as 10.8°C,
44.4°C, 50.4°C and 53.7°C. In the first two experimental cases (Case-1 and Case-2),
heat dissipation from electronics is found to be dominant due to lower power input of
LEDs. Higher temperatures are observed on the electronics as it is shown in Figure

18 and 19.

(a) (b) (c) (d)

Figure 18: IR thermal images of LEDs’ sides of the FR4 based light engine at (a)
Case-1, (b) Case-2, (c) Case-3 and (d) Case-4
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(a) (b) (c) (d)

Figure 19: IR thermal images of electronics’ sides of the FR4 based light engine at
(a) Case-1, (b) Case-2, (c) Case-3 and (d) Case-4

Moreover, in Figure 18a and Figure 18b, heat flux densities from electronic com-
ponents can be seen at LEDs side as well. Due to low thermal conductivity of FR4
substrate, a uniform temperature distribution is not observed in any experimental
case; therefore, local hot spots occur in all the cases. In addition, the temperature
gradient rises significantly with the increase of input power. Especially, maximum
temperature experienced in Case-4 is close to critical junction temperature for LEDs

( 100°C) [2].

(a) (b) (c) (d)

Figure 20: IR thermal images of LEDs’ sides of the Al based light engine at (a)
Case-1, (b) Case-2, (c) Case-3 and (d) Case-4
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(a) (b) (c) (d)

Figure 21: IR thermal images of electronics’ sides of the Al based light engine at (a)
Case-1, (b) Case-2, (c) Case-3 and (d) Case-4

As a second solution approach of using Al based board, experiments are conducted
on Al board in order to observe its thermal performance under four different operating
configurations. Due to the highest power supplied while the fourth experimental
case is conducted, maximum temperature is observed as 84.1°C. According to Figure
22, at the LEDs (front) side of the board, maximum temperatures of each case are
equal to 30.3°C, 49.9°C, 74.0°C and 84.1°C, respectively. In each case, temperature
gradients over the electronics side of Al based board are obtained as 4.1°C, 13.1°C
17.4°C and 16.4°C, respectively. Due to the higher conductivity of Al substrate, the
difference in temperature gradient between experimental cases is not high as much
as the difference observed in FR4 board. Besides, uniform temperature distribution
over board is observed during all experimental cases. Heat flux densities can be seen

only on LEDs and electronic components.
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(a) (b) (c) (d)

Figure 22: IR thermal images of LEDs’ sides of the advanced heat spreader based
light engine at (a) Case-1, (b) Case-2, (c¢) Case-3 and (d) Case-4

(a) (b) (c) (d)

Figure 23: IR thermal images of electronics’ sides of the advanced heat spreader

based light engine at (a) Case-1, (b) Case-2, (¢) Case-3 and (d) Case-4

Experimental investigation is continued with vapor chamber based advanced heat
spreader board technology. Maximum temperatures at the LEDs side and the back
side of advanced heat spreader board are experienced as 77.9°C and 79.4°C, respec-
tively. When the vapor chamber based board is analyzed from Figure 22 and 23,
maximum temperatures of each case are under the limits of junction temperature.
Therefore, vapor chamber based board technology may be proposed as a novel tech-
nology for automotive exterior lighting.

All LEDs operated simultaneously (Case-4) is considered to be critical where

the maximum input power. Therefore, maximum junction temperature is observed.
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Fourth experimental case results are compared in Figure 25 and 26. From thermal
images, it can be inferred that advanced heat spreader board shows the best per-
formance among all three boards. While maximum LED surface temperatures of
FR4 and Al based boards are recorded as 105°C and 84.1°C, respectively, maximum

temperature of LED surfaces is 77.9°C at advanced heat spreader board.

120

105
100 1 et

84.1
60 A
40 A

20 A

Maximum Temperature (°C )

FR4 based LED light Al based LED light Advanced heat
engine engine spreader board

Figure 24: Comparison of LED light engines’ maximum temperatures at the LEDs

side of boards

In Figure 24, peak temperatures on the LED boards are presented. Maximum
temperature that is observed on FR4 based board 105°C even at the room tempera-
ture. Although it is under a tolerable value (< 100°C), the ambient temperature in
the automotive lighting system (> 45°C) can exceed the room temperature resulted
in an increase of junction temperature of LEDs. Therefore, FR4 substrate is not
sufficient for vehicles exterior lighting system.

According to Fourier law of conduction, one dimensional heat conduction is writ-

ten as;

dT
Qcond = _k’AE (14)

where A is cross sectional area that heat is transferred, k is thermal conductivity
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and T is temperature, x is the thickness and )...q is the rate of conduction heat

transfer. Thermal resistance can be inferred from this formula as;

AT Ax
B Qcond B kA

R (15)

Therefore, thermal resistance depends on thickness, thermal conductivity and
cross sectional area of the material. In the current study, all board substrates have
the same cross sectional area and thickness, therefore, difference in thermal resistance
of different boards only depends on thermal conductivity of substrates. Copper-clad
FR4 substrate has the lowest thermal conductivity which is about 1 W/m-K while

vapor chamber substrate has the highest with thermal conductivity around 4000

W/m-K. In addition, thermal conductivity of the metal substrate is 167 W/m-K.

Figure 25: During Case-4, IR thermal images of LEDs’ sides of based light engine at
(a) FR4, (b) Al and (c) the advanced heat spreader based LED light engine
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Figure 26: During Case-4, IR thermal images of electronics’ sides of based light

engine at (a) FR4, (b) Al and (c) the advanced heat spreader based LED light engine

Due to high thermal resistance of FR4 substrate, LEDs reach the maximum tem-
perature leading to non-uniform temperature distribution with local hot spots [6].
However, Al and vapor chamber substrates tend to multi-dimensional heat transfer
so heat can diffuse uniformly on these boards [6]. Thus, a higher temperature gradi-
ent is observed on FR4 based board. Moreover, temperature gradient at FR4 board
increases rapidly than others due to high thermal spreading resistance of FR4 sub-
strate. As presented in Figure 25 and 26, the uniform temperature distribution is
observed over the vapor chamber based board while FR4 based board has a larger

non-uniform thermal pattern.

3.2 Thermal Analysis for Second Set of LED Light Engines

Thermal performance of the first set of LED light engines which are made of FR4
flex PCB is open for improvement. Thermal resistance of the FR4 flex PCB forms
significant amount of the total thermal resistance due to low thermal conductivity of
the FR4 material. Therefore, in order to improve thermal performance of the LED
engine, increase the thermal conductivity of the flex PCB is a reasonable solution for
this case. Thus, second type of flex PCB (ceramic based flex PCB) which comprise of a

copper foils, a white solder mask, a ceramic-polymer blend dielectric layer (Thermal
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Clad HT 6), second copper foil and an adhesive layer (Bond-Ply) is produced in
Bergquist Company. Because of ceramic and copper layers, thermal resistance of
the ceramic based PCB is lower than the FR4 based PCB. Therefore, more uniform
temperature distribution is observed over the LED light engines during the IR thermal
experiments.

As first set of LED light engines are tested for different cases experimentally, the
second set of LED engines are also tested for same experimental cases. Besides, as
first set of LED light engines are consist of three LED light engines which are FRA4,
Al and advanced heat spreader based LED light engine, in second set of LED light
engines are consist of identical three LED light engines.

Firstly, thermal experiments have been started with FR4 based LED engine with
ceramic flex PCB at experimental case-1. Due to low power levels of Case-1, LED
surface temperature increases by just 5°C while room temperature is 25 + 0.5° C.
There is also no significant temperature increase on surface temperature of electronics.
Maximum temperature increase on electronics is 7°C at Case-1. At Case-2, maximum
LED temperature reaches to 48.9°C and maximum electronic temperature reaches to
51.1°C. While minimum temperature observed over the board’s LED side is 39.5°C,
minimum temperature observed over the board’s electronics side is 38.9°C. During
the Case-2, uniform temperature distribution is observed over the both sides of the
board. During the experimental Case-3, while amber LEDs are driven with 305 mW
per LED, maximum LED temperature and electronic temperature are experienced
as 67.4°C and 65.2°C, respectively. Maximum temperature difference over the LEDs’
side and electronics’ side of the LED light engine are 22°C and 20.1°C, respectively.
In this case, amber LEDs and some of the electronic components form hot spots on
the board as presented in Figure 27 ¢ and Figure 28 c. In the last experimental
case, all type of LEDs and electronic components operates simultaneously with the

total power of 6143.2 mW. Due to high heat flux from the LEDs and components,
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hot spots become more critical than hot spots formed in Case-3. Maximum LED
surface temperature that is observed over the light engine is 76.9°C while minimum
temperature that is observed over the LEDs’ side of the light engine is 55.4°C. On the
other side of the board, maximum surface temperature of the electronic components
is 74.8°C while minimum temperature that is observed over this side of the board is
54.5°C. Although there are hot spots over the some of LEDs and electronic compo-
nents, heat is spreading uniformly over the board especially in first three experimental

cases. Temperature increase on the LED light engine while input power increasing in

experimental cases 1 to 4 can bee seen from the Figure 27.

(a) (b) (c) (d)

Figure 27: IR thermal images of LEDs’ sides of the FR4 based light engine with
ceramic flex PCB at (a) Case-1, (b) Case-2, (c) Case-3 and (d) Case-4

(a) (b) (c) (d)

Figure 28: IR thermal images of electronics’ sides of the FR4 based light engine with
ceramic flex PCB at (a) Case-1, (b) Case-2, (c) Case-3 and (d) Case-4
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Secondly, Al based LED light engine with ceramic flex PCB is tested under four
experimental cases. In the Case-1, because of low input power, maximum tempera-
ture increase of the LEDs and electronics are just 2.7°C and 4.8°C, respectively while
ambient temperature is 25 + 0.5°C. During the Case-1, R1, R2, R3, R4, D1, D2, D3,
D6 and C1 are working among the electronics. By reason of the fact that only R1,
R2, R3 and R4 consume considerable amount of power compared to other electronics
and produce heat, hot spots occur on these resistors which is presented in Figure 30a.
In the second case, again 10 red LEDs are operated with 110 mW per LED for repre-
senting stop function of the lighting system. Due to power increase compared to first
case, maximum LED temperatures also increase to 45.9°C. In addition, maximum
temperature of the electronics increased to 47.9°C. While temperature difference that
is experienced over the LEDs’ side of the light engine is 6.3°C, temperature differ-
ence that is experienced over the electronics’ side of the light engine is 8.4°C. At the
Case-3, only signal LEDs are working with 305 mW per LED for signal function. In
Figure 29 c, hot spots which are caused by heat flux from the signal LEDs can be
seen. At the other side of the light engine, resistors R17 and R19 consumes 224 mW
power per resistor which is the highest consumption amount among the all electron-
ics. Therefore, hot spots occur on these resistors. Maximum LED temperature and
electronic temperature reach to 59.1°C and 63.0°C during Case-3. Minimum board
temperature on the LEDs’ side and electronics’ of the light engine is both 45.7°C.
At the forth case, as it is presented in the Figure 29d and Figure 30d, several hot
spots forms on the LEDs and electronics due to high power consumption because of
the fact that all LEDs and electronics are operated. During the Case-4, maximum
LED and electronic temperature are experienced as 71.1°C and 74.1°C, respectively
which are under the critical junction temperature of LEDs and electronics [2]. Maxi-
mum temperature difference over the LEDs’ side of the Al light engine is 14.7°C and

17.7°C, respectively.
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(a) (b) (c) (d)

Figure 29: IR thermal images of LEDs’ sides of the aluminum based light engine
with ceramic flex PCB at (a) Case-1, (b) Case-2, (c¢) Case-3 and (d) Case-4

(a) (b) (c) (d)

Figure 30: IR thermal images of electronics’ sides of the aluminum based light engine

with ceramic flex PCB at (a) Case-1, (b) Case-2, (c¢) Case-3 and (d) Case-4

Advanced heat spreader substrate is also assembled with ceramic flex PCB and IR
thermal tests are applied on it. The previous experiments were conducted while the
ambient temperature was 25 £+ 0.5°C. However, experiments with the advanced heat
spreader LED light engine with ceramic flex PCB is conducted while the ambient
temperature is 27.5 + 0.5°C. At the first experimental case, maximum LED tem-
perature reaches to 32.7°C while minimum temperature is observed over the LEDs’
side of the board is 31.8°C. On the electronics’ side of the LED engine, maximum
electronic temperature is 34.3°C, while minimum temperature is observed over the

board is 31.6°C. At Case-2, maximum LED and electronic surface temperature reach
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to 46.7°C and 49.5°C, respectively. Minimum board temperature over the LEDs’ and
electronics’ sides are 41.5°C and 41.9°C, respectively. During the signal LEDs are op-
erating at the Case-3, maximum LED surface temperature is experienced as 63.2°C
while minimum board temperature is experienced as 48.5°C. At the other side of the
LED light engine, maximum electronic surface temperature is experienced as 66.7°C
while minimum board temperature is experienced as 48.5°C. At the Case-3, over the
LEDs’ side of the engine, hot spots over the signal LEDs: LED 11, 12, 13, 14 and 15
are observed in Figure 31c and hot spots over electronics: Q5, Q6, R17 and R19 are
presented in Figure 32c. During the Case-4, maximum LED and electronics surface
temperatures are 73.3°C and 77.7°C, respectively. While maximum temperature dif-
ference observed on LEDs’ side is 13.2°C, maximum temperature difference observed
on electronics’ side is 16.7°C. The highest amount of input power is consumed at this
case so the most critical hot spots observed at this case over signal LEDs, transistors

and resistor 17 and 19.

(a) (b) (c) (d)

Figure 31: IR thermal images of LEDs’ sides of the advanced heat spreader based
light engine with ceramic flex PCB at (a) Case-1, (b) Case-2, (c¢) Case-3 and (d)
Case-4
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(a) (b) (c) (d)

Figure 32: IR thermal images of electronics’ sides of the advanced heat spreader
based light engine with ceramic flex PCB at (a) Case-1, (b) Case-2, (c¢) Case-3 and
(d) Case-4

Because of the fact that the most critical case for automotive exterior lighting
in terms of thermal limitations is Case-4, thermal performance of the three LED
light engines are compared at this case. Firstly, IR thermography results of LEDs’
side of the LED light engines are compared. As it is presented in Figure 33, heat
distribution is more uniform in Al based and advanced heat spreader based LED
light engine than FR4 based LED light engine due to the lower thermal conductivity
of the FR4 material. While, over the flex PCB, heat distributes uniformly, at least
2°C temperature difference forms between the substrate and the flex PCB at top and
bottom side of the FR4 based LED light engine. However, at the Al and advanced
heat spreader based PCBs, this distinction between substrate and flex PCB can not be
realized because of the uniform temperature distribution. Although there is difference
in temperature distribution over the board changes by the substrate of the LED light
engine, maximum temperatures which are observed over the LEDs are not changes
as much as the first set of LED engines.

If FR4 based LED engine is taken as baseline, Al based LED light engine performs
11.2% better than FR4 based LED light engine. On the other hand, advanced heat
spreader based LED light engine performs 11.7% better than FR4 based LED light
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engine. As it can be seen from Figure 33, behaviors of the advanced heat spreader
and Al based LED light engines under the conditions of Case-4 are very similar.
Advanced heat spreader based LED light engine shows only 0.7 % better performance
than Al based LED light engine. Due to the inconsiderable performance difference of
advanced heat spreader and Al based LED light engines, Al based LED light engine
with ceramic based flex PCB can be used instead of advanced heat spreader based
light engine for this kind of applications due to its higher manufacturability and low
cost. Furthermore, maximum LED surface temperature is not close to the critical
LED temperature (100°C) and its performance is close to the performances of other

light engines. Therefore, for this application FR4 based LED light engine can be used

with ceramic flex PCB as profitable solution.

Figure 33: During the Case-4, IR thermal images of LEDs’ sides of based light engine
at (a) FR4, (b) Al and (c) the advanced heat spreader based LED light engine with

ceramic flex PCB

Comparison of the thermal performance of the LED light engine continues with
IR thermography of electronics side of the LED light engines. As LEDs’ side of the
engine, electronics’ side of the engine has the distinction between FR4 substrate and
flex PCB in terms of temperature which can be observed in Figure 34. Differently
from the LEDs’ side, at the electronics side maximum LED surface temperature

is experienced over the advanced heat spreader LED light engine and FR4 based
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light engine follows it. While aluminum based LED light engine have 1.4% better
performance than FR4 based LED light engine. Advanced heat spreader based LED
light engine performs 0.8% worse than FR4 and 2.2% worse than aluminum based
LED light engine. Although the performance differences of the engine are quite low,
it was expected that advanced heat spreader board will have the highest performance
among the FR4 and aluminum based LED light engines due to its higher thermal
conductivity. Advanced heat spreader substrate benefits form phase change heat
transfer, therefore it is highly thermally conductivity. However, phase change can

not be occurred efficiently at low temperatures so maybe advanced heat spreader

board’s performance is not efficient in that temperature.

Figure 34: During Case-4, IR thermal images of electronics’ sides of based light
engine at (a) FR4, (b) Al and (c) the advanced heat spreader based LED light engine

with ceramic flex PCB

3.3 Thermal Performance Comparison of First and Second
Set of LED Light Engines

To enhance thermal performance of the LED light engines, in the second set of LED

light engines, ceramic based multilayer flex PCB is used as an alternative for FR4

flex PCB. Due to the lower thermal resistance of the ceramic based flex PCB, more

uniform temperature distribution and lower surface temperature over the LED and
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electronic components are experienced at the second set of LED light engines. Ex-
perimental results of first and second set of boards at Case-4 will be discussed in
following for each type of board substrate separately.

When FR4 based LED light engine with FR4 flex PCB is operated at Case-
4, maximum LED temperature reaches to 105°C which is very close to critical LED
temperature. Therefore, FR4 substrate is not usable with flex FR4 PCB for 3-purpose
automotive exterior lighting applications. However, when FR4 substrate is assembled
with multilayer ceramic flex PCB for LED light engine, maximum LED temperature
is experienced as just 76.9°C. Besides, more critical hot spots forms over signal LEDs
and some of the transistors and resistors on the FR4 based LED light engine with FR4
flex PCB. In addition, as it is presented in Figure 35 and Figure 36, more uniform
temperature distribution pattern is experienced at the FR4 based LED light engine
with ceramic based flex PCB due to its higher thermal conductivity. Consequently,
thermal performance of the FR4 based LED light engine is enhanced 26.8 % in terms
of maximum surface temperature of the LEDs when ceramic based flex PCB is used

instead of FR4 based flex PCB.
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(c) (d)

300

Figure 35: IR thermography images of LEDs side of (a) FR4 based LED light engine
with the FR4 flex PCB, (b) FR4 based LED light engine with the multilayer ceramic
flex PCB, 3-D contour plots of (¢) FR4 based LED light engine with the FR4 flex
PCB, (d) FR4 based LED light engine with the multilayer ceramic flex PCB
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Figure 36: IR thermography images of electronics side of (a) FR4 based LED light

engine with the FR4 flex PCB, (b) FR4 based LED light engine with the multilayer
ceramic flex PCB, 3-D contour plots of (¢) FR4 based LED light engine with the FR4
flex PCB, (d) FR4 based LED light engine with the multilayer ceramic flex PCB

Aluminum based LED light engine with FR4 flex PCB enhances the thermal
performance compared to that of FR4 based LED light engine. Furthermore, perfor-
mance of the Al substrate is improved by 15.5 % when it is using with the ceramic
flex PCB. Although hot spots over LEDs and some of the electronics are experienced
in two type of the LED light engines, hot spots occurred on aluminum based LED
light engine with FR4 flex PCB is more explicit than hot spots occurred on aluminum
based LED light engine with ceramic flex PCB. Besides, on the LED 16 of the first
set of board, there is accumulation of heat. The reason behind this can be mounting

defect or manufacturing defect of the LED.
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(a) (b)

Figure 37: Comparison between thermal performances of Aluminum based LED light

engine with FR4 flex PCB and ceramic flex PCB (LEDs’ side)

(a) (b)

Figure 38: Comparison between thermal performances of Aluminum based LED light

engine with FR4 flex PCB and ceramic flex PCB (electronics’ side)

Minimum enhancement with 9.1% is observed in advanced heat spreader LED
light engine when ceramic flex PCB is used instead of FR4 flex PCB. It can be
inferred from the Figure 39 that heat distributes more uniformly over the advanced
heat spreader LED light engine with the ceramic flex PCB. Especially, more critical

hot spots formed over the amber LEDs, R17 and R19 on the advanced heat spreader
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LED light engine with the FR4 flex PCB.

Figure 39: Comparison between thermal performances of advanced heat spreader

based LED light engine with FR4 flex PCB and ceramic flex PCB (LEDs’ side)

Figure 40: Comparison between thermal performances of advanced heat spreader

based LED light engine with FR4 flex PCB and ceramic flex PCB (Electronics’ side)
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CHAPTER IV

OPTICAL PERFORMANCE INVESTIGATION OF LED
BOARDS

Thermal management design of the LED lighting systems have significant effect on
optical output of the system. Therefore, optical measurements should be done for
performance analysis of the LED systems. In this chapter, optical performance of the
first and second set of the boards are obtained with integrated sphere under the four

experimental conditions. Then, the results will be discussed.

4.1 Optical Analysis for First Set of LED Light Engines

One of the most important parameter to understand performance of an LED lighting
system is optical spectrum [10]. Therefore, first of all, optical spectrum of the first
LED light engines are analyzed. Then, radiometric and photometric quantities of the
each engine are investigated.

Investigation begins with FR4 based LED light engine. Spectral power distribu-
tion of the engine is demonstrated in Figure 41. One of the most important parameter
in the spectral curve of the LEDs is the peak wavelength shift because it is the func-
tion of junction temperature of AlGalnP LEDs [47]. While, the junction temperature
of an LED increases, peak wavelength of the LED shifts toward infrared region. Ac-
cording to the Figure 41, there is 4nm peak wavelength shift between Case-1 and
Case-2 since the junction temperature of the LEDs increases at Case-2. Even at
Case-4, peak wavelength in the red region shifts by 8nm compared to Case-1 and in
the amber region, it shifts by 3 nm compared to Case-3 due to the fact that at Case-4,

input power and junction temperature reach to the highest value among the other
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Figure 41: Spectral flux distribution of the FR4 based board during Case-1, Case-2,
Case-3 and Case-4

Another key parameter to determine performance of the electrical system is effi-
ciency which is the ratio of output power to input power. However, different from
electronic systems, in LED lighting systems, the output of the system is light [10].
In addition, useful part of the light is the light perceived by the human eye that is
called luminous flux. Therefore, conversion ratio of the lighting system which is called
efficacy is calculated by division of luminous flux over input power of the system [10].
Efficacy of the FR4 based LED light engine is 69.8 lm/W at the Case-1, but it de-
creases by 8.1 Im/W at the Case-2 because of the elevated junction temperature of
the LEDs. At Case-3, only amber LEDs operate while at Case-1 and Case-2 only red
LEDs operate. Therefore, although, at Case-3, efficacy drops 17.5 lm/W, efficacy of

different color LEDs can not be compared due to their different light emitting [10].
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Radiant power, luminous power, CCT, CRI and overall efficacy of the FR4 based

LED light engine at four different cases is presented in Table 4.

Table 4: Optical measurement results of the FR4 based light engine

Total Input Radiant | Luminous Owverall
Case Input Powerof Power Flux CCT | CRI | Ef ficacy
Power(mW) | LEDs(mW) | (mW) (Im) (Im/W)
Case-1 288.0 100.0 37.2 7.0 1000 | 23.1 69.8
Case-2 2423.9 1000.0 370.8 61.7 1000 | 28.7 61.7
Case-3 3360.0 1830.0 111.2 32.0 1481 | -13.5 17.5
Case-4 5711.8 2930.0 411.0 75.7 1000 | 43.7 25.8

Investigation continues with the aluminum based LED light engine with the FR4

flex PCB. As it is demonstrated at Figure 42, peak wavelength of the red LEDs shifts

by bnm and 3nm from Case-1 to Case-2 and from Case-2 to Case-4, respectively.

When spectral distribution of amber LEDs at Case-3 and Case-4 is analyzed, peak

wavelength shift from 597 nm to 599 nm can be seen.
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Figure 42: Spectral flux distribution of the Aluminum based board during Case-1,
Case-2, Case-3 and Case-4

Photometric and radiometric quantities of the aluminum based LED light engine
is presented in Table 5. According to the table, overall efficacy of the light engine is
decreased by 4.5 lm/W from Case-1 to Case-2.
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Table 5: Optical measurement results of the Aluminum based light engine

Total Input Radiant | Luminous Overall
Case Input Powerof Power Flux CCT | CRI | Ef ficacy
Power(mW) | LEDs(mW) | (mW) (Im) (Im/W)
Case-1 288.0 100.0 35.4 6.9 1000 | 22.2 69.7
Case-2 2519.8 1000.0 392.9 65.2 1000 | 28.2 65.2
Case-3 3599.7 1830.0 145.1 45.5 1547 | -17.8 24.9
Case-4 6047.5 2930.0 440.2 90.3 1000 | 43.6 30.8

Lastly, advanced heat spreader based LED light engine is analyzed in terms of

optical performance. While peak wavelength is experienced at 623 nm during Case-1,

it reaches 627 nm during the Case-2. Peak wavelength of the amber LEDs at Case-3

is 596 nm while it shifts 3nm at Case-4 because of the junction temperature increase.
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Figure 43: Spectral flux distribution of the advanced heat spreader based board

during Case-1, Case-2, Case-3 and Case-4

Photometric and radiometric quantities of the advanced heat spreader based LED
light engine is presented in Table 7. When photometric and radiometric results of
the LED light engine is investigated, overall efficacy is decreased by 3.8 Im/W from

Case-1 to Case-2.
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Table 6: Optical measurement results of the advanced heat spreader based light

engine
Total Input Radiant | Luminous Overall
Case Input Powerof Power Flux CCT | CRI | Ef ficacy
Power(mW) | LEDs(mW) | (mW) (Im) (Im/W)
Case-1 288.0 100.0 38.7 6.9 1000 | 24.1 69.4
Case-2 2495.8 1000.0 394.7 66.6 1000 | 27.6 66.6
Case-3 3599.6 1830.0 155.8 49.1 1553 | -18.3 26.8
Case-4 6047.2 2930.0 478.0 95.4 1000 | 45.0 32.6

In order to understand the optical performance of the advanced heat spreader

board, it is compared with FR4 based and aluminum based boards for each four

different experimental cases. Firstly, spectral power distributions of the LED light

engines compared for different cases to obtain possible wavelength shifts.

During the first case, as it is presented in Figure 44, peak wavelength of the all

three LED light engines are really similar, the difference is less than 1 nm. This can be

attributed that LEDs on all three LED light engines have close junction temperatures

at the first experimental case. During this case, maximum temperature of the LEDs

increase by just 9°C, 5.39°C and 6.2°C while ambient temperature is 25 £ 0.5°C

because input power supplied by power supply is low as 288 mW.
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Figure 44: Spectral flux distribution comparison of FR4, Aluminum and advanced

heat spreader based LED light engines at Case-1

When spectral power distribution of LED light engines during second experimental
case, slight wavelength shift which is lower than 1 nm can be seen. Although peak
wavelength of the LED light engines are same, relative spectral power corresponding
peak wavelength of advance heat spreader LED light engine is the highest among the
three LED light engines. This is because junction temperature of the LEDs are lowest

at advance heat spreader LED light engine.
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Figure 45: Spectral flux distribution comparison of FR4, Aluminum and advanced

heat spreader based LED light engines at Case-2

While input power of the engines increases, at Case-3, the most distinct wavelength
shift can be observed between spectral distributions of LED light engines. While
junction temperature increases from advanced heat spreader based LED light engine
to FR4 based LED light engine, peak wavelength shifted from 596 nm to 599 nm.
In addition, there is approximately 2 mW difference between relative spectral powers
correspond to peak wavelength of the LEDs of advanced heat spreader and FR4 based
LED light engines.
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Figure 46: Spectral flux distribution comparison of FR4, Aluminum and advanced

heat spreader based LED light engines at Case-3

At Case-4, both amber and red LEDs operate simultaneously so at the spectral
flux distribution, spectrum of these two colors forms together. Although peak wave-
lengths of three light engines at the red region are really similar, at the amber region,
while peak wavelength of the advanced heat spreader and aluminum based LED light
engines are really close and 599 nm, peak wavelength of the FR4 based LED light
engines is 2 nm higher than the others. Also, relative power correspond to peak wave-
length of advanced heat spreader based LED light engine is greatest as it is indicated

in Figure 47.
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Figure 47: Spectral flux distribution comparison of FR4, Aluminum and advanced

heat spreader based LED light engines at Case-4

LEDs emit photons as a result of electron hole recombination. Probability of
the recombination is inversely proportional to temperature [14]. Therefore, while
junction temperature of LEDs elevates, probability of the recombination gets lower
and radiant flux of the LEDs decreases [20]. Figure 48 demonstrates radiant flux
difference of FR4, aluminum and advanced heat spreader LED light engine at four
experimental cases. Radiant flux of the FR4, aluminum and advanced heat spreader
LED light engines are approximately identical at the first experimental case because
their junction temperatures are very similar. At Case-2, radiant flux of aluminum
and advanced heat spreader based light engine are 6.0% and 6.5% greater than that of
radiant flux of the FR4 based light engine while maximum LED surface temperature
observed on aluminum and advanced heat spreader based light engine are 18.5%

and 20.6% less than that of maximum LED surface temperature of the FR4 based
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light engine, respectively. At Case-3, total radiant flux of the amber LEDs 30.5%
and 40.1% enhance when aluminum and advanced heat spreader based LED light
engines are used instead of that of FR4 based LED light engine, respectively. At
Case-4, aluminum and advanced heat spreader based LED light engines show 7.1%

and 16.3% better performance in terms of radiant flux, respectively.
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Figure 48: Radiant flux of the three different LED light engines at Case-1, Case-2,
Case-3 and Case-4

Luminous flux is another important performance indicator for our problem. While
radiant flux is radiometric quantity, luminous flux is a photometric quantity which
is derived by weighed the radiant flux by the spectral response of the human eye.
Therefore, similar trend is experienced in Figure 48 and 49. At the first experimental
case, luminous flux of the FR4, aluminum and advanced heat spreader LED light
engines are approximately identical because their junction temperatures are also very

similar at this case. At the second case, luminous flux of aluminum and advanced
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heat spreader based light engine are 5.7% and 7.9% greater than that of luminous flux
of the FR4 based light engine, respectively. Effect of elevated junction temperature
is more explicit on optical output of the LEDs at Case-3. Total luminous flux of
the amber LEDs enhances by 42.4% and 53.4% when aluminum and advanced heat
spreader based LED light engines are used instead of that of FR4 based LED light

engine, respectively. Similar trend with Case-2 and Case-3 is also observed at Case-4.
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Figure 49: Luminous flux of the three different LED light engines at Case-1, Case-2,
Case-3 and Case-4

Relation between maximum LED surface temperature and total luminous flux can
be analyzed from Figure 50. There is inverse proportion between them. While ad-
vanced heat spreader based LED light engine has highest luminous flux and minimum
LED surface temperature, FR4 based LED light engine has minimum luminous flux

and maximum LED surface temperature.
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Figure 50: Luminous flux comparison of the three different LED light engines at

Case-4

Figure 51 shows that when advanced heat spreader board base used instead of

FR4 board base, luminous efficacy can be improved by 25.9%. This improvement

originates from better thermal management of the advanced heat spreader based

LED light engine.
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Figure 51: Luminous efficacy comparison of the three different LED light engines at

Case-4

4.2 Optical Analysis for Second Set of LED Light Engines

After optical experiments of the first set of LED light engines were complicated,
optical experiments of the second set of LED light engines conducted. However,
optical experiments are conducted only on FR4 based LED light engine at Case-4
among LED light engines of the second set.

Spectral power distribution of the FR4 based LED light engine with ceramic flex
PCB can be seen from Figure 52. The peak wavelength at the amber region of the
spectrum is 599 nm while the corresponding relative power is 4.3 mW. The peak
wavelength at the red region of the spectrum is 631 nm while corresponding relative

power is 11.1 mW.
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Figure 52: Spectral flux distribution of FR4 based light engine with ceramic flex

PCB at Case-4

Radiometric and photometric quantities of the LED light engine is presented in

Table 7. According to the table, radiant flux, luminous flux and luminous efficacy of

the LED light engine are 474.1 mW, 88.6 Im and 30.2 lm /W, respectively while total

input power of the LEDs is 2930 mW.

Table 7: Optical results of the advanced heat spreader based light engine

Total Input Radiant | Luminous Overall
Case Input Powerof Power Flux CCT | CRI | Efficacy
Power(mW) | LEDs(mW) | (mW) (Im) (Im/W)
Case-4 6192 2930.0 474.1 88.6 1000 | 45.7 30.2
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Spectral distribution of FR4 based board with FR4 flex PCB and FR4 based
board with ceramic flex PCB are compared in Figure 53. As it is presented in Figure
53, peak wavelength at the amber region is shifted 3nm when FR4 flex PCB is used
instead of ceramic flex PCB with the FR4 board base. Furthermore, relative power
corresponding the peak wavelength is enhanced 13.9% via FR4 based LED light engine

with ceramic flex PCB.
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Figure 53: Flux spectrum comparison of FR4 based light engine with FR4 flex PCB

and with ceramic based PCB at Case-4

According to Figure 54, there is inverse relationship between luminous flux and
maximum LED surface temperature. While junction temperature of the LED in-
crease, optical output of the LED decreases. Maximum temperature observed over
the LEDs on the light engine is 36.5% greater at the FR4 based light engine with FR4
flex PCB than that of engine with ceramic flex PCB. This temperature elevation led

to 14.6% decrease in the lumen output of the light engine.
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Figure 54: Relationship between maximum LED temperature and luminous flux of

FR4 based LED light engine with FR4 flex PCB and ceramic flex PCB

Similar relationship between luminous flux and maximum LED surface tempera-
ture can also be observed between radiant flux and maximum LED surface tempera-
ture. While the maximum LED temperature decreases by 28.1°C, radiant flux of the
LED light engine degrades by 13.3%.
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FR4 based LED light engine with FR4 flex PCB and ceramic flex PCB
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CHAPTER V

RELATIONSHIP BETWEEN THERMAL AND OPTICAL
PERFORMANCE OF LEDS

Photometric, electrical and thermal properties of LEDs are highly dependent with
each other. Luminous efficacy of the LED systems is highly sensitive to junction
temperature of the LEDs because optical output of the LEDs is changing with tem-
perature. Therefore, designers should be consider the dependency between electrical,
photometric and thermal quantities to achieve optimal performance. In this chapter,
dependency between photometric, electrical and thermal parameters of the FR4 LED

light engine with FR4 flex PCB is investigated.

5.1 Measurement of Electrical Power of LEDs

To understand thermal and optical performance relation, FR4 based LED light en-
gines (with FR4 flex PCB) are driven at 6 different power levels. Firstly, only red
LEDs are driven by six different input electrical power of 0.5W, 1W, 1.5W, 2W, 2.5W
and 3W. Then, only amber LEDs are driven by these six input electrical powers. To-
tal electrical power which is given by power supply to the LED light engine during
the thermal and optical experiments is known. However, both electronic components
and LED chips are consumed the total electrical power so portion of this total power
which is supplied for only LEDs is not known. Therefore, total input power supplied
for LEDs is measured by Keysight DSO-X3024 Oscilloscope. Details of the electrical

measurements for amber and red LEDs can be seen in following subsections.
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5.1.1 Red LEDs

There are 10 red LED chips on the light engine.In this case, to understand thermal
and optical behavior relation of red chips, only red chips are operated. For optical
and thermal experiments, the LED light engine is driven by 0.5W, 1W, 1.5W, 2W,
2.5W and 3W, in total. In order to measure the input power of the LEDs, electrical
measurements are conducted with digital oscilloscope.

In the LED light engine, there are 2 branches which are connected in parallel.
As it is presented in Figure 56, in every branches, there are 5 LED chips which are
connected in series. First branch is called as PO/STOP_1 and the second is called as

PO/STOP_2.

_H_._H_t .—H—.—H—qj‘? ~“I-Grm

N2 N3 N4 N5

PO/STOP 1

MMSZ2V4ATI-C2VT S0DI123F S0ODI123F S0D123F
SOD123F  SODI23F

LX E6SF © LX E6SF » - ~ LI ESSF & r
LED6 g LED7 A Msr = LED® E Eﬁﬁ%ﬁ
A A

100y S NCAD G <ol G Cal W S Cal S G TP

N6 N7 Ng N9 Nlo

SODI123F SODI23F SODI23F  SODI23F MMSZ2IVAT1-C2V7
SODI123F

Figure 56: Schematic of electrical circuit of red LEDs
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Figure 57: Schematic of electrical circuit of electronic components which are in charge

of driving red LEDs

Due to the fact that there are two parallel branches, firstly, voltage difference
across one of the branches and electrical current passed through that branch are
measured. In the beginning of the measurement, FR4 based LED light engine is
connected to Agilent DC power supply with position, stop and ground cables. In
this case, power is supplied for 10 red LEDs and electronic components which are
represented in Figure 57. A differential probe Keysight N2791 A is used to measure
voltage difference. Positive tip of the differential probe is attached to the PO/STOP_1
cable between electronics and LEDs as shown in Figure 58. Negative tip of the
differential probe is attached to the ground cable between electronics and LEDs as
shown in Figure 58. Also, a current probe Keysight N2893A is utilized to measure
electrical current pass through the circuit. The current probe is clamp-on current
probe whose working principle is based on detecting the magnetic field caused by

current flow through Hall effect element [48]. According to direction of current flow,
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the current probe is connected to the PO/STOP_1 cable between electronics and
LEDs. Both the differential and the current probes are connected to DSO-X3024A
Oscilloscope to forward the acquired signal. After the system reaches to steady state,

the voltage and current values are measured by the scope.

‘ Differential Probe
Current Probe

LEDs’ Side

| Electronics’ Side |

| LED Light Engine |

Figure 58: Setup of electrical measurement of red LEDs

According to Ohm’s Law, product of measured voltage difference and current
gives the total electrical power of the branch. Then, voltage difference and electrical
current of the other branch PO/STOP_2 are measured with the same method. To
find the total input power that is supplied to red LEDs, measured powers for each
branch are summed.

As it is mentioned previously, red chips of the FR4 based LED light engine is driven
by 6 different power levels, 0.5W, 1W, 1.5W, 2W, 2.5W and 3W, approximately.

Therefore, the measurement is repeated for every power levels. Total input electrical
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presented in Table 8 for each six cases.

power of the board and measured input electrical power that is supplied to LEDs is

Table 8: Results of electrical measurements of red LEDs

Supplied to All Components Supplied to Only Red LEDs
Voltage | Current | Total Power || Voltage | Current | Total Power
V) (mA) (mW) V) (mA) (mW)
11.5 43 494.5 9.1 43.6 395.5
13.0 76 991.3 9.4 78.6 737.3
16.00 93 1488.1 9.5 92.6 878.8
20.2 98 1980.2 9.5 98.0 931.0
24.0 102 2448.4 9.5 102.0 968.0
28.3 105 2971.7 9.5 105.0 996.5

Ratio of the power which is supplied to LEDs to total input power decreases while
total input power increases. In the first case, while total electrical input power is 494.5
mW, 80% of the total power is supplied to red LEDs but at the final case, 33.5% of
the input power is supplied to LEDs. From Figure 59, it can be also inferred that
input electrical power of the red LEDs is decreasingly growing while total electrical

power of the engine is increasing linearly.
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Figure 59: Change in input electrical power of red LEDs while total electrical power

increases from 396 mW to 997 mW
5.1.2 Amber LEDs

There are 6 amber LED chips on the light engine. In this case, to understand thermal
and optical behavior relation of the amber chips, only amber chips are operated. For
optical and thermal experiments, the LED light engines are driven by 0.5W, 1W,
1.5W, 2W, 2.5W and 3W, in total. In order to measure the input power of amber
LEDs, electrical measurements are conducted with digital oscilloscope.

In the LED light engine, amber LEDs are connected in series. As it is demon-

strated in Figure 60, the SIGNAL branch consists of these 6 amber LEDs.
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Figure 60: Schematic of electrical circuit of amber LEDs
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Figure 61: Schematic of electrical circuit of electronic components which are in charge

of driving amber LEDs

Input power which is supplied to the amber LEDs is obtained via same method
with red LEDs’. Firstly, FR4 based LED light engine is connected to DC power
supply. In this case, power is supplied for only amber LEDs and electronic components
which are presented in Figure 61.

Positive tip of the differential probe is attached to the SIGNAL cable between
electronics and LEDs. Negative tip of the differential probe is attached to the ground
cable between electronics and LEDs. According to direction of current flow, the

current probe is connected to the SIGNAL cable between electronics and LEDs. Both
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the differential and the current probes are connected to the oscilloscope. After the
system reaches to steady state, the voltage and current values are measured by the
scope. According to Ohm’s Law, product of measured voltage difference and current
gives the total input power that is supplied to red LEDs.

As it is done for red LEDs, amber chips of the FR4 based LED light engine is
driven by 6 different power levels, 0.5W, 1W, 1.5W, 2W, 2.5W and 3W. Total input
electrical power of the board and measured input electrical power that is supplied to

LEDs is presented in Table 9 for each six case.

Table 9: Results of electrical measurements of amber LEDs

Supplied to All Components Supplied to Only Amber LEDs
Voltage | Current | Total Power || Voltage | Current | Total Power
V) (mA) (mW) V) (mA) (mW)
13.55 35 474.3 12.3 35.3 432.8
14.61 70 1022.8 12.7 71.5 907.3
15.15 97 1469.7 13.0 98.8 1284.4
15.95 121 1930.1 13.1 122.6 1606.1
18.10 136 2461.6 13.3 138.0 1835.4
21.20 141 2989.3 13.3 145.0 1928.5

Ratio of the power which is supplied to LEDs to total input power decreases while
total input power increases. In the first case, while total electrical input power is 474.3
mW, 91.2% of the total power is supplied to red LEDs but at the final case, 64.5%
of the input power is supplied to LEDs. From Figure 62, it can also be inferred that
input electrical power of amber LEDs is decreasingly growing while total electrical

power of the engine is increasing linearly.
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Figure 62: Change in input electrical power of amber LEDs while total electrical

power increases from 433 mW to 1929 mW

5.2 Thermal Measurements of Red and Amber LEDs at 6
Dafferent Power Levels

As it is mentioned in previous section, red and amber LEDs are operated separately
for six different power conditions. For each LED color and power condition, thermal
experiments are conducted to observe change on thermal characteristics of the LED
light engine. Thermal experiment are conducted according to experimental procedure
which is explained in Chapter II. Firstly, thermal experiment results of the red LEDs

were shared and discussed, and then, results of amber LEDs will be analyzed.
5.2.1 Red LEDs

Thermal tests are conducted on FR4 based LED light engine with FR4 PCB when

only red LEDs were operated during six different power conditions. At these six
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thermal experiments, while total input powers supplied to the LED light engine are
500 mW, 1000 mW, 1500 mW, 2000 mW, 2500 mW and 3000 mW, total input power
supplied to red LEDs are 396 mW, 737 mW, 879 mW, 931 mW, 968 mW and 997
mW.

As it is indicated in Figure 63, hot spots over the red LEDs become more critical
while input power increases. The electronics that are operated to drive red LEDs are
located behind the LED1, LED2, LED3, LED4 and LED5. Therefore, at Figure 63c,
d, e, and f, temperature of the right-hand side of the LED light engine which LED1,
LED2, LED3, LED4 and LEDS5 are placed is higher and several local hot spots are
observed over these LEDs. Thus, nonuniform temperature distribution is experienced

over the LED light engine.

(d) (e) (f)

Figure 63: IR thermal images of the LED light engines while input electrical power
of red LEDs is (a) 396 mW, (b) 737 mW, (c) 879 mW, (d) 931 mW, (e) 968 mW and
(f) 997 mW
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Maximum temperatures of the LED 6, 7, 8, 9 and 10 increase linearly with in-

creasing input power as presented in Figure 64. However, maximum temperatures of

the LED 1, 2, 3, 4 and 5 increase sharply after the second input power level because

of the the heat dissipation from the electronics at the back side. In the graph, slope

of the first 5 LED is approximately twice of the slope of the other 5 LEDs.
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Figure 64: Temperatures of each red LEDs at 6 different power inputs

Figure 65 shows maximum red LED temperature during 6 different experimental

conditions. While x-axis shows total heat generation of 10 red LEDs which is calcu-

lated from difference of total input power of the LEDs and total radiant flux of the

LEDs, y-axis shows temperature of the LED2 which reaches highest surface temper-

ature among the ten LEDs. In addition to input LED power, heat conduction from

operated electronics also led to temperature rise of the LED 2. Therefore, increasing

rate of the maximum LED temperature is more than increasing rate of the total heat

generation.
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Figure 65: Maximum LED temperature with respect to total heat generation of red

LEDs
5.2.2 Amber LEDs

Thermal tests are continued with FR4 based LED light engine with FR4 PCB when
only amber LEDs were operated during six different power conditions. At these six
thermal experiments, while total input powers supplied to the LED light engine are
500 mW, 1000 mW, 1500 mW, 2000 mW, 2500 mW and 3000 mW, total input power
supplied to the amber LEDs are 433 mW, 907 mW, 1284 mW, 1606 mW, 1835 mW
and 1929 mW.

Infrared thermal images of the FR4 based LED light engine at different input
power levels are presented in Figure 66. It can be inferred from the Figure that local
hot spot firstly forms around amber LEDs. Then, while input power starts to increase,
hot spots expand to surrounding of these LEDs. Electronics that in charge of driving

amber LEDs are located on right-hand side of the electronics side of the engine which
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is correspond to left-hand side of the LEDs’ side of the engine. Therefore, at last two

experiments, temperature of the left hand side becomes higher and local hot spots

become more explicit over LEDs 12, 15 and 16.

(a) (b) (c)

(d) (e) (f)

Figure 66: IR thermal images of the LED light engines while input electrical power
of amber LEDs (a) 433 mW, (b) 907 mW, (c) 1284 mW, (d) 1606 mW, (e) 1835 mW
and (f) 1929 mW

Maximum temperatures of the LEDs increase linearly with increasing input power
as presented in Figure 67. However, maximum temperatures of the LED 12, 15 and 16
increase sharply when input power is 1929 mW because of the heat dissipation from
the electronics at the back side. LED 12 has the highest temperature as 86.05°Cduring

all experimental conditions.
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Figure 67: Temperatures of each amber LEDs at 6 different power inputs

Figure 68 shows maximum amber LED temperature during 6 different experimen-
tal conditions. While x-axis shows total heat generation of 10 amber LEDs which
is calculated from difference of total input power of the LEDs and total radiant flux
of the LEDs, y-axis shows temperature of the LED12 which reaches highest surface
temperature among the six amber LEDs. In addition to input LED power, heat
conduction from operated electronics also led to temperature rise of the LED 12.
Therefore, increasing rate of the maximum LED temperature is more than increasing

rate of the total heat generation.
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Figure 68: Maximum LED temperature with respect to total heat generation of

amber LEDs

5.3 Optical Measurement of Red and Amber LEDs at 6 Dif-
ferent Power Levels

After electrical and thermal experiments, optical experiments are conducted on the
same LED light engine to determine photometric and radiometric characteristic of
the light engine during six different power conditions. The optical experiments are
conducted according to experimental procedure that is explained in Chapter II. First
of all, the light engine is tested to understand optical performance change of the red
LEDs during input power increases. Then, the light engine is tested to observe optical

performance change of the amber LEDs during input power increases.

97



5.3.1 Red LEDs

Optical experiments conducted on FR4 based LED light engine with FR4 flex PCB
while only 10 red LEDs operated under six different power conditions. Optical char-
acteristic differentiation while driven by different input powers are analyzed in this
section.

First of all, optical spectrum of the red LEDs at different power conditions are
analyzed in Figure 69. As a result of input power of the LEDs increase, peak wave-
length shifts towards to right-hand side. While total input power supplied to LED
light engine is elevated by 2.5 W, peak wavelength shifts by 4nm. Reason of the
peak wavelength shift is energy bandgap shrinking. Bandgap energy is temperature

dependent because of electron-phonon interactions and lattice vibrations [15].
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Figure 69: Flux spectrum of red LEDs during six power conditions

Figure 70 demonstrates peak wavelength increment respect to input electrical

power of the red LEDs in detail. Peak wavelength raise of the red LEDs accelerates
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after third power condition due to junction temperature elevation.
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Figure 70: Peak wavelength change while input electrical power of red LEDs increas-

ing from 396 mW to 997 mW

Table 10 presents input electrical power, radiant power, heat generations and

luminous flux of the LEDs during six different power conditions.
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Table 10: Optical measurement results of red LEDs on the FR4 based LED light

engine at 6 different power levels

InputFElectrical | Radiant Heat Luminous
Powerof Red Power | Generation Flux
LEDs(mW) (mW) (mW) (Im)

395.5 170.9 224.6 28.5
737.3 289.5 447.8 48.6
878.8 336.4 542.4 57.0
931.0 362.1 569.0 58.5
968.0 366.0 602.0 59.4
996.5 371.1 625.4 58.4

Radiant power change respect to input power of the LEDs are presented in Figure
71. Although there is linear relation between radiant flux and input power, at last
three power conditions, while input power increases by 7%, radiant flux increases by

2.5%.
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Figure 71: Radiant power change while input electrical power of red LEDs increasing

from 396 mW to 997 mW

According to Figure 72, as input power increases from 395.5 mW to 996.5 mW,
luminous efficacy decreases by 13.6 Im/W. Sharp fall in luminous efficacy is experi-

enced at last case compared to the first five cases because of the fact that junction

temperature of the LEDs increase at most in this case.
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Figure 72: Luminous efficacy change while input electrical power of red LEDs in-

creasing from 396 mW to 997 mW

5.3.2 Amber LEDs

Optical experiments conducted on FR4 based LED light engine with FR4 flex PCB
while only 6 amber LEDs operated under six different power conditions. Optical
characteristic differentiation of the amber LEDs while driven by different input powers
are analyzed in this section.

First of all, optical spectrum of the amber LEDs at different power conditions
are analyzed in Figure 73. According to the graph, while input power increases from
0.5 W to 2 W in total, peak wavelength shifts right by 6 nm and radiant flux at
peak wavelength increases by 1.7 mW. However, while input power increases from 2
W to 4 W in total, peak wavelength shifts right by 3 nm and radiant flux at peak
wavelength decreases by 0.8 mW. Therefore, efficiency decrease can be inferred from

relative radiant flux decrease.
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Figure 73: Flux spectrum of amber LEDs

Figure 74 demonstrates peak wavelength increment respect to input electrical
power of the amber LEDs in detail. Peak wavelength raise of the amber LEDs accel-

erates at the last power condition due to junction temperature elevation.
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Figure 74: Pecak wavelength change while input electrical power of amber LEDs

increasing from 433 mW to 1928.5 mW

Table 11 presents input electrical power, radiant power, heat generations and

luminous flux of the amber LEDs during six different power conditions.
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Table 11: Optical measurement results of amber LEDs on the FR4 based LED light

engine at 6 different power levels

InputElectrical | Radiant Heat Luminous
Powerof Red Power | Generation Flux
LEDs(mW) (mW) (mW) (Im)

432.8 52.7 380.0 17.6
907.3 85.7 821.7 26.9
1284.4 104.8 1179.7 31.5
1606.1 117.0 1489.1 35.4
1835.4 110.8 1724.6 34.1
1928.5 103.0 1825.6 31.1

Radiant power change respect to input power of the LEDs are presented in Figure
71. Radiant flux of the amber LEDs increases until input power reaches to 1606.1
mW. However, after this point radiant flux starts to decrease although input power
increases. While input power of the LEDs increasing, junction temperature of the
LEDs also increasing due to the ineffective thermal management of FR4 based LED
light engine. As a result of the junction temperature elevation, optical output of the
LED decreases as in our case. Therefore, increasing input power after 1606.1 mW is
not effective to increase radiant flux. Thus, for this case, drive LEDs with around

1600 mW is optimum power level in order to reach maximum radiant flux.
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Figure 75: Radiant power change while input electrical power of amber LEDs in-

creasing from 433 mW to 1928.5 mW

According to Figure 76, as input power increases from 432.8 mW to 1928.5 mW,
luminous efficacy decreases by 24.6 lm/W. Until forth experimental case, luminous
efficacy increases slowly, after that it starts to decrease with positive acceleration.
Decreasing in luminous flux causes this luminous efficacy decrease. As a result, power

level of 1600 mW is critical for amber LEDs in this study.
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Figure 76: Luminous efficacy change while input electrical power of amber LEDs

increasing from 433 mW to 1928.5 mW

5.4 Discussion for Thermal and Optical Performance Re-
lation of LEDs

In this section, thermal and optical experimental results were analyzed to understand

the relation between them. Thermo-electro-photometric relation is developed for red

and amber LEDs. Discussion for thermo-electro-photometric relation begins with red

LEDs and then, it continues with the amber LEDs.

5.4.1 Red LEDs

First of all, relation between thermal and optical performance of the red LEDs that
are placed to FR4 based LED light engine is discussed.

As it is represented in Figure 77, heat generation of LEDs increases linearly with
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increasing input LED power. However, due to the additional effect of the heat gen-

eration of the electronics, maximum LED temperature increase growingly.
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Figure 77: Change in total heat generation and maximum LED temperature with

respect to input electrical power of red LEDs

The graph in Figure 78 shows that luminous flux of the red LEDs does not change

significantly after input LED power exceeds 879 mW. Thus, driving LEDs with the

input power higher than 879 mW is ineffective for this lighting system. As it is

represented in the graph, after 879 mW input power, increasing rate of the maximum

temperature rises. Therefore, inverse relationship between junction temperature and

luminous flux can be inferred from the graph.
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Figure 78: Change in luminous flux per LED and maximum LED temperature with

respect to input electrical power of red LEDs

Input electronic power transforms into radiant flux and heat.

The amount of

the heat generation alters according to performance of the cooling technologies in

lighting systems. The bar chart in Figure 85 indicates the portion of the radiant

flux and heat generation of the red LEDs. While input power of the red LEDs is

395.5 mW, 43% of the electrical power turns into radiant flux. However, as input

power of the red LEDs is 996.5 mW, 37% of the electrical power turns into radiant

flux. Consequently, conversion rate of the red LEDs decreases 6% because of junction

temperature increase.
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Figure 79: Amount of heat generation and radiant flux of the red LEDs in six

different experimental conditions

As mentioned in literature review, LEDs can convert more amount of power to
radiant flux than conventional lighting fixtures. Although LEDs can transform 20%
of the electrical input power to radiant flux in average, this value can vary by color
and junction temperature of the LED. Therefore, in this study, conversion rate of the
LED at different junction temperatures for both red and amber LEDs were obtained.
Conversion rate measures that a LED can turn what percentage of the electrical input
power into radiant flux. It is calculated by radiant flux of the LED divided by input
power of the LED and multiply the answer by 100 as represented in equation below.

Radiant flux

Conversion rate (%) = o ras— 100 (16)
nput power

Conversion rate is plotted with respect to maximum LED temperature at six dif-

ferent power levels. From the relation between maximum surface temperature of the
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LED and conversion rate, a correlation is developed. While maximum temperature
increases, conversion rate of the LED decreases. This correlation enables to deter-
mine radiant flux of the red LED whose maximum surface temperature and input
power are known. While this correlation is generated, multi-chip LED board is used
and it is assumed that all LEDs have identical radiant power and LED temperature.
However, due to nonuniform heat distribution, LEDs have different radiant flux and
temperatures. Therefore, it should be considered that this assumption led to some

uncertainties.
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Figure 80: Relation between maximum LED temperature and conversion rate of red

LEDs
5.4.2 Amber LEDs

Secondly, relation between thermal and optical performance of the amber LEDs that
are placed to FR4 based LED light engine is discussed.

As it is demonstrated in Figure 77, heat generation of LEDs increases linearly with
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increasing input LED power. In addition, maximum LED temperature also increases

linearly with increasing input LED power.
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Figure 81: Change in total heat generation and maximum LED temperature with

respect to input electrical power of amber LEDs

Similar trend of red LEDs for change of luminous flux and maximum LED tem-
perature with respect to input LED power is also observed for amber LEDs. The
graph in Figure 82 shows that luminous flux of the amber LEDs starts to decrease
after input LED power exceeds 1606.1 mW. Thus, driving LEDs with the input power
higher than 1606.1 mW is ineffective for this lighting system. As it is represented
in the graph, at last power condition, increasing rate of the maximum temperature

slightly rises.
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Figure 82: Change in luminous flux per LED and maximum LED temperature with

respect to input electrical power of amber LEDs

While heat generation increase linearly with increasing input power, radiant flux
decreases after 1606.1 mW input power. Effect of the heat dissipation from the elec-
tronics may cause more elevation on junction temperature of the LEDs so optical
efficiency of the LEDs drops significantly. Overall, inverse relationship between junc-

tion temperature and radiant flux can be understood from the graph.
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Figure 83: Change in radiant power and total heat generation with respect to input

electrical power of amber LEDs

The bar chart in Figure 84 shows the portion the radiant flux and heat generation
of the amber LEDs. While input power of the amber LEDs is 432.8 mW, 12% of
the electrical power turns into radiant flux. However, as input power of the amber
LEDs is 1928.5 mW, 5% of the electrical power turns into radiant flux. Consequently,
conversion rate of the amber LEDs decreases 7% because of junction temperature

increase.
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Figure 84: Amount of heat generation and radiant flux of the amber LEDs in six

different experimental conditions

Figure 85 reveals that there is inverse proportion between conversion rate and
maximum LED temperature of the amber LEDs. As maximum temperature rises,
conversion rate of the amber LEDs decreases. It can be said that a downward trend

of the conversion rate is quite linear.
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CHAPTER VI

COMPUTATIONAL THERMAL MODELS

A computational study has been performed to understand the impact over electron-
ics components and LEDs providing the local temperature distribution. LED light
engines populated with LEDs and electronics components are modeled by utilizing a

commercial computational fluid dynamics (CFD) software (ANSY'S Icepak 14.5) [49].

Figure 86: CFD model of the FR4 based board with LEDs and electronics

To achieve reliable solution in short computational time, computational models
of the light engines are simplified in the computational model. Two different com-
putational models are created for LED light engine with FR4 flex PCB and LED
light engine with multilayer ceramic flex PCB. First of all, FR4 based LED light
engine with FR4 flex PCB is modeled in the computational environment. In the
computational model, substrate material is chosen as copper clad FR4 with thermal

conductivity of 1 W/m-K. FR4 flex PCB is modeled as two layers which are 160 gm
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FR4 and 40 p m copper trace layers. While thermal conductivity of FR4 layer is
0.35 W/mK, thermal conductivity of copper trace layer is 50 W/mK. Copper layer in
the flex PCB is not a monolith layer. There is only copper part under the electronic
components and LEDs to provide electrical connection and the other parts of the
layer is made of FR4. Therefore, effective thermal conductivity of the layer is calcu-
lated with respect to ratio of footprint areas of copper and FR4 material. LEDs and
electronic components are modeled as rectangular blocks with identical dimensions
of original components. To ensure heat generation of LEDs and electronic compo-
nents, two-dimensional (2-D) heat sources are placed inside the LEDs and electronic
components. Also, aluminum based LED light engine is modeled via only changing
substrate material of the FR4 based LED light engine with FR4 flex PCB. Instead
of copper clad FR4 substrate with 1 W/mK, Aluminum 6061-T6 is used as substrate
material. Then, advanced heat spreader based LED light engine with FR4 flex PCB
is modeled. Its substrate has orthotropic thermal conductivity due to thermal char-
acteristics of the vapor chamber. Therefore, on x-plane and y-plane of the substrate,
thermal conductivity is assigned as 4000 W/mK and on z-plane, thermal conductivity
is assigned as 250 W/mK in computational model.

Secondly, FR4 based LED light engine with multilayer ceramic flex PCB is mod-
eled with the same approach. Modeled multilayer ceramic flex PCB has identical
physical and thermal properties with the original LED light engine. Details of the

computational models can be seen from Table 13.
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Table 12: Properties of the computational model of the LED light engines

Description Thermal Type Thermal Thickness
of the Conductivity of of Conductivity of the
LED light Substrate Flex of Flex PCB
engine (W/mK) PCB PCB(W/mK) | Layer(um)
FR4 based 50 (Cu trace) 40
LED light 1 FR4 +
engine 0.35 (FR4) 160
Al based 50 (Cu trace) 40
LED light 167 FR4 +
engine 0.35 (FR4) 160
Adv. Heat Sp. 4000(k,,) 50 (Cu trace) 40
based LED 4000(k,) FR4 +
light engine 250(k,) 0.35 (FR4) 160
FR4 based 0.8 (Adhesive) 127
LED light 1 Ceramic | 400 (Copper x2) 70 x 2
engine 4.1 (Ceramic) 152

In order to increase the mesh accuracy and decrease the computational time,
separate assemblies are created for all LEDs and electronic components. In addition,
an inclusive assembly which comprises of the components assemblies, flex PCBs and
substrate is created. Non-conforming cell structure with unstructured mesh type is

generated (see Figure 87).
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Figure 87: CFD model of the board with mesh structure

As it is presented in Table 13, mesh sensitivity analysis is conducted to compu-
tational model of the FR4 based LED light engine with the multilayer ceramic flex
PCB. As a result of the sensitivity test, only 0.02% difference is obtained after grid

size of 1.8E+06. Therefore, mesh independency of the model is proven with mesh

sensitivity analysis.

Table 13: Mesh sensitivity analysis

Grid Size | Maximum Temperature on LED6 (C)
1.8E+06 62.0
2.2E4-06 62.0
3.0E4-06 62.0
4.2E+06 62.0

In order to validate the experimental results, computational study is also con-

ducted and results are compared with the experimental data. As it is presented in
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Figure 88 and Figure 89, similar temperature distribution is observed in experimen-
tal and computational results. While maximum temperature observed on LEDs’ side
is obtained 105.0°C as a result of experimental study, it is obtained as 103.3°C in
computational study. On the other side of the light engine, maximum component
temperature is experienced as 95.9°C in experimental study while it is obtained as

105.5°C in the computational study.
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Figure 88: Contour plot for temperature distribution of (a) LEDs from experimental
findings and (b) LEDs from computational model for FR4 based LED light engine
with FR4 flex PCB at Case-4
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Figure 89: Contour plot for temperature distribution of (a) electronics from exper-
imental findings and (b) electronics from computational model for FR4 based LED

light engine with FR4 flex PCB at Case-4

In order to check accuracy of the computational study, experimental and com-
putational findings are compared with each other. Maximum surface temperatures
of all LEDs and several critical electronic components are obtained. Computational
and experimental temperature results of these components are compared in Figure
90 for the FR4 based LED light engine with the FR4 flex PCB. Maximum difference
between experimental and computational results at the light engine with the FR4
flex PCB is 18.2% while minimum difference is 0% on the LEDs’ side of the light
engine. On the other side of the light engine, maximum discrepancy between exper-
imental and computational results of electronic components’ temperatures is 10.0%

while minimum difference is 2.9%.
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Figure 90: Comparison between experimental and computational findings of the FR4

based LED light engine with the FR4 flex PCB

As it is demonstrated in Figure 91 and Figure 92, similar temperature distribution
is observed in experimental and computational results. However, board temperatures
are seems quite different about 10%. While maximum temperature observed on LEDs’
side is obtained 84.1°C as a result of experimental study, it is obtained as 79.8°C in
computational study. On the other side of the light engine, maximum component
temperature is experienced as 78.6°C in experimental study while it is obtained as

81.0°C in the computational study.
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Figure 91: Contour plot for temperature distribution of (a) LEDs from experimental
findings and (b) LEDs from computational model for aluminum based LED light
engine with FR4 flex PCB at Case-4
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Figure 92: Contour plot for temperature distribution of (a) electronics from exper-
imental findings and (b) electronics from computational model for aluminum based

LED light engine with FR4 flex PCB at Case-4

Discrepancy between computational and experimental results are indicated in Fig-
ure 93 for the aluminum based light engine with the FR4 flex PCB. Maximum dif-

ference between experimental and computational results at the light engine with the
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FR4 flex PCB is 12.9% while minimum difference is 1.4%. On the other side of the
light engine, maximum discrepancy between experimental and computational results
of electronic components’ temperatures is 10.6% while minimum difference is 3.1%.
When the light engine was modeled in a commercial software, geometry of elements
was idealized. As expected, a difference between the experiment and the simulations
were observed, but in reasonably low percentages. Thus, the comparison between the

results shows good agreement with the experimental results.
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Figure 93: Comparison between experimental and computational findings of the

aluminum based LED light engine with the FR4 flex PCB

As it is indicated in Figure 7?7 and Figure 7?7, similar temperature distribution is
observed in experimental and computational results. However, there is also difference
in board temperatures about 10%. While maximum temperature observed on LEDs’
side is obtained 77.9°C as a result of experimental study, it is obtained as 79.2°C in
computational study. On the other side of the light engine, maximum component

temperature is experienced as 79.4°C in experimental study while it is obtained as
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80.3°C in the computational study.
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Figure 94: Contour plot for temperature distribution of (a) LEDs from experimental
findings and (b) LEDs from computational model for advanced heat spreader based

LED light engine with FR4 flex PCB at Case-4
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Figure 95: Contour plot for temperature distribution of (a) electronics from exper-
imental findings and (b) electronics from computational model for advanced heat

spreader based LED light engine with FR4 flex PCB at Case-4

Computational and experimental temperature results of these components are

compared in Figure 93 for the advanced heat spreader based light engine with the
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FRA4 flex PCB. Maximum difference between experimental and computational results
at the light engine with the FR4 flex PCB is 11.9% while minimum difference is 1.7%.
On the other side of the light engine, maximum discrepancy between experimental
and computational results of electronic components’ temperatures is 11.6% while
minimum difference is 1.1%. As it can be seen from the Figure 96, for most of the
components and LEDs, computational results are lower than experimental results.
It is expected results because in computational study, model and components have
attached perfectly. However, in real LED light engines, there should be possible air

gaps between boards and components which can increase thermal resistance of the

system.
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Figure 96: Comparison between experimental and computational findings of the

advanced heat spreader based LED light engine with the FR4 flex PCB

As it is presented in Figure 97 and Figure 98, similar temperature distribution is
observed in experimental and computational results. While maximum temperature

observed on LEDs’ side is obtained 76.9°C as a result of experimental study, it is
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obtained as 75.3°C in computational study. On the other side of the light engine,

maximum component temperature is experienced as 74.8°C in experimental study

while it is obtained as 76.5°C in the computational study.
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Figure 97: Temperature distribution of (a) LEDs from experimental findings and (b)
LEDs from computational model for FR4 based LED light engine with ceramic flex
PCB at Case-4
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Figure 98: Temperature distribution of (a) electronics from experimental findings
and (b) electronics from computational model for FR4 based LED light engine with

ceramic flex PCB at Case-4
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Computational and experimental temperature results of these components are
compared in Figure 93 for the FR4 based light engine with the ceramic flex PCB.
Maximum difference between experimental and computational results at the light
engine with the FR4 flex PCB is 6.5% while minimum difference is 2.3%. On the
other side of the light engine, maximum discrepancy between experimental and com-
putational results of electronic components’ temperatures is 5.5% while minimum
difference is 0.6%. Good agreement between computational study and experimental

study is achieved for FR4 based light engine with the ceramic flex PCB.
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Figure 99: Comparison between experimental and computational findings of the FR4

based LED light engine with the multilayer ceramic flex PCB

LED light engines with FR4 flex PCB are compared computationally during Case-
4. As it is represented in Figure 100 and Figure 101, while over the FR4 based
LED light engine, local hotpots are experienced around the signal LEDs, high-power
transistors and some resistors, over the aluminum and advanced heat spreader based

LED light engines uniform temperature distribution is observed.
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(a) (b) (c)

Figure 100: Comparison of computational results of FR4, aluminum and advanced

heat spreader based LED light engines at Case-4 (from LEDs’ side)

(a) (b) (c)

Figure 101: Comparison of computational results of FR4, aluminum and advanced

heat spreader based LED light engines at Case-4 (from electronics’ side)

Computational results of these two LED light engines are represented in Figure
102 and Figure 103. While maximum LED temperature is experienced as 103.3°C
at the LEDs side of the light engine with the FR4 flex PCB, maximum temperature
observed at the electronics side of the light engine with the FR4 flex PCB is 105.5°C.

As maximum LED temperature is experienced as 75.3°C at the LEDs side of the
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light engine with the multilayer ceramic flex PCB, maximum temperature observed
at the electronics side of the light engine with the multilayer ceramic flex PCB is
76.5°C. According to computational findings, temperature distributes uniformly over
the LED light engine with the multilayer ceramic flex PCB due to its higher thermal

conductivity. Furthermore, more critical local hot spots over LEDs and electronics

were observed over the light engine with the FR4 flex PCB.

(@) (b)

Figure 102: Contour plot for temperature distribution of LEDs from computational
study of the LED light engine (a) with FR4 flex PCB and (b) with multilayer ceramic
flex PCB
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(a) (b)

Figure 103: Contour plot for temperature distribution of electronics from computa-
tional study of the LED light engine (a) with FR4 flex PCB and (b) with multilayer

ceramic flex PCB
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Table 14: Comparison table of computational and experimental results of Properties

of the FR4 based LED light engines with FR4 flex PCB

Component | CFDResults | Experimental Results | Dif ference(%)
LED 1 67.8 75.6 10.3
LED 3 63 72.5 13.1
LED 5 55.7 65.6 15.1
LED 7 68.3 75.7 9.8
LED 9 57.5 65.5 12.2
LED 11 101 95.3 6.0
LED 13 94.8 89 6.5
LED 15 100.2 100.2 0.0

Q3 83.1 86.1 3.5
Q1 7 83.5 7.8
Q5 87 89.6 2.9
Q6 88.8 85.8 3.5
R19 105.5 95.9 10.0
R17 104.3 95.2 9.6
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Table 15: Comparison table of computational and experimental results of Properties

of the FR4 based LED light engines with ceramic flex PCB

Component | CFDResults | Experimental Results | Dif ference(%)
LED 1 62.6 66.9 6.4
LED 3 62 64.6 4.0
LED 5 60.3 63.1 4.4
LED 7 63 64.5 2.3
LED 9 61 62.8 2.9
LED 11 5 70.4 6.5
LED 13 74 70.3 5.3
LED 15 74.6 71.9 3.8

Q3 83.1 86.1 3.5
Q1 66 66.8 1.2
Q5 66.8 67.8 1.5
Q6 67.5 67.9 0.6
R19 76.5 74.8 2.3
R17 76.4 72.4 5.5
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CHAPTER VII

THERMAL PROBLEMS POSED BY COMPACT
PACKAGING AND INTERNET OF THINGS (IOT) FOR
SOLID STATE LIGHTING SYSTEMS

Vehicles are expected be one of the major part of the IoT due to their current elec-
tronics infrastructure [34]. Electronics have already been used in several purposes in
a number of areas in vehicles. For instance, power electronics are used in lighting sys-
tems of automobiles in order to drive LEDs. These electronic systems can establish
a substructure for IoT applications. Therefore, in this study, an LED light engine
which is used in automotive rear lighting system will be analyzed. Rear lighting
systems consists of three different functions which are signal, stop and position. Con-
ventionally, for these three functions, three separate light engines are typically used.
Due to unique advantages of LEDs, to integrate all these functions on a single light
engine is possible. Although LEDs are energy efficient sources, if all three functions
operate simultaneously, heat generation of combined LEDs and driver electronics in-
crease. Industry preferred PCB material for light engines is FR4 due to availability,
ease of processing and cost. However, due to poor thermal conductivity of FR4; heat
generated from components over PCB cannot diffuse uniformly so local hot spots
occur over components and PCB. Thus, junction temperature of LEDs can surpass
100°C which is the critical temperature for most LEDs [2]. Therefore, LEDs and
driver electronics placed over separate PCBs due to thermal limitations of conven-
tional boards. However, this study aims to combine electronic components and LEDs
on a single compact PCB. When IoT features are added into current system, number

of electronics and their power consumptions will increase so thermal problems will to
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the continually increase. Therefore, proposed novel heat spreader board technology
should be developed to overcome these thermal issues.

In order to observe thermal effect of possible power increase on driver electronics
of LED light engine when IoT applications are adapted to current system, a com-
putational study has been conducted in a commercial computational fluid dynamics
software Icepak 14.5 [49]. CFD simulations allow users to change model parameters
and experimental conditions easily. Therefore, the computational study consists of
four cases which represent expected scenarios when IoT applications integrated to
LED light engines. First case stands for current performance of LED light engine
without any smart features addition. In second, third and fourth cases, only power
levels of driver electronics are increased by 25%, 50% and 70%, respectively. Geo-
metrical models of the LED light engines are identical for all cases. Computational
models of FR4 based LED light engine and advanced heat spreader LED light engine
which are explained in previous chapter is used.

[oT features integration to current technologies will soon be essential. These
new features will cause an increase in the number of electronics and their power
consumptions in same or smaller footprint areas. It is expected that overall heat
generation of electronics may increase as much as 70%. Therefore, this study aims
to investigate advanced heat spreader substrate technology to solve possible thermal
problems of new generation electronic systems.

Since a very good agreement between computational and experimental results is
observed as mentioned in previous chapters, model is solved for other CFD cases to
analyze thermal performance of current LED engine with smart applications. It is
expected that IoT features leads to a 70% increase in power consumption of electron-
ics. Thus, the model is modified via increasing power consumptions of electronics by
25%, 50% and 70% which represents future smart LED engines. Firstly, computa-

tional model of the FR4 based LED light engine is solved for these four cases. Then,
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to analyze thermal performance of the advanced heat spreader LED light engine, its

computational model is solved for same cases.

(a) (b) (c) (d)

Figure 104: Temperature distribution of electronics components placed over light
engine (a) Baseline without IOT added heat generation (b) 25% (c¢) 50% and (d) 70%

added heat generation rates over electronics

Significance of the thermal problem can be seen from Figure 104. While power
consumption of electronics increases by 70%, maximum temperatures that is experi-
enced on electronics increase by +38.4%. Temperature rise on electronics is indicated
in Figure 105. The maximum temperature on the light engine goes up to 145.6°C

which can lead to catastrophic failures.
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Figure 105: Temperature increase of electronic components as a result of power

mcrease

(a) (b) (c) (d)

Figure 106: Temperature distribution of some LEDs placed over light engine (a)
Baseline without IOT added heat generation (b) 25% (c) 50% and (d) 70% added

heat generation rates over electronics

Although power consumptions of LEDs are not changed in different cases, as it
is shown in Figure 106, temperatures of LEDs and thermal distribution over the
board is changed due to power addition to electronics. As it is indicated in Figure

106 and 107, while maximum temperatures of red LEDs increased by +15.4%, a
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+12.5% temperature rise is experienced on amber LEDs. While with 25%, 50% and
70% power addition to electronics, maximum temperature experienced on LED-16
reached to 103.3°C, 107.9°C and 112.7°C from 116.2°C, respectively. Because of the
fact that when FR4 material used as substrate, junction temperature of LEDs exceeds
critical temperature even in the current situation when there is no IOT added power,

an additional heat generation in electronics gets this situation more critical.
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Figure 107: Temperature increase of amber LEDs as a result of power increase to

electronic components

It is found that the highest temperature is observed on the amber LEDs especially
LED 12 and LED 16 due to the fact that local heat generation is highest and the
heat transfer path is rather limited compared to other LEDs on the light engine.
Although there is approximately 15.4% elevation in temperature, this can be perhaps
eliminated by improving the conduction performance of the board by having either
highly conductive boards. When real automotive environment is evaluated, ambient
temperature will be considerably higher than room temperature. It can be inferred

that if IoT features added to current system, system will be more compact than
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today so current thermal problems will be harder. Therefore, while FR4 substrate
is not adequate for even current application, for future more complex technologies, a
novel heat spreader PCB substrates should be developed. Therefore, computational
study for an advanced heat spreader LED light engine is conducted for higher power

applications.
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Figure 108: Temperature distribution of electronics components placed over the
advanced heat spreader LED light engine (a) Baseline without IOT added heat gen-

eration (b) 25% (c¢) 50% and (d) 70% added heat generation rates over electronics

At the advanced heat spreader LED light engine, while power consumption of
electronics increases by 70%, maximum temperatures that is experienced on electron-
ics increase by +33.1%. Temperature rise on electronics is showed in Figure 109.
The maximum temperature on the light engine goes up to 106.7°C which is tolerable

temperature for electronic components.
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Figure 109: Temperature increase of electronic components as a result of power

increase at the advanced heat spreader based LED light engine
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Figure 110: Temperature distribution of some LEDs placed over the advanced heat
spreader LED light engine (a) Baseline without IOT added heat generation (b) 25%

(c) 50% and (d) 70% added heat generation rates over electronics

Although power consumptions of LEDs are not changed in different cases, as it is
shown in Figure 110, temperatures of LEDs and thermal distribution over the board
is changed due to power addition to electronics. As it is indicated in Figure 110

and 111, while maximum temperatures of red LEDs increased by +14.2%, a +11.1%
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temperature rise is experienced on amber LEDs, respectively. While with 25%, 50%
and 70% power addition to electronics, maximum temperature experienced on LED-
16 reached to 79.2°C, 82.4°C and 85.5°C from 87.9°C, respectively. According to
results, although 70% power addition is applied to electronics, temperatures of red
and amber LEDs stay under the critical LED temperature. In addition, while there is
temperature difference between same type of LEDs which are mounted to FR4 LED
light engine, uniform temperature distribution is obtained across the advanced heat
spreader LED light engine. Therefore, advanced heat spreader technology constitutes

a potential as electronic board substrate for smart [oT applications.
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Figure 111: Temperature increase of amber LEDs as a result of power increase to

electronic components at the advanced heat spreader based LED light engine
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CHAPTER VIII

SUMMARY AND CONCLUSIONS

This study aims to enhance the thermal management of an LED light engine for auto-
motive exterior lighting with an advanced heat spreader. Although LEDs have many
advantages, their applications require an accurate thermal management. To house
driver electronics and LEDs in a typical automotive exterior lighting, conventionally
FR4 based printed circuit board is usually used. Over the board, local hotspots are
observed due to low thermal conductivity of FR4 based PCB and high heat flux
caused by LEDs and electronics. LEDs in automotive back lighting units operated
with different input power for position, stop and signal lights. Moreover, in some in-
stances, these three lights perform simultaneously in the automobiles. Therefore, heat
flux dissipation over LEDs and electronics become abundant making thermal perfor-
mance of the FR4 board inadequate to diffuse this flux. Thus, metal core printed
circuit boards are investigated to enhance the thermal performance. Although a high
conductivity of metal core printed circuit board improves thermal performance sig-
nificantly, still a novel technology is needed in order to dissipate heat efficiently over
PCB. Thus, in this study, an advanced heat spreader board technology was inves-
tigated and compared with the conventional FR4 based and Al metal core printed
circuit boards. An experimental study was conducted via thermal imaging technique
in order to inspect local hot spots in Chapter III. Also, in Chapter IV, an optical
performance investigation for advanced heat spreader based LED light engine was
conducted. Then, in Chapter VI, a numerical analysis was also performed in order

to validate experimental results. A number of findings can be given as;

e Maximum temperatures of FR4, Al and advanced heat spreader board were
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observed as 105.0°C., 84.1°C and 77.9°C, respectively in Case 4.

More uniform thermal pattern was observed on Al and advanced heat spreader

boards than FR4 based board due to low thermal conductivity of FR4 substrate.

According to experimental data, advanced heat spreader has performed 7.4%
better thermal performance than Al metal core board and %25.8 FR4 based

board.

At the Case-4, aluminum and advanced heat spreader based LED light engines

showed 7.1% and 16.3% better performance in terms of radiant flux, respectively.

When advanced heat spreader board base used instead of FR4 board base,

luminous efficacy can be improved by 25.9%.

FR4 substrate is not sufficient for this 3- purpose lamp due to its thermal

performance.

Maximum difference between experimental and computational results was 18.2%.

In addition, improving thermal spreading capability of PCBs is one of the alter-

native solution in order to distribute heat from source, efficiently. Various type of
materials is investigated to improve thermal characteristics of PCBs. In this study,
multilayer ceramic flex PCB was analyzed as alternative PCB solution to overcome
thermal problems. To analyze thermal performance of the PCB, it was compared
with that of FR4 flex PCB experimentally and computationally. Experimental and

computational findings of the study can be summarize as following:

More uniform temperature distribution was observed at the LED light engine

with multilayer ceramic flex PCB due to its higher thermal conductivity.
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e While thermal performance degraded by 36.5% when FR4 flex PCB was used,
radiant flux and luminous flux of the LED light engine decreased by 13.3% and

14.6%, respectively.

e Peak wavelength shift by 3nm in the amber region of the spectrum was experi-
enced due to rise of the junction temperature when FR4 flex PCB was utilized

instead of multilayer ceramic flex PCB.

Besides, there is strong dependency between photometric, electrical and thermal
properties of LEDs. Hence, designers should be consider this dependency between
optical, thermal and electrical parameters of the lighting system to obtain desired
performance. Success of thermal management of the lighting systems is critical for
optical output of the system so that luminous efficacy of the LED systems is highly
sensitive to junction temperature of the LEDs. In Chapter V, the relationship between
photometric, electrical and thermal parameters of the FR4 LED light engine with FR4

flex PCB was analyzed. Findings of the study can be summarized as following:

e The results of this investigation showed that when input power of the red LEDs
exceeded the 930 mW, luminous efficacy started to decrease sharply due to

elevation of the junction temperature.

e The second major finding of this chapter was that as input power increased from
432.8 mW to 1928.5 mW, luminous efficacy of amber LEDs decreased by 24.6
Im/W. Until forth experimental case, luminous efficacy increased slowly, after
that it started to decrease with positive acceleration. Decreasing in luminous
flux causes the luminous efficacy degradation. Therefore, power level of 1600

mW was critical for amber LEDs in this study.

On the other hand, in recent years, paradigm of Internet of Things which will be

effective in all areas of our lives is in the foreground and lighting systems with over
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500 billion fixtures globally are seen as a great opportunity for a widespread applica-
tion. In addition, automobiles may constitute a platform for IoT applications due to
their current electronics system and mobility feature. Thus, in this study, a possible
candidate automotive rear LED lighting system is evaluated in terms of thermal per-
formance for new generation IoT added applications. Firstly, thermal performance
of FR4 based LED engine is evaluated and it is modeled in a CFD program. Then,
in Chapter VII, computational model is solved for different cases such as; 25%, 50%
and 70% power addition to electronics to determine the adverse effects due to IOT
power needs. Metal and advanced heat spreader substrate technologies are presented
as solution to overcome thermal problems. Consequences of the Chapter VII can be

listed as follows:

e While power consumption of electronics increases by 70%, maximum temper-
atures that was experienced on electronics increase by +38.4%. Maximum
temperatures of amber LEDs increased by +15.4%, when temperature rise of

+11.2% was experienced on red LEDs.

e At the advanced heat spreader LED light engine, while power consumption
of electronics increases by 70%, maximum temperatures that was experienced
on electronics increase by +33.1%. Maximum temperatures of amber LEDs

increased by +14.2%, when temperature rise of +11.1% was experienced on red

LEDs.

e In case of 25%, 50% and 70% power addition to electronics, maximum tempera-
ture experienced on the amber LED which had the highest temperature reached
to 103.3°C, 107.9°C, 112.7°C and from 116.2°C, respectively.
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e As conventional FR4 substrate is not adequate for future electronic systems, ad-
vanced heat spreader board technology which consists of vapor chamber struc-
ture can be a possible substrate technology for new generation smart applica-

tions.
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CHAPTER IX

FUTURE WORK

Advanced heat spreader technology that offered in this study presents high poten-
tial for applications which requires highly dense electronic packages. Therefore, this
technology can be improved to integrating with IoT applications in future years.

On the other hand, compactness is an important issue for electronic packages espe-
cially for automotive lighting system. Thus, novel advanced heat spreader substrates
with low volume provides a better solution to enhance thermal performance of this
kind of systems. Besides, novel advanced heat spreader substrates with thinner struc-
ture can increase thermal performance of the electronic boards via decreasing thermal
resistance of the substrate. Therefore, EVATEG Center offers a novel compact heat

spreader substrate with dimensions of 55mm X 55mm X 1mm.
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